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Abstract: The use of reduced graphene oxide (rGO) as an adsorbent has challenges
to overcome. Although rGO has a large surface area, its solubility in water is very low.
In this study, bentonite is added to reduce the use of rGO mass and increase the
dispersibility of the adsorbent. The rGO-bentonite (rGOB) was characterized by XRD,
FTIR, SEM-EDX, and XRF. The adsorption activity was tested in a Pb ion solution,
derived from AAS. The XRD pattern of GO, rGO, and rGOB of 26 were observed at
10.90°, 24.88°, and 26.66°, respectively. The FTIR spectrum showed that GO has C=C,
C-O, C=0, and O-H, while in rGO, C=0 disappears, and there was a significant
decrease in the O-H and C-O peaks. The rGOB has identical spectra with rGO and yet
has an additional peak from bentonite O-Si-O. The GO and rGO form agglomerate
while rGOB looks more dispersed. The C/O ratio increases from GO to rGO because of
the reduction process. The bentonite is Ca-bentonite with main components Al,O;,
SiO,, and CaO. The results showed that the rGOB composite could reduce the use of
rGO by up to 80% and have an adsorption performance similar to rGO with an
adsorption capacity of 217 mg/g.

Keywords: adsorption; bentonite; lead; reduced graphene oxide; reduced graphene

oxide-bentonite

= INTRODUCTION

Lead (Pb) is a toxic metal that leads to various
environmental problems that need removal from
wastewater. Reduced graphene oxide (rGO) is a material
that has the potential as an adsorbent for Pb ion due to its
large surface area but has poor dispersibility and is
relatively difficult to produce. Lead is one of the most
that
environmental problems. The agency for toxic substances
and disease registry (ATSDR) even placed Pb in second
place on the 2019 substance priority list regarding its

dangerous heavy metals can cause various

amount in the environment, potential human exposure,
and potential threats to human health [1]. The extensive
use of lead in various industrial fields causes pollution by
lead to be unavoidable, so more efforts are needed to
reduce lead pollutants in industrial waste before entering
the environment. Different methods have been used to
reduce the Pb concentration in industrial wastewater,

such as chemical precipitation, ion exchange,
adsorption, membrane filtration, coagulation and
flocculation, flotation, and electrochemistry. However,
adsorption is the most effective and economical process
because of its ease of design and operation [2]. Many
materials have been tested as Pb(II) adsorbents [3-5].
Still, most of them cannot be used effectively because of
their low adsorption capacity, long equilibrium time, or
high prices, so various materials are continuously being
developed to get better adsorbents.

Because of its enormous surface area, rGO is a
promising material as a Pb(II) adsorbent. However, in
an aqueous solution, rGO presents in an aggregate [6],
reducing its adsorption capacity. Besides, the rGO
material is quite challenging to be produced, leading to
its use as an adsorbent on a large scale becoming
ineffective. Therefore, the rGO will be composited with

bentonite to reduce its use in the adsorbent. High
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dispersibility bentonite [7] is expected to increase the
dispersibility of rGO. Bentonite was chosen because this
material has a high abundance, relatively low prices, and
is environmentally friendly [8].

Furthermore, compared to many other natural
materials, bentonite has a large surface area and cation
exchange capacity [9]. Therefore, the bentonite in the
adsorbent would contribute to adsorbing Pb(II) and
increase the overall adsorbent ability. So far, there is no
publication found related to the application of reduced
graphene oxide-bentonite (rGOB) as a Pb adsorbent.

In this work, graphene oxide was prepared from
commercial synthetic graphite powder using a modified
Hummer method which will then be reduced using
hydrazine to form rGO [10]. Subsequently, an rGOB
composite was made by combining the rGO and
bentonite through a radical reaction [11]. The rGOB
composites will be synthesized with two rGO/bentonite
to determine a better adsorbent
composition. The rGOB composites were then
characterized using XRD, FTIR, SEM-EDX, and XRF. The
adsorption capability of synthesized material on Pb(II)

ratio variations

solution that uses a batch adsorption system was
evaluated using AAS.

m EXPERIMENTAL SECTION
Materials

((NH4):5:05) ~ (98%),
commercial natural bentonite, commercial synthetic

Ammonium  persulfate

graphite (98.6%), demineralized water (H,O), ethylene
glycol (C;H60O>) (99.5%), hydrazine (N,H,) (98% purity),
hydrogen peroxide (H,O,) (30%), lead (Pb) stock solution
(1000 ppm concentration), nitric acid (HNOs) (65%),
phosphoric  acid  (H;POy) (85%),
permanganate (KMnO,) (99.0%), sodium bisulfate
(NaHSOy) (99.0%), sodium hydroxide (NaOH) (98.0%),
sulfuric acid (H,SO,) (95-97%). All substances are
derived from Merck.

potassium

Procedure

Synthesis of graphene oxide
Graphene oxide was prepared using synthetic
graphite obtained commercially based on the Hummer

method modified by Husnah et al. [10]. A 2.5g of
graphite powder was added into a beaker containing
57.5 mL H,SO,/H;PO, (9:1) in an ice bath. The mixture
was stirred until the temperature reached + 10 °C. Next,
7.5 g of KMnO,4 was slowly added to the suspension
while stirring, and the temperature was kept below
20 °C. The suspension was then heated to 50 °C while
stirring for 40 min.

Furthermore, the suspension was slowly poured
into 125mL of demineralized water. The oxidation
process was stopped by adding 2.5 mL hydrogen
peroxide 30%. The suspension was then filtered through
a Whatman paper, and the solid obtained was washed
with demineralized water. The graphene oxide obtained
was dried at 60 °C for 12 h.

Synthesis of reduced graphene oxide

Reduced graphene oxide was prepared by reducing
GO using hydrazine via microwave heating by following
the method developed by Husnah et al. [10]. Graphene
oxide (2 g) was dispersed in 100 mL ethylene glycol with
2h of sonication, followed by an hour of magnetic stirring.
Then, 2 mL of hydrazine (N,H,) is added dropwise while
stirring. The reduction process was completed by
introducing the suspension into microwave heating at
100 °C for 20 min. The suspension was then filtered and
washed with demineralized water. The reduced
graphene oxide was dried at 60 °C for 12 h before being

grounded into a powder and then sieved (325 mesh).

Synthesis of reduced graphene oxide-bentonite
composites

Reduced graphene (rGOB)
composites were prepared using a persulfate/bisulfate
initiator [11]. The rGO suspension was prepared by

dispersing 0.4 g of rGO in 150 mL of demineralized

oxide-bentonite

water after 2 h of sonication. At the same time, the rGOB
suspension was prepared by dispersing an amount of
rGO with a varied amount of bentonite (2 and 4 wt.%)
in 100 mL demineralized water for 2 h stirring. After
that, 16 mL of 40% NaOH aqueous solution, 16 mL of
1% (NH,),S,0s, and 16 mL of 1% NaHSO, were added
to the suspension and heated at 65°C for 2h while
stirring. It was then cooled at room temperature before
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being filtered by a Whatman paper. The rGOB solid
(rGOB (1:2) and rGOB (1:4)) obtained was then washed
with demineralized water before being dried at 60 °C for
12h. It was grounded into a powder and sieved
(325 mesh).

Characterization of materials

The X-ray powder diffraction data were collected
with X-ray Diffraction Spectrometer X’Pert Powder PW
30/40 using a Cu-sealed tube (CuKoa X-rays of
0.15406 nm, operating at 40 kV and 30 mA). Each system
was measured in the scattering 20 range of 5° to 100° with
a step of 0.026° and scan step time of 7.14 s. Spectra of
dried graphite, bentonite, graphene oxide, reduced
graphene oxide, and reduced graphene oxide-bentonite
obtained by Fourier Transform Infrared Spectrometer
Nicolet Avatar 360 IR, pellet KBr, from 4000-400 cm™ of
the spectral region, and functional groups of materials can
be observed. The morphology of the synthesized sample
was observed by SEM JSM-6510 LA, using Au coating.
The composition of bentonite was measured using XRF
Rigaku-NexQC+QuanTEX.

Pb(ll) adsorption

A total 0of 0.01 g of rGO, rGOB (1:2), or rGOB (1:4)
was added to 50 mL of 50 ppm of Pb (II) solution (pH 1).
The solution was then stirred with a magnetic stirrer for
60 min at room temperature (26 + 2 °C). After that, the
solution was filtered with Whatman filter paper, and the
obtained filtrate was measured. The adsorption test was
carried out three times for each adsorbent. Pb has
measured the solution using an atomic absorption
graphite 240Z AA Agilent
Technologies. The source of the Pb hollow lamp is
217 nm, slit width 1.0 nm, 20-60 pg/L range of standard
solution. The removal efficiency (R) and adsorption

spectrometer furnace

capacity (Q) using Eq. (1) and (2).

R=S7CF 009 (1)
Ci
(C;—C¢)xV
- )Y 2
Q W )

where C; = initial concentration of Pb solution (mg/L), C¢
= final concentration of Pb solution (mg/L), V = volume
of solution (L), and W = mass of adsorbent (g)

m  RESULTS AND DISCUSSION

Graphene oxide is prepared using synthetic
graphite obtained commercially via the modified
[10]. The
temperature was kept below 20°C when graphite
contacted H,SO4/H;PO, and KMnO,
explosions because the reaction between KMnO, and

Hummer method by Husnah et al
to prevent

H,SO, would produce Mn,O; which was very reactive
and could cause an explosion at temperatures above
55°C [12]. Graphite will react with H,SO, in the
presence of KMnO, to produce intercalated graphite
[13]. The temperature escalation in the reaction causes
more oxygen functional groups to be formed, and the
oxidizers begin to enter the interlayer, which causes an
increase in the graphite interlayer distance [14]. H;PO,
prevents excessive oxidation, which causes defects in the
graphene layer [15]. The oxidation process was
quenched by adding 30% H,O,, which will reduce the
remaining KMnO, to MnSO, [16].

Reduced graphene oxide was made by reducing
GO using hydrazine with the assistance of a microwave
[10]. Graphene oxide is suspended in ethylene glycol
using sonication to reduce particle agglomeration.
Besides that, it can weaken the Van der Waals bonds
between the graphene layers so that GO will be
exfoliated [17]. Hydrazine is added to the suspension to
reduce the oxygen functional group on GO.

The GO reduction process is completed by heating
GO using a microwave at a temperature of 100 °C. The
oxygen functional group in GO will be reduced
thermally during heating. The suspension was then
filtered, and the rGO obtained was washed with
demineralized water, dried at 60 °C for 12 h, then ground
into powder and sieved with a 325-mesh sieve.

The reduced graphene oxide-bentonite composite
was prepared using a radical reaction with the help of a
persulfate/bisulfate initiator. Suspension of rGO and
bentonite were dispersed in demineralized water by a
magnetic stirrer in the persulfate/bisulfate redox system.
Ammonium persulfate and sodium bisulfate act as
initiators and will form free radicals on the bentonite
hydroxyl group so that bentonite can form bonds with
rGO [11]. Sodium hydroxide was used to increase the
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pH and initiate the initiation reaction. The reaction
begins by heating the suspension at 65 °C while stirring
with a magnetic stirrer. At this stage, the initiator will
cause the formation of free radicals on some of the
bentonite hydroxyl groups, which will then form bonds
with rGO [11]. The suspension was then cooled to room
temperature to stop the entire reaction process, filtered,
and washed with demineralized water at 60 °C for 12 h.
The materials used in this research are described in Fig. 1.

XRD Characterization

Graphite, GO, and rGO XRD diffractograms (Fig. 2)
have diffraction peaks (002) at 20 = 26.37° (graphite), 20
= 10.90° (GO), and 26 = 24.88° (rGO) which shows the
distance between the graphene layers and the 2-
dimensional diffraction peaks (10) at 20 = 42.63° (GO)
and 20 = 43.41° (rGO) which shows the short-range order
of the graphene stack [18].

Fig. 2 shows the diffraction patterns, which were
processed using OriginPro via fitting to the Gaussian
function. The diffraction peak (002) was applied to the
Bragg equation to calculate the distance between the
graphene layers (d) and laid into the Scherrer equation
with a constant of 0.9 (Eq. (3)) to calculate the average
height of the graphene stack (H) so that the number of
graphene layers (n) could be estimated (Eq. (4)). The 2-
dimensional diffraction peak (10) was applied into the
Scherrer equation with a Warren constant of 1.84 (Eq. (5))
to estimate the mean diameter (D) of GO and rGO [18].

0.9

= BcosO 3)
H
n=7 (4)

1.84A

= 5

BcosH ®)

where A = wavelength (nm), p = full width at half
maximum (rad), and 6 = angle of light (rad)

Table 1 shows the calculated crystal size of
graphite, GO, and rGO. Graphite crystals have a graphene

11.88
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Fig 2. XRD diffractograms of graphite (a), GO (b), rGO
(c), bentonite (d), and rGOB (e)

—
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—

Fig 1. The visualization of samples of graphite (a), GO (b), rGO (c), rGOB (1:2) (d), rGOB (1:4) (e), and bentonite (f)
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Table 1. The results of calculating the crystal size of graphite, GO and rGO

Peak (002)
20 (°) FWHM (°) H (nm) d (nm) N
Graphite 26.37 0.4258 19.16 0.34 56-57
GO 10.90 1.7597 4.54 0.81 5-6
rGO 24.88 6.2327 1.31 0.36 3-4
Peak (10)
20(°) FWHM(®) D (nm)
GO 42.63 1.4920 11.69
rGO 43.41 2.2971 7.61

interlayer distance of 0.34 nm and increase to 0.81 nm in
GO due to the oxygen functional groups in the graphene
interlayer. The graphene interlayer distance at rGO
decreases again to 0.36 nm, indicating that GO has been
successfully reduced and the structure of the graphene
layer has been restored [19]. Besides, the number of
graphene stacks was also reduced from 56-57 in graphite
to 5-6 in GO and 3-4 in rGO. Based on the calculation
results, GO crystals have an average size of 11.69 nm X
4.54 nm, while in rGO, the average size of the crystals
decreases to 7.61 nm x 1.31 nm. The smaller the crystal
size, the larger the surface area of the crystal, and it will
increase its adsorption ability.

The diffractogram of bentonite (Fig. 2(d)) has
characteristic peaks at 20 = 5.95°, 11.88°, 17.55°, 19.85°,
27.82°, 34.98°, 35.98°, 54.43°, 61.89°, 73.24°, 76.24°
(montmorillonite), 21.84°, 26.66°, 39.72° (quartz), and
21.84° (cristobalite) [20,21]. On the rGOB diffractogram
(Fig. 2(e)), the peaks of 11.88° and 27.82° shifted to 11.51°
and 28.44°. Also, there are new peaks at 20 = 24.88° and
43.41° from the characteristic peaks of rGO.

FTIR Analysis

Fig. 3 shows a broad peak at 3430 cm™" (stretching
OH) due to the adsorbed water and peaks at 1630 cm™
and 1550 cm™ (stretching C=C) due to the vibrations of
the graphite domain. The peak at 3430 cm™ may appear
because the drying process could be better, so water
molecules are still trapped in the graphite powder. The
intensity of the peak at 3430 cm™ vastly increased, and
there are two new peaks at 1712 cm™ (stretching C=0) and
1050 cm™ (stretching C-O) in the GO spectra (Fig. 3(b)),

which indicated the presence of many oxygens
functional groups after the oxidation process. The new
peaks at 2925 cm™ and 2850 cm™ (stretching C-H)
showed the presence of CH, groups in GO samples. The
graphite domain vibrational peak on GO also shifted to
1615 cm™ and 1572 cm™. At rGO spectra (Fig. 3(¢)), the
peak intensity at 3430 cm™ and 1050 cm™ decreased
significantly, while the peak at 1712 cm™ did not appear,
indicating that all carbonyl and carboxylate groups and
some hydroxyl and epoxide groups were successfully
reduced. The peaks at 2925 cm™ and 2850 cm™ still
found on rGO told that the graphite domain frame was
not successfully recovered. The vibrational peaks of the
graphite domain frame also shifted to 1645 cm™ and
1550 cm™ [22-23].

The FTIR spectra of bentonite (Fig. 3(d)) have a
peak at 3450 cm™ (OH stretching) and 1640 cm™
(bending OH) from adsorbed water. The 3450 cm™ peak
can come from the OH group on the rGO that failed to
reduce and water molecules trapped in bentonite due to
the imperfect drying process. Two peaks at 3630 cm™
(OH stretching) and 912 cm™ (bending OH) due to Si-
OH in the tetrahedral bentonite layer. Peaks at 1040 cm™
correlated to the stretching of Si-O, while 522 cm™ and
466 cm™ for bending Si-O from Si-O-Si in the tetrahedral
layer of bentonite. The peak characteristic of bentonite
was also seen at 795 cm™' [20,22,24]. In the rGOB spectra
(Fig. 3(e)), the peak intensity at 3630 cm™' and 912 cm™
decreased because some of the hydroxyl groups in
bentonite formed bonds with rGO [11]. The peak of
rGO characteristics did not appear in the rGOB spectra
because the characteristic peaks of bentonite covered it.
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Fig 3. FTIR spectra of graphite (a), GO (b), rGO (c), bentonite (d), and rGOB (e)

SEM-EDX Analysis

Micrograph SEM (Fig. 4) of GO showed a layered
structure with a rough surface and flaking flakes. The
presence of these flakes indicates that the graphene
surface has been successfully oxidized to GO. The results
of the EDX analysis also showed the presence of oxygen
atoms as much as 27.61%, which proved that the
oxidation process was successful. After being reduced to
rGO, the shape looks like small pieces with a wrinkled and
folded surface, a characteristic of rGO materials [14,25].
In addition, the results of the EDX analysis (Fig. 4) also
showed a decrease in the number of oxygen atoms from
27.61% in GO to 15.48% in rGO, indicating that the
reduction process had been successfully carried out.

Both GO and rGO appear to form clumps, which
could be due to prolonged heating [14]. The clumping

form can cause the adsorption ability of the material to
be reduced. However, when rGO was composited with
bentonite, it was seen that rGO adhered to the bentonite
surface. The EDX results also showed the presence of Si
and Al, which are the main components of bentonite.
Based on the micrograph, bentonite does not appear to
form large clumps, and rGO spreads on the bentonite
surface. So that when used in the adsorption process, the
material can be evenly dispersed in the solution and has
a better adsorption ability.

XRF of Bentonite

Table 2 shows the composition of bentonite XRF
determination. The results of the XRF test showed that
there was a relatively high content of SiO, and ALO:.
Both are the main ingredients of bentonite. The presence
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Table 2. Bentonite composition from XRF result

Component % Mass
ALO; 10.85
SiO;, 63.33
CaO 25.82

of CaO indicates that the bentonite used is Ca-Bentonite.
Many studies have been conducted to test the ability of
bentonite as an adsorbent for heavy metals due to its
abundant availability, relatively low price,
environmentally friendly [8], and large surface area and

cation exchange capacity [9]. However, the results showed
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that the adsorption capacity of bentonite to Pb ion was
not very high, only 19-85 mg/g [26-28].

Pb(ll) Adsorption Activity Test

Table 3 shows the application of synthesized
material as an adsorbent for Pb ion. The adsorption test
was carried out on a 50 ppm (pH 1) Pb(II) solution with
the batch adsorption method. The results showed that
the rGO adsorbent had the highest adsorption capacity
with an average adsorption capacity of 218 mg/g,
followed by rGOB (1:4) of 217 mg/g, and finally, rGOB
(1:2) of 216 mg/g. However, the results of the t-test with
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Table 3. The results of the adsorption test on the Pb(II) solution

Adsorbent Pb concen.tration after Removal efficiency Adsorption capacity
adsorption (ppm) (%) (mg/g)
6.688 87 217
rGO 6.537 87 217
6.129 88 219
Average + SD 87 218+1.45
6.459 87 218
rGOB (1:2) 7.452 85 213
6.586 87 217
Average + SD 86 216 £2.70
6.872 86 216
rGOB (1:4) 6.316 88 218
6.757 86 216
Average = SD 87 217 £ 1.47

Table 4. The adsorption capacity of some adsorbents to Pb(II) at room temperature

Adsorpti i
Adsorbent Material pH sorption capacity Ref.
(mg/g)

Activated carbon 7 31-59 [29]
Natural bentonite 5.5 71 [27]
Porous cellulosic 6 52 [30]
Magnetic graphene oxide functionalized 5 11 31]
cyanopropyl nanocomposite
Halloysite nanotube-rich carboxyl carbon 6 184 [32]
Magnetic Fe;0;- lated C3N3S

agnetic Fe;O4-encapsulate C:N:Ss 6 270 33]
polymer/reduced graphene oxide
Reduced graphene oxide-bentonite

1 217 Present work

composite*

*Optimization of adsorption conditions has not been carried out

a 95% confidence interval showed that the removal
efficiency for each adsorbent did not have a significant
difference. The rGOB composite has the same efficiency
as rGO, but the rGOB composite (1:2) can reduce the use
of rGO by 66%, and even at rGOB (1:4), it can reduce the
use of rGO by 80%.

Table 4 shows the comparison of some adsorbents
to Pb ions. The rGOB composites can reduce the use of
rGO very significantly but still have an equivalent
adsorption capability. It is because, in a suspended state,
rGO will form an aggregate [6] so that it will significantly
reduce its adsorption capacity. The bentonite added to the
adsorbent is a highly dispersed material [34]. The rGOB
adsorbent produced also has good dispersibility and

causes the ability of the rGOB adsorbent not to decrease
when compared to the rGO adsorbent. In addition,
bentonite is also a heavy metal adsorbent, so it also
contributes to the adsorption of Pb(II). The rGOB
composites synthesized in this study have a high
adsorption ability, so they have the potential to be used
as heavy metal adsorbents.

m CONCLUSION

The
successfully synthesized. The diffractogram of XRD
shows the identity of GO, rGO, and bentonite. The FTIR
spectrum described the functional group of materials

reduced graphene oxide-bentonite was

qualitatively. The SEM-EDX confirms the morphology
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and composition of the material. The XRF of bentonite
sure the compound in it. The adsorption activity of the
materials against Pb ion in the sample shows that the
materials can run as an adsorbent well. The resulting
rGOB composites can reduce the use of rGO by up to
80%, but they still have an adsorption capability similar to
rGO. The rGOB adsorbent can adsorb Pb up to 87% and
has an adsorption capacity of 217 mg/g.
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Abstract: The nitrovanillin azine (NA) has been successfully synthesized and examined
as a colorimetric chemosensor for sulfide anion detection. The NA was synthesized using
two steps reaction. Vanillin was reacted with concentrated nitric acid to form 5-
nitrovanillin (NV) then the NV was condensed with hydrazine hydrate to produce the
NA. The NA was obtained and fully elucidated by FTIR, 'H-NMR, *C-NMR, and GC-
MS spectrometer. The NA activity for anionic chemosensor was then carried out on
several anions such as F, Cl, Br., I, §, CN-, HCOs, AcO, H,PO4', N5, NO, SCN,
ClOs, and NOs~. The chemosensor tests showed NA was only selective for S$* in
DMF:HEPES buffer (9:1, v/v, 10 mM, pH = 7.4) giving color change from light yellow to
dark green. The LOD value was 1.43 x 10° M and the interaction model of NA-S*~
indicated deprotonation mode between the -OH group with sulfide anion in a ratio of 1:1.
The NA chemosensor can be applied for qualitatively analysis of sulfide anion using filter

paper strips and quantitatively analysis of sulfide anion in tap water.

Keywords: 5-nitrovanillin; hydrazine; azine; colorimetric; chemosensor

m INTRODUCTION

Hydrogen sulfide (H,S) is one of the most toxic,
corrosive, and flammable gases with the characteristic
odor of rotten eggs. In high concentrations, this gas causes
serious problems such as hypertension, diabetes, liver
cirrhosis, chronic kidney, Down Syndrome, and
Alzheimer's disease [1-3]. According to the National
Institute of Occupational Safety and Health, the
concentration of H,S harmful to life or health is up to
150 ppm, and the recommended exposure limit is 10 ppm
for a maximum duration of 10 min [4]. Hydrogen sulfide
is also involved in pathological and physiological
functions, including inhibition of insulin signaling,
regulation of inflammation, and relaxation of the smooth
muscle of blood vessels [5]. Several methods for detecting
sulfides are potentiometry [6], chromatography [7], and
electrochemistry [8]. However, the use of those
instruments requires a complicated sample preparation,
expensive, and difficult to operate. Therefore, it is

necessary to develop simple, efficient, and faster methods

with a high level of sensitivity and selectivity. The
colorimetric chemosensor is the most often used to
detect anions through color changes [9]. Visually, the
detection process is more profitable because it can
provide qualitative and quantitative information in a
relatively short time [10], and it is possible to be seen
directly with the naked eye. This method is not
expensive and easy to operate their instruments [11].
Chemosensor compounds have two main parts:
signal site in the form of chromophore groups acting as
color carrier such as azine (RHC=N-N=CHR) [12], and
binding sites such as -OH playing a role in interacting
with anions through hydrogen bonding or deprotonation
[13]. Research for anion chemosensor in recent years
continues to grow. Acetophenone azine derivative has
been synthesized as a colorimetric and fluorescence sensor
to detect CN-, F-, and AcO™ in DMSO [14]. Azines from
vanillin and 2-hydroxy-5-phenylazo-benzaldehyde have
been used as a colorimetric sensor of S°” anion in DMF:
HEPES (v/v=9:1, 10 mM HEPES, pH =7.4) [15-16].
Another unsymmetrical azine of dicyanoisophorone-
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based derivatives has been designed as a colorimetric and
fluorescence of Cu** toward S*” in DMSO/HEPES buffer
(v/v =2:1,20 Mm HEPES, pH = 7.4) [17].

In this study, we synthesized the nitrovanillin azine
(NA) from vanillin as a sulfide anion colorimetric
chemosensor. Investigation for NA colorimetric
chemosensor was carried out by sensing properties
measurement to various anion, time interaction, anion
interferences, pH effect, reversibility, and LOD. A
qualitative test of sulfide anion has also been performed
with a filter paper strip, while a quantitative analysis of

sulfide anion in tap water shows the application of NA.

m EXPERIMENTAL SECTION
Materials

Materials used for the synthesis were vanillin, nitric
acid 37%, dichloromethane (DCM), hydrazine hydrate
80%, methanol, ethanol, chloroform, dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), HEPES bulffer
solution (HBS) in deionized water, acetone, acetonitrile,
aquadest, sodium fluoride, sodium chloride, sodium
bromide, sodium iodide, sodium sulfide, sodium cyanide,
sodium hydrogen carbonate, sodium acetate, sodium
dihydrogen phosphate, sodium azide, sodium nitrite,
potassium  thiocyanate, potassium chlorate, and
potassium nitrate. All materials used have a Merck p.a

quality, while deionized water is from Onemed.
Instrumentation

The characteristics of the synthesized compounds
were carried out using a melting point determination
(Electrothermal-9100), FTIR
spectrophotometers (Shimadzu Prestige-21), 'H-NMR
(Agilent, 500 MHz and JEOL JNM ECA-500, 500 MHz),
PC-NMR (Agilent, 125 MHz), GC-MS and DI-MS
(Shimadzu QP-2010S). The color change was measured
using a UV-Vis spectrophotometer (Shimadzu UV-1800).

apparatus

Procedure
Synthesis of 5-nitrovanilin (5-NV)

The 5-nitrovanillin (5-NV) was synthesized based
on previous methods [18]. Vanillin (13.79 g, 70 mmol)
was dissolved in 55 mL of dichloromethane (0-5 °C) and
12 mL of HNO; was added dropwise at 0-5°C. The

reaction mixture was stirred at room temperature for
20 min and then cold distilled water (25 mL) was added
and left for 2 h. Subsequently, the solid was filtered and
recrystallized with ethanol. The synthesized product was
obtained as a pale-yellow powder in yield of 72.1% (m.p.
176-178 °C). FTIR (KBr) (cm™): 3209 (-OH group),
3078 (Csp*-H), 2887 (Csp*-H), 1681 (C=0), 1543 (-NO,),
1612 and 1465 (C=C aromatic), 1111 and 1049 (C-O-C).
m/z [M*] =197.

Synthesis of nitrovanillin azine (NA)

The synthesis of NA compound is based on a
previous method with some modifications [15]. The 5-
NV (0.390 g, 1 mmol) was dissolved in 25 mL of ethanol
and mixed with (0.5 mmol) hydrazine hydrate 80% in
5 mL of ethanol. The reaction mixture was stirred at
room temperature for overnight and the progress of
reaction was monitored by TLC. The solid was filtered
and washed with ethanol several times and then
crystallized with ethanol:DMSO (2:1). The product was
obtained as a yellow solid in yield of 76.14% (m.p. 293-
394°C). FTIR (KBr) (cm™): 3448 (-OH group), 3078
(Csp*>-H), 2947 (Csp’-H), 1627 (-C=N-), 1543 (-NO,),
1472 (C=C aromatic), 1273 (C-O-C). m/z [M*] = 390.
'H-NMR (500 MHz, DMSO-d;s) (8) (ppm): 3.96 (3H, s,
OCH.), 7.74 (1H, s, ArH), 7.96 (1H, d, ArH), 8.71 (1H,
s, -CH=N-), 11.16 (1H, s, ArOH). C-NMR (§) (ppm):
56.69 (OCHs), 112.73 (Cary), 118.19 (Caryt), 124.10 (Cary),
137.18 (Coy-NO), 145.72 (Carg-OH), 150.03 (-C=N-),
160.10 (Cary-OCHS).

Study of NA selectivity as anion chemosensor

A solution of NA (2 x 10~ M) was prepared in
DME:HBS (9:1, v/v, 10 mM HEPES, pH = 7.4) and
solution of anion (0.2 M) such as F-, Cl-, Br, I, $*, CN-,
HCOs, AcO7, H,PO,, N3, NO,, SCN-, ClOs, and
NO;™ in HEPES Buffer Solution (HBS). The 4 mL of NA
were placed in a cuvette and each (150 pL) anion
solution was added. The color change was recorded and
determined with a UV-Vis spectrophotometer.

Study of competition of sulfide anions with different
anions

A solution of NA (2 x 10~ M) was prepared in
DMF:HBS (9:1, v/v, 10 mM HEPES, pH=7.4) and
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different anion solutions with a concentration of 0.2 M in
HBS. The 4 mL of NA were put in a cuvette and different
anions (0.2 M, 100 pL) of F-, Cl, Br, I, CN-, HCO;, AcO',
H,PO4~, N5, NO,-, SCN-, ClO;57, and NO;~ were added,
then into each mixture added S*~ (100 pL). Color changes
were recorded and monitored at a wavelength of 613 nm.

Sensitivity study of NA as a sulfide anion sensor

A solution of NA (2x107°M) was prepared in
DMEF:HBS (9:1, v/v, 10 mM HEPES, pH=7.4) and a
solution of $*” (0.2 M) in HBS. The 4 mL of NA was put
in a cuvette and added S*~ (0-100 uL). The color change
for each addition of S*” was recorded and monitored at a
wavelength of 613 nm. Determination of detection limit
using the 30/m equation [19].

Study of interaction time of NA-sulfide anions

The 4 mL of NA solution (2 x 107> M) was prepared
in DMF:HBS (9:1, v/v, 10 mM HEPES, pH =7.4) and a
solution of >~ (0.2 M, 115 pL) was added in HBS. Changes
in UV-Vis absorbance were monitored at wavelengths of
613 nm with different time intervals at room temperature.

Reversibility study of NA toward sulfide anions

The 4 mL of NA solution (2 x 107> M) was prepared
in DMF:HBS (9:1, v/v, 10 mM HEPES, pH =7.4) and a
solution of > (0.2 M, 116 pL ) was added in HBS followed
by the addition of HCI (2 M, 23 pL). Changes in UV-Vis
absorbance were monitored at wavelengths of 613 nm
before and after adding S*~ and HCI several times with
different time intervals at room temperature.

pH Dependent study of NA toward sulfide anions

A solution of NA (2 x 107 M) was prepared in
DMEF:HBS (9:1, v/v, 10 mM HEPES, pH = 3, 5, 7.4, 9 and
11) and a solution of $* (0.2 M) in HBS. The 4 mL of NA
with various pH was placed in a cuvette and added S*

HNO;

NzH, Ho0 80%

(150 pL). in UV-Vis absorbance
monitored at wavelengths of 613 nm before and after the

addition of §*~.

Changes were

Determination of NA-S*> interaction through Job's
Plot

A solution of NA in DMF:HBS (9:1, v/v, 10 mM
HEPES, pH=7.4) and solution of $* in HBS were
prepared in a constant concentration of 7 x 107° M.
Host-Guest (1:9-9:1)
prepared by mixing of 0.4-3.6 mL of NA solution (Host)
with 3.6-0.4 mL of S* (Guest) with a total solution of
4 mL. Changes in UV-Vis absorbance were monitored
at wavelengths of 613 nm and plotted as [G]/[H] vs
absorbance.

solution comparison were

Filter paper strip study of NA toward sulfide anions

Filter paper strip (Whatman no. 42) with a size of
1 x 3 cm were immersed in a solution of NA 1 x 10° M
in DMF:HBS (9:1, v/v, 10 mM HEPES, pH = 7.4) for 2 h.
The paper strip was dried in an oven, and then two drops
of §* solution (0.2 M) in HBS were added to the paper
strip and allowed to react. Color change was recorded
visually and under a 366 nm UV lamp.

m RESULTS AND DISCUSSION

Chemosensor NA was synthesized by condensation
reaction between 5-NV with 80% hydrate hydrazine
(Scheme 1) and purified through recrystallization from
a solvent mixture of ethanol:DMSO (2:1) to produce a
golden yellow solid. All products of synthesis are agreed
with spectroscopy data.

Chemosensor NA has a binding site in the form of
phenol groups that can interact strongly with anions
through the hydrogen bond interaction. Here, the -OH
group can be deprotonated with strong basic anions such

NO,

H;CO

-

CH,Cl
H;CO H;CO NO,
OH OH

Vanilin 5NV

EtOH. overnight at RT

HO

\/©:OH
X N

N OCH;
NO,

Nitrovanillin azine {NA})

Scheme 1. Schematic formation of the reaction of NA Chemosensor
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as CN-, HCO;7, and AcO™ [20]. Sulfide anion also has
basic properties that allow the same deprotonation
mechanism. Hydrogen sulfide (H.S) dissolves in water
and dissociates to form H*, HS™ and S*. Under
physiological conditions, it forms about 20% as H,S and
80% as HS/S*. In this study, sulfide anion (§) is a
mixture of H,S + HS™ + §* in solution [21].

Selectivity and Sensitivity of NA toward S

Chemosensor NA in DMF:HBS (9:1, v/v, 10 mM,
pH = 7.4) has interacted with different anions such as F,
Cl, Br, I', ", CN, HCOs, AcO, H,POs4, N5, NO»,
SCN-, ClOs7, and NOs™. The color changes were recorded
and confirmed using a UV-Vis spectrophotometer. The
addition effect of each anion showed that only the S*
anion gave a color change from light yellow to dark green,
whereas other anions did not give a significant color
change. The absorbance spectra of NA showed two peaks
at 388 and 459 nm. After addition of S* showed a
bathochromic shift with the appearance of a new
absorbance at 613 nm. This shift indicated the interaction
of NA with S*. The phenol group of NA experienced
deprotonation and then followed by delocalization of n
electrons to produce a color change (Fig. 1) and emerging

15

wavelength at A 613 nm (Fig. 2).
Detection Limit Calculation

The NA sensitivity was confirmed using a UV-Vis
titration. Changes in UV-Vis absorbance after the
addition of S* (0-5mM) in DMF:HBS showed an
increase in absorbance with increasing S*” concentration
at Amax 613 nm (Fig. 3(a)).

Absorbance

o
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]
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1

0.0 . .

400 500
Wavelength (nm)

Fig 2. UV-Vis absorbance spectra of NA (2 x 10~ M)

with several anions in DMF:HBS (9:1, v/v, 10 mM, pH =

7.4)
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Fig 3. (a) Absorbance spectra of NA (2 x 10~ M) after the addition of concentration variations S*-
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The calculation of the detection limit used equation
30/m, where the o is the standard deviation obtained from
an empty signal without >~ and m is the slope value of the
calibration curve [19]. The ratiometric calibration curve has
an R? 0f 0.987 (Fig. 3(b)), so the detection limit value (LOD)
§* is 1.43 x 10° M (14.3 uM). This NA value is smaller
than previous LOD values reported by Kaushik et al. [15]
and Rokhmah et al. [16].

Competition Study with Other Anions

Examination of possible interference S*~ with other
anions such as F~, Cl-, Br, I, CN-, HCO;~, AcO, H,PO,,
N5, NO,, SCN-, ClOs5 -, and NOs~ was studied. The results
showed that almost all other anions have no interference
effect in detecting S* anions except for CN~ and HCO;~
(Fig. 4). These anions, CN~ and HCOs™ are strong bases
which interfere sulfide detection process [22]. Sulfide with
CN™ and HCO;™ competes with each other in interacting
with the binding site of the chemosensor. Therefore, there
is a slight increase in absorbance. This indicates that $*" is
not bound to the NA binding site due to the presence of
CN~ and HCOs", which causes no color change to occur.

Study of Interaction Time Effect of NA-S*

The study of the interaction time effect of NA-S*
was monitored at Ami 613 nm for 30 min (Fig. 5). The
measurement results showed that the absorbance change
at the peak of 613 nm occurred within one minute after
the addition of S>” and reached a maximum absorbance in
15 min and then decreased over time. The absorbance

06 -

0.525

EO0S 4

0.417

decreases occurred because the S* was in another form
after 15 min. This study confirmed that NA toward S*
has a reasonably fast response.

Reversibility Study

The study of NA reversibility was examined by
adding S* followed by the addition of a dilute acid
solution of HCI (2 M) at Ana 613 nm. Absorbance at Apax
613 nm is a form of NA deprotonation by S$*-, and then
after the addition of dilute acid, the absorbance at Amax
613 nm is lost (NA is not deprotonated). Based on the
absorbance at Amax 613 nm, NA chemosensor can be used
as a sulfide sensor with repeatability for up to four cycles
(Fig. 6). This shows that NA has good reversibility to $*
and H" ions.
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Fig 6. Reversibility absorbance spectra of NA with $*
after the addition of HCI (2 M)

pH Effect Study

The pH effect in DMF:HEPES buffer (9:1, v/v,
10 mM HEPES, pH =3, 5,7, 4,9, and 11) was carried out
to determine the feasibility of working sensor at different
pH. The UV-Vis spectra before the addition of >~ showed
two absorptions at 393 and 464 nm for pH of 7.4, 9, and
11. While at pH 3 and 5 produced absorptions at 336 and
337 nm, respectively (Fig. 7(a)). After the addition of $*
ata pH of 7.4 produced the highest maximum absorbance
at 613 nm, while at pH 9 and 11, there was no color change
and wavelength shifts (Fig. 7(b)).

This shows that NA works effectively to detect S~ at
a solvent pH 3-8 because the main sulfide species at an
acidic pH is H,S, and pH > 7 is dominant in the form of

1.2-(3)

Absrobance

17

HS from the equilibrium of the $*~ species from the salt
solution which allows to bind to the NA binding site
[23]. AtpH 9-11, H,S is in the form of HS™. The presence
of excess HS causes higher basicity so that the sulfide
interaction with the NA binding site does not occur,
similar to the interferent of CN~and HCOs™.

Job's Plot Study and NMR Titration

This experiment was conducted to determine the
stoichiometric ratio of interactions between NA (host)
and S§* using the Continuous Variant methods (Job’s
Plot) [24]. The results from Job’s Plot curve showed the
ratio of 1:1 (Fig. 8). The NA-S*" interaction was also
studied by '"H-NMR titration in DMSO-d; (Fig. 9). The
results showed that the addition of $*" (1 eq.) in D,O
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Fig 9. "H-NMR spectra titration of NA with $*

causes the -OH signal at § 11.16 ppm to disappear
completely, followed by the proton of imine and aromatic
ring shifting simultaneously to the up-field area. The
addition of S*~ (2 eq.) has shifted more up-field than the
addition of 1eq. This shift is caused by -OH
deprotonation produced by a resonance phenomenon.

The electron density of the aromatic ring increases due
to the disconnection of charges in the conjugation
system. From the stoichiometric ratio stating one
molecule of the binding site (-OH) interacting with one
molecule of $* can be made an interaction model of NA-
S*” (Scheme 2).

Application of NA Chemosensor in Tap Water
Samples Analysis

Determination of % recovery was carried out for
quantitative analysis of sulfide in tap water samples. Tap
water was added S* (1, 3, and 5 mM), and then NA was
used as the reagent for quantitative analysis using UV-
Vis. Using calibration curves (y = 0.1148x - 0.1216), the
% recovery values are 108.5, 98.6 and 91.5%, respectively
(Table 1). These results indicate that NA can be used to
detect S*” with a concentration range of 1-5 mM. From
the obtained analysis data of a range % recovery (80—
108%) and % RSD (6%) [25], it can be said that NA can
by UV-Vis
spectrophotometer. The results of % recovery and
% RSD values are shown in (Table 1).

be wused for quantitative analysis

NC,
OH
NO
2 /H' :a@H
H3GO X N o
s N OGH;
2 HsCO KUNQ
HO > . OCH;
DMF:HBS (9:1)
NC, o
NC, NO
l 2 o@ s
’/H/ \H
HyCO N
s NNFINF OCHs
o}
NC;
Scheme 2. The interaction model of NA-S*
Table 1. Determination of sulfides in tap water samples
Na,S added Na,S found RSD Recovery
Sample

(mM) (mM) (%) (%)

Tap water 1 1.085 +0.02 1.8 108.5

3 2.958 +0.21 3.0 98.6

5 4.587 £ 0.09 4.6 91.5
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Fig 10. Change in the color of paper strip soaked in NA
(1 x 107> M) after the addition of $* (0.2 M)

Qualitative Analysis Using Filter Paper Strips

To examine the rapid response of NA to S*, a
qualitative analysis was performed using filter paper.
Whatman filter paper No. 42 immersed in NA solution
(1 x 107 M), was added two drops of S* and dried (Fig.
10). The color of paper strip changes from light pink to
yellow. Furthermore, the paper strip was monitored
under a 366 nm UV lamp and indicated no luminescence
both before and after the addition of S*". The results
indicated that NA could be used to detect sulfides in
colorimetric analysis.

m CONCLUSION

We have successfully synthesized a nitrovanillin
azine (NA) through the condensation reactions of 5-
nitrovanillin (5-NV) with hydrazine hydrate. Properties
of NA chemosensor gave high selectivity toward S$* in
DME:HBS (9:1, v/v, 10 mM, pH = 7.4) with color change
from light yellow to dark green. The colorimetric LOD of
NA was 14.3 uM, and the interaction model between
host-guests (NA-S*) is in a 1:1 ratio. A filter paper strip
for qualitative and quantitative analysis of S~ in tap water
samples indicated that NA has potential as a sulfide anion
colorimetric chemosensor.
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gout in Indonesia. S. rhombifolia has many efficacies and contains many different

chemical components. The abundance and variation of chemical content and chemical

Received: February 16, 2022 compounds in this medicinal plant are challenging factors in ensuring medicinal plants’
Accepted: October 25, 2022 safety and quality control. Thin-layer chromatography (TLC) fingerprint analysis derived
DOI: 10.22146/ijc.73077 from S. rhombifolia extract can also be used for the medicinal plant's quality control. This

research aimed to develop the optimum condition for the chemical fingerprint analysis of
S. rhombifolia using a TLC fingerprint analysis. A total of 11 bands were produced with

optimum separation using silica gel 60 Fs; TLC plate, a mixed mobile phase condition
with chloroform, ethyl acetate, and methanol (6.5:2:1.5). This fingerprint analysis
performed an excellent separation in the TLC plate at 366 nm with sulfuric acid as reagent
derivatization. In general, the results of the analysis validation, including stability,

specificity, precision, and robustness of TLC fingerprints, met the acceptance criteria. The
TLC fingerprint of S. rthombifolia can be distinguished from 2 related plants with similar
leaf shapes, Turnera ulmifolia L. and Hibiscus rosa-sinensis. The developed method was

validated, so it could be used to control S. rhombifolia quality.

Keywords: fingerprint analysis; identification; Sida rhombifolia;

chromatography

thin-layer

= INTRODUCTION rhombifolia is one of the 200 species in Sida distributed

Sida rhombifolia, known as arrowleaf sida or
sidaguri in Indonesia belongs to the Malvaceae family. S.

throughout tropical and subtropical regions worldwide.
S. rhombifolia is known for its wide range of medicinal

uses, for instance, treating stings and bites of a scorpion,
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snakes, and wasps (its flower), skin diseases and sores
(stem), treating stomach disorders, stomach pain,
digestion problems (roots and leaves), diabetes (leaves),
blood and fatigue [1]. S.
rhombifolia is also widely used in Indonesia to treat gout
[2]. Several
rhombifolia have been reported as xanthine oxidase

chickenpox, cleaning,

natural flavonoid compounds in S.
inhibitors and promise greater use to reduce the excess
uric acid production in the human body.

Many commercial herbal products in Indonesia or
other countries use plant extracts in their compositions.
However, there are some problems with variability and
the bioactive compounds' concentration level from plant
extracts in herbal medicines' production. Medicinal plant
quality also depends on several factors, such as
environmental growth, harvest, and postharvest, which
cause its consistency in its biological activity [3].
Adulteration is another source of the medicinal plant's
biological activity's inconsistency and becomes one of the
most significant drawbacks in promoting herbal
products. This can occur intentionally by substituting
partially or entirely a herbal drug with other inferior
products due to morphological resemblance to the
authentic herb. An unintentional adulteration can be
caused by herbal suppliers’ carelessness, such as the
inconsistency in the herb collection process and the
confusion of common names for different plants [4]. The
adulteration process in herbal medicine would lead to an
increased risk for consumer health due to the differences
in the chemical composition that could affect its
biological and toxicity activity [5]. In contrast with the
component-based method that needs to measure the
marker compound's content, fingerprint analysis offers
an alternative way to evaluate all the detectable
compounds without the necessity to characterize all the
compounds.

Identifying accurate marker compounds is very
difficult for all traditionally used plant materials. The
thin-layer chromatography (TLC) fingerprints can
accurately certify and identify plant materials, even if the
amount of active material is not the same for different
samples. Therefore, it is essential to obtain a reliable TLC

fingerprint representing the bioactive compounds and

chemically distinct components of plant materials [6].
The fingerprint analysis evaluation could compare the
similarity or dissimilarity of the plant sample with a
certain reference and present it as a fingerprint pattern.
This could be used to identify the actual herbal plant and
the false one. TLC fingerprint pattern analysis is an
effective way to evaluate and control the quality of raw
materials and their preparation process [7]. This method
offers an advantage such as ease of sample preparation
and could provide fundamental data on the herbal
product's consistency, stability, and quality control [8].
The fingerprint analysis with TLC has been performed
to identify and authenticate herbal plants such as
Wedelia chinensis, Psidium guajava, Curcuma mangga,
Eugenia uniflora, Orthosiphon stamineus, Melastoma
malabathricum [9-14] and also differentiation of C.
longa, C. xanthorrhiza, and Zingiber cassumunar [15].

Several papers have used TLC to analyze S.
rhombifolia [1,16-18]. However, the profile information
presented in the previously cited paper was not validated
in terms of specificity according to the validation
guidelines. Method validation needs to be done so that
the developed method can evaluate the quality and
stability of S. rhombifolia. Method validation which
includes analyte stability, specificity, precision, and
ruggedness, was also carried out to validate the
developed Sidaguri TLC fingerprint method. The focus
is on validating the qualitative TLC method, namely the
R¢ value, fingerprint profile, and band zone color. This
paper describes our new cost-effective and simple TLC
fingerprint analysis of S. rhombifolia to identify and
authenticate its originality. Our result showed that the
developed method could identify and discriminate S.
rhombifolia from its related plants with the same leaf
morphology, such as Turnera ulmifolia L. and Hibiscus
rosa-sinensis.

m EXPERIMENTAL SECTION
Materials

Materials used in this study involved .
rhombifolia, T. ulmifolia, and H. rosa-sinensis leaves
obtained and identified by Mr. Taopik Ridwan from the

medicinal plant garden Tropical Biopharmaca Research
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Center LPPM IPB University. Sulfuric acid, methanol,
ethyl
dichloromethane, and 1-butanol were purchased from

ethanol, acetate, n-hexane, chloroform,
Merck (Darmstadt, Germany) and used without further

purification.
Instrumentation

The instruments used in this study involved TLC
semiautomatic CAMAG Linomat 5 (Muttenz, Switzerland),
Densitometer CAMAG  Reprostar 3  (Muttenz,
Switzerland), CAMAG WinCATS software (Muttenz,
Switzerland), ultrasonicator Branson 1510 (Dietzenbach,
Germany), TLC plate silica gel F254 (Merck, Darmstadt,
Germany), and analytical balance XT 220A (Precisa
Gravimetrics, Switzerland).

Procedure

Sample preparation and extraction

All the sample leaves (100 g) were dried in the oven
at 50 °C for 3 d, then pulverized into a powder, and then
sieved with 100 mesh particle size. About 1 g of samples
were macerated with 10 mL methanol using an
ultrasonicator at 42 kHz for 30 min. After the extraction
process was completed, the solution was filtered and
diluted with methanol to obtain a 10% w/v concentration.

TLC separation condition

The extract of S. rhombifolia leaves was applied to
the silica gel Fss, plate as a band 8 mm in length with TLC
semiautomatic Camag Linomat 5 equipped with
WinCATS software. The sample (20 pL) was applied at a
speed of 70 nL/s, and the distance between the band was
4mm. Then, the TLC plate was placed into a
chromatography chamber with the mobile phase to
obtain the separation process. After the separation was
TLC plate's
documented using a Densitometer Camag Reprostar 3.

completed, the chromatogram was

The selection of the TLC mobile phase

About 10 mL of each solvent (methanol, ethanol,
ethyl acetate, chloroform, dichloromethane, and n-
hexane) was added into the chromatography chamber
and saturated for 30 min. First, we eluted the S.
rhombifolia extract with a single solvent for TLC
separation. Then the selected solvent (2-3 solvents) was

mixed with another solvent to obtain the mobile phase
mixture's best for the chromatography separation. After
the separation process, the staining procedure at the
TLC plate was performed using sulfuric acid to
derivatize components in the extract of S. rhombifolia
leaves. The sulfuric acid reagent was prepared by mixing
10 mL concentrated sulfuric acid with 90 mL cold
methanol. Component detection was performed by
exposing the TLC plate to 254 and 366 nm UV light. The
TLC plate was then dried in the oven at 110 °C for
10 min to obtain a noticeable band color.

Validation method of TLC fingerprint

The validation method used to evaluate the TLC
fingerprint of S. rhombifolia leaves extract involves
several parameters: stability, specificity, precision, and
robustness. The validation method has been developed
following the previous procedure from Reich and Schibli
[19]. The stability was evaluated by observing analyte
separation during the separation process on the TLC
plate and visualized by taking a photograph at 2™, 5%,
10", 30™, and 60™ min. The specificity was checked by
comparing the TLC fingerprint derived from the leaves
extract of T. ulmifolia and H. rosa-sinensis with the TLC
fingerprint extract of S. rhombifolia leaves. The
robustness was investigated by observing the two
distances of solvent development at the TLC plate (7 and
8 cm) in two chambers (twin-through and flat-bottom).
The precision was evaluated by repeating a similar
procedure three times a day and performing it on three
different days.
Analyte stability during two-dimensional solvent
development. About 4 pL of the leaves extract was
applied as a spot with 0.6 mm width using an automatic
TLC sampler at the bottom right corner of the
10 x 10 cm TLC plate. Then, the solvent was developed
at the TLC plate using a twin-through chamber, and the
TLC plate was dried afterward. Next, the TLC plate was
rotated 90° clockwise, and the separation was repeated
using a fresh solvent for the development process. The
TLC plate obtained from the two-step solvent
development process was then documented before and
after the derivatization. The analyte stability at the TLC
plate can be evaluated when all components in the
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extract emerge in a diagonal line in two-dimensional
solvent development.
Analyte stability in the sample solution. Evaluation
of analyte stability in the sample solution was performed
by applying 20 uL of the sample extract in 4 lines at the
TLC plate. The first line consists of the fresh solution
extract solution of S. rhombifolia leaves was applied to the
TLC plate and left for 3 h. Then, the fresh extract of S.
rhombifolia leaves was kept for 3 h and applied to the TLC
plate as a third line. The second and fourth lines consist
of the fresh extract of S. rhombifolia leaves and are applied
to the TLC plate before the elution. After that, the TLC
plate was placed into the twin-through chamber to
separate the components. The documentation was
performed before and after using sulfuric acid's sample
derivatization process. If the difference of R¢ value < 0.05
between the spot at the TLC plate, it can be concluded that
the extract of S. rhombifolia leaves was stable at both the
stationary phase and the extract solution.
Analyte stability with visualization. The analyte's
visualization stability was evaluated by applying 20 uL of
S. rhombifolia leaves extract into the TLC plate and then
placed into the twin-through chamber. After the solvent
development, the TLC plate was then derivatized using
sulfuric acid and visualized by visible and UV light at 366
nm. The observation was performed on the 2™, 5%, 10%,
20", 30", 60" min.
Specificity test. Specificity was evaluated by applying 20
uL of the extract of S. rhombifolia, T. ulmifolia, and H.
rosa-sinensis into the TLC plate as lines 1, 2, and 3
consecutively. Then, the TLC plate was eluted with a
solvent using a twin-through chamber. After the solvent
TLC plate was then
after the sulfuric acid's

development process, the
documented before and
derivatization process.
Precision evaluation. The sample of S. rhombifolia
leaves was extracted by sonication process in triplicate,
with each 20 pL extract applied to the TLC plate. The
assessment was performed using three TLC plates in a
twin-through chamber on a similar day. The acceptance
criteria for TLC fingerprint derived from S. rhombifolia
extract were given identical parameters in terms of

number, position, color, intensity, and R¢ value < 0.02.

Intermediate precision has also been evaluated using
three different TLC plates on three days (one TLC plate
per day).

Robustness of chamber type. For the robustness
evaluation of chamber type, 20 uL of the leaves extracts
of S. rhombifolia, T. ulmifolia, and H. rosa-sinensis were
applied into a 5.5 x 10 cm TLC plate with the extract
concentration of 10% w/v. Each extract's solvent
development was performed using two chambers: twin-
through and flat-bottom. After the solvent development
was completed, the TLC plate was documented before
and after the sulfuric acid's derivatization. The
acceptance criteria for the TLC fingerprint derived from
each extract gave identical parameters in terms of
number, position, color, intensity, and R¢ value < 0.05.
Distance robustness of the solvent development.
Evaluation of the robustness by measuring the distance
in the solvent development was performed by 20 pL of S.
rhombifolia, T. ulmifolia, and H. rosa-sinensis leaves
extracts were applied to a 5.5 x 10 cm TLC plate with the
extract concentration of 10% w/v. Then, each extract's
solvent development was performed using a twin-
different
development distances of 7 and 8 cm. After the solvent

through chamber with two solvent
development was completed, the TLC plate was
documented before and after the sulfuric acid's
derivatization process. The acceptance criteria for the
TLC fingerprint derived from each extract gave identical
parameters in terms of number, position, color,

intensity, and R¢ value < 0.05.
m  RESULTS AND DISCUSSION
TLC Fingerprint Mobile Phase

TLC fingerprint analysis is an analytical technique
used to identify a medicinal plant. TLC will generally
consist of a stationary and mobile phase, a medium for
separating chemical components in a sample. In this
study, silica gel 60 F2s4 was used as the stationary phase
and optimizing the mobile phase composition to obtain
maximum separation of components. Generally,
optimizing the mobile phase in TLC is mostly by trial
and error. We used eight solvents with different polarity

levels ranging from nonpolar, semipolar, and polar to
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get an optimum mobile phase that could be mixed to
maximize separation. Besides the mobile phase, the
number of bands produced is also influenced by the
detection type. This study used sulfuric acid as a
derivatized reagent because it could react with almost all
chemical components. After derivatization with sulfuric
acid, a separate band of the components can be seen under
366 nm UV light with more apparent in the band's color.

The mobile phase optimization is an important
parameter for obtaining the optimum separation pattern
of the TLC fingerprint obtained from the extract of S.
rhombifolia leaves. In the first step, eight single mobile
phases were used, and chloroform (CHCl;), ethyl acetate
(EtOAc), and methanol (MeOH) were the best mobile
phase. These single mobile phases exhibited the most
significant number of bands and the best separation of
zones on the TLC plate (Fig. 1). About 6, 5, and 4 bands
were produced by CHCL;, EA, and MeOH, respectively.
The detection of bands on the TLC plate was performed
using UV light at 366 nm. These solvents were mixed in
different ratio compositions. Eight types of combinations
in the different ratios were deduced, and
CHCI;:EtOAc:MeOH in both compositions of (6.5:2.1:1.5)
and (7:1.5:1.5)
producing 11 bands on the TLC plate (Fig. 2). However,

showed a suitable solvent system
after a further investigation of both ratios of the solvent

system, it was obtained that the (6.5:2:1.5) composition
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gave a better resolution factor rather than the (7:1.5:1.5)
composition (Table 1). Therefore, CHCl;:EtOAc:MeOH
in the ratio of (6.5:2:1.5) was then selected as a solvent
system for developing the TLC fingerprint from the
extract of S. rhombifolia leaves. This solvent ratio
composition exhibited 11 bands after derivatized with
sulfuric acid reagent under 366 nm UV light.

We found a mixture of chloroform, ethyl acetate,
and methanol solvents with a ratio (of 6.5:2:1.5) as the
optimum mobile phase for separating S. rhombifolia
components. Using this mobile phase, about 11 bands

Fig 1. TLC chromatogram of Sida rhombifolia extract
using single mobile phase: (1) methanol, (2) ethanol, (3)
dichloromethane, (4) n-hexane, (5) n-butanol, (6) ethyl
acetate, (7) chloroform, (8) water. The documentation
was taken using UV light at 366 nm

CHCI;:EtOAc:MeOH (6.5:2:1.5)

CHCI;:EtOAc:MeOH (7:1.5:1.5)

CHCI;:EtOAc:MeOH (6:3:1)

CHCI;:EtOAc:MeOH (8:1:1)

CHCI;:EtOAc (7:3)

Eluent

CHCI:EtOAC (8:2)

CHCl,:MeOH (8:2)

CHCI,:MeOH (9:1)

T T
0 2

T
4

T T T T T T 1
6 8 10 12
Number of spot

Fig 2. The number of bands obtained from the TLC fingerprint of Sida rhombifolia leaves extract with the solvent

mixture and its visualization using UV 366 nm
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Table 1. The resolution obtained from S. rhombifolia leaves extract using a mobile phase mixture of chloroform:ethyl

acetate:methanol in two different compositions ratio (7:1.5:1.5) and (6.5:2.1:1.5) using UV 366 nm as detection

wavelength
Chloroform:ethyl acetate:methanol Chloroform:ethyl acetate:methanol
(7:1.5:1.5) (6.5:2:1.5)
Band Band Band Band

Band distance (cm)  width (cm) Rf Rs Band distance (cm)  width (cm) Rf Rs

1 7.68 0.3 0.96 1 7.68 0.3 0.96
2.8 2.8

2 7.12 0.1 0.89 2 7.12 0.1 0.89
17.6 18.4

3 5.36 0.1 0.67 3 5.28 0.1 0.66
5.6 4.0

4 4.80 0.1 0.60 4 4.88 0.1 0.61
2.4 3.2

5 4.56 0.1 0.57 5 4.56 0.1 0.57
2.4 2.4

6 4.32 0.1 0.54 6 4.32 0.1 0.54
3.2 2.6

7 4.00 0.1 0.50 7 4.00 0.1 0.50
1.1 1.6

8 3.84 0.2 0.48 8 3.92 0.2 0.49
4.8 4.2

9 2.64 0.3 0.33 9 2.72 0.3 0.34
5.6 5.6

10 1.52 0.1 0.19 10 1.60 0.1 0.20
10.4 11.2

11 0.48 0.1 0.06 11 0.48 0.1 0.06

appeared with a good resolution. The optimum mobile
phase obtained is between semipolar and polar solvents.
The semipolar solvent (chloroform) used has a large ratio
to polar solvents, namely ethyl acetate and methanol. This
aims to reduce the solvent's polarity and balance the
resulting band position. The more polar a solvent or
solvent mixture is, the farther the solvent moves the polar
compound up from the starting point of the dotting while
the nonpolar compound is held down.

Most
semipolar and nonpolar solvents (chloroform-ethyl
acetate-methanol). The developed method of TLC
fingerprint analysis of S. rhombifolia L. leaves is for a

components were separated between

qualitative purpose only, and we could not precisely know
the name of the separated components. However, from a
previous study using chloroform and methanol as eluent,

it is known that S. rhombifolia leaves have an alkaloid
compound at an Ry value of 0.92 with a brownish-yellow
color [20]. Flavonoid compounds usually appear as
fluorescent zone under UV 366 nm. So maybe the TLC
fingerprint chromatogram of S. rhombifolia contains
some alkaloid or flavonoid compound because the Rf
value is near the previous study.

Validation of the Developed TLC Fingerprint
Method

According to Reich and Schibli [19], we must do a
validation method as formal evidence that a method is
suitable for analysis. The TLC fingerprint's developed
method was validated by determining the analyte
stability on the TLC plate in the extract solution and
during the chromatography process, the analyte stability
of derivatized zones,

specificity, repeatability,
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intermediate precision, and robustness. The focus on
validating the developed HPTLC qualitative method for
identifying S. rhombifolia leaves was fingerprint profiles,
such as R¢ value and bands color. The results obtained
from the validation step are evaluated according to the
criteria described by Reich and Schibli [19].

Stability

Due to the TLC system's nature, studying the
analytes' stability before and during the chromatography
process is crucial. Before the chromatography process, the
analyte stability was determined by developing the extract
of S. rhombifolia leaves prepared at different times. The
expected results should not differ in position and band
color. Fig. 3 shows S. rhombifolia extract's stability in the
solution and on the TLC plate visualized with 366 nm UV
light. The R¢values of the 3 bands were observed to see the
stability of the TLC results represented by the upper (X)
R¢0.71, middle (Y) R¢0.55, and lower (Z) R;0.21 in the leaf
extract of S. rhombifolia. There is no distinct difference in
position and color bands between the four lanes on the
TLC plate. Therefore, it can be concluded that the sample
of S. rhombifolia extract is considered stable for at least 3
h in solution and the TLC plate.

During the chromatography process, the sample
stability of S. rhombifolia extract was also investigated by
2-D solvent development on the TLC plate. Two-
dimensional (2D) solvent development was carried out to
determine the analyte's stability during the chromatography
process. If the sample is stable during chromatography
separation, all components should be detected on the
diagonal line indicating spot movement in two-
dimensional solvent development on the TLC plate. Fig. 4
shows no difference in two-dimensional solvent
development on TLC fingerprint from the extract of S.
rhombifolia leaves visualized with 366 nm UV light. This
result indicated that the analytes remained stable for 3 h
before the chromatography separation began, both on the
TLC plate and the extract solution. In terms of sample
derivatization, the chromatographic results' stability was
determined by observing the zones' color for 60 min. Fig.
5 shows that the number and color of the zones were

stable for 60 min. Therefore, it can be concluded that the

Fig 3. The TLC chromatogram of S. rhombifolia leaves
extract for evaluation of analyte stability for 3 h and
visualized with UV light 366 nm. (1) the extract of Sida
rhombifolia leaves was left for 3 h, (2 and 4) the fresh
extract of S. rhombifolia leaves was applied immediately
to the TLC plate before the separation process, (3) the
fresh extract of S. rhombifolia leaves was kept for 3 h and
then applied to the TLC plate

Fig 4. The TLC chromatogram derived from the extract
of S. rhombifolia leaves extract with two-dimensional
(a) First
development process and (b) second development

solvent development processes. solvent

process and documented using UV light at 366 nm with
the sulfuric acid reagent
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Fig 5. The TLC chromatogram of S. rhombifolia leaves
extract after (1) 2", (2) 5%, (3) 10, (4) 20™, (5) 30%, (6)
60" min using UV light 366 nm with the sulfuric acid
derivatization reagent

chromatogram was stable for at least 1h after sample
derivatization.

Specificity

The specificity of the TLC fingerprint analysis was
evaluated by comparing the separation profile of S.
rhombifolia and its related plants, like T. ulmifolia and H.
their
morphological similarities. Herbal medicinal products are

rosa-sinensis, due to leaves' physical and
generally used raw materials in powdered. So, it will make
difficult to distinguish between the three plants if they are
present in powdered form. We choose T. ulmifolia and H.
rosa-sinensis as potential adulteration of S. rhombifolia.
The specificity was performed by applying each plant
extract on the TLC plates in different lanes. We can
compare TLC fingerprint similarity during the specificity
tests according to the number of bands, color, intensity,
and band position.

The identifying  S.
rhombifolia extracts compared with the extract from T.

chromatogram  results
ulmifolia and H. rosa-sinensis showed different patterns
detected with sulfuric acid derivatization under 366 nm
(Fig. 6). Based on the specificity evaluation, S. rhombifolia
leaves are considered specific because they have different
patterns, positions, quantities, colors, and intensities of
the resulting bands. The extract from S. rhombifolia, T.
ulmifolia, and H. rosa-sinensis produced 11, 10, and 12

bands on the TLC plate, respectively. However, these
extracts have band similarities in terms of R¢ values at
0.95, 0.89, 0.81, and 0.69 (Table 2). The TLC fingerprint
of S. rhombifolia extracts had a marker band (blue color)
at 0.28, which can be used to distinguish and specify only

Fig 6. The TLC chromatogram obtained from the leaves
extract of (1) S. rhombifolia, (2) T. ulmifolia, (3) H. rosa-
sinensis using UV light at 366 nm with sulfuric acid as
derivatization reagent

Table 2. Specific R¢ value of S. rhombifolia, T. ulmifolia,

H. rosa-sinensis extract using sulfuric acid as

derivatization reagent followed by detection at UV light
366 nm

Band — S —

S. rhombifolia  T. ulmifolia  H. rosa-sinensis
1 0.95 0.95 0.95
2 0.89 0.89 0.89
3 0.81 0.81 0.81
4 0.72 0.72 0.76
5 0.69 0.69 0.69
6 0.52 0.51 0.51
7 0.41 0.38 0.41
8 0.36 0.32 0.37
9 0.28 0.22 0.28
10 0.21 0.11 0.26
11 0.11 0.20
12 0.11
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to this plant. Therefore, it can be concluded that the
developed method can be used to differentiate S.
rhombifolia from its related plant used in this study.

Precision and intermediate precision

Precision was performed on the same day using
laboratory
precision was done in a similar laboratory using different

similar equipment, while intermediate
equipment (tools and reagents) [21]. The precision was
evaluated using plant extracts with three different TLC
plates on a similar day, while intermediate precision was
performed consecutively on three different days. Each
extract was applied to the TLC plate, and its TLC
chromatogram pattern was observed after separating the
components. TLC fingerprint pattern criteria for the
precision test were the number of bands, the band's
position, color intensity, and the difference of R¢ value
between 3 bands on the TLC plate maximum at 0.02 (AR¢
< 0.02). For intermediate precision, the difference in R¢
value from 3 bands at the TLC plate should be no more
than 0.05 (AR¢ < 0.05) [19]. The intermediate precision
requirement is higher than the precision parameter
because we cannot maintain the laboratory's stable
environment during the experiment.

Fig. 7 shows the pattern of the TLC fingerprint from
S. rhombifolia extracts for precision evaluation, while Fig.
8 shows the TLC pattern for intermediate precision. Based
on this observation, it can be seen from Fig. 7 that AR, <
0.02 was obtained from 3 bands at the TLC plate for
precision evaluation, while the TLC fingerprint (Fig. 8)
has AR¢ < 0.05 at the TLC plate for intermediate precision
evaluation. Ry value's difference due to high humidity and

temperature causes poor separation and produces a low-
resolution value. The resolution factor's low value is
affected by the mobile phase's saturation and causes
poor separation on the TLC plate. Therefore, it can be
concluded that the
intermediate precision can be accepted based on the

criteria for precision and

chromatogram pattern in Fig. 7 and 8.

Robustness

Robustness was evaluated by the chromatography
chamber type and the solvent development distance on
the TLC plate during the separation of components. The
accepted criteria of robustness parameter include the
constant TLC fingerprint profile in terms of number,
position, bands' color, and R¢value difference of no more
than 0.05 [19]. This evaluation was performed by
developing the extract of S. rhombifolia, T. ulmifolia, and

Fig 8. The three different TLC chromatograms obtained
from the extract of S. rhombifolia leaves on (1) the first
day, (2) the second day, and (3) the third day

Fig 7. The three different TLC chromatograms obtained from the extract of S. rhombifolia leaves (a) first plate, (b)

second plate, and (c) third plate
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Fig 9. The TLC chromatogram of two different TLC
plates using the extract of S. rhombifolia (line 1), T.
ulmifolia (line 2), H. rosa-sinensis (line 3) from 2 different
types of chamber chromatography (a) twin-through and
(b) flat-bottom

Fig 10. The TLC chromatogram of two different TLC

plates from two different distances of solvent
development at the twin-through chamber (a) 7 cm and

(b) 8 cm

H. rosa-sinensis using the twin-through and flat-bottom
with a different surface area and two different solvent
development distances of 7 and 8 cm. Fig. 9 shows the
chromatogram results from two chromatography
chamber types that produce distinct differences between
two TLC plates. The difference in R value was obtained
more than 0.05 from 3 bands represented by top (X),

middle (Y), and bottom (Z) in the extract of S. rhombifolia

leaves. The chromatography chamber's flat bottom gave
a higher Ry value (ARy) difference than the twin-through
chamber. Based on this result, the robustness parameter
still does not meet its acceptance level regarding the
chromatography chamber type. Fig. 10 shows the
chromatogram with two distances of solvent
development with different TLC fingerprint patterns
obtained from the extract of S. rhombifolia leaves. The
difference in R¢ values from the X, Y, and Z bands was
obtained at more than 0.05 and still did not meet the
quality control standard.

Fig. 9 and 10 show a distinct difference in the
number of bands, position, and R value. This is due to
relative humidity and mobile phase saturation changes
and causes an increase in R¢ value. The mobile phase's
development process using a flat-bottom and twin-
through chamber needs different times regarding its
surface area. Therefore, this method is specific only for
the twin-through chamber with an 8 cm distance of
solvent development. This method could not maintain
the fingerprint profile's stability when it changes to
different solvent development and chamber type.

m CONCLUSION

In conclusion, the TLC fingerprint analysis of S.
rhombifolia showed  that  all
chromatographic conditions were applied, the most

fingerprints

suitable of which was an aluminum plate coated with
silica gel 60 F,s4 as the stationary phase and a mixture of
chloroform, ethyl acetate, and methanol (6.5:2:1.5) (v/v)
as the mobile phase with sulfuric acid derivatization
under UV visualization at 366 nm. The leaf fingerprint
profile of S. rhombifolia produced 11 bands with good
resolution. This fact confirms that the specificity of the
proposed method is reliable with specificity, accuracy,
precision, and robustness. This fingerprint analysis
method has met the acceptance criteria for method
validation and can be used to identify and control the
quality of S. rhombifolia leaves.
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Abstract: Despite the widespread use of ionic polymer flocculants in sugar refineries,
there is still insufficient knowledge on the relationship between the polymer properties
and the efficiency of flocculation. This paper describes the performance of poly(sodium
acrylate-co-acrylamide) (poly(SA-co-AAm)) as an anionic flocculant in the flocculation-
coagulation of sugarcane juice from the sugar factory Gempolkrep PTPN X Mojokerto.
Poly(SA-co-AAm) was successfully prepared via free radical polymerization of sodium

acrylate and acrylamide with respective molar ratios of 40:60, 50:50, and 60:40, and
compared with the commercial flocculant Accofloc. It was found that the mud height of
the sugarcane decreased with increasing SA:AAm ratio. However, mud height increase
was observed with further increasing SA:AAm ratio. Furthermore, increasing the
flocculant dosage did not induce any significant change in the mud height and pH. The
total dissolved solids (TDS) significantly decreased when the ratio of sodium
acrylate:acrylamide was changed from 40:60 to 50:50, whereas a further change to 60:40
increased the TDS value again. It is also noticed that the tendency of turbidity is consistent
with the TDS value. These results demonstrate that poly(SA-co-AAm) is a feasible
alternative to the commercial flocculant owing to its good flocculation-coagulation
performance with an optimum SA:AAm ratio of 50:50.

Keywords: flocculation; flocculant; polymers; sugarcane

m INTRODUCTION

Sugarcane is a primary raw material for the
production of high-purity sucrose, which is vastly used in
daily consumption and the food industry. In addition,
sugar and sugarcane production plays an important role
in the rural economy through agricultural income, job
creation, and support for the rural economy [1]. In
Indonesia, the demand for raw sugar for food and
beverages is continuously increasing; in 2017, 6.32 million
tons of sugar were consumed, and the demand increased
by 6% in 2018 [2]. With an annual population growth of
1.3%, the growth in sugar consumption has averaged 4.3%
per year since 2008, which has resulted in a large gap
between production and sugar demand. The current

sugar production in the form of white crystal sugar
shows a deficit of 100,000 to 300,000 tons per year or 3
to 10% of consumption. As a result, Indonesia became
the world's largest sugar importer in 2017-2018 with
4.45 million tons imported [3].

Sugarcane is first milled after being harvested to
collect the primary juice, which is further processed to
obtain sucrose as the final product. Sugarcane juice is a
complex liquid medium that contains many insoluble
and suspended organic and inorganic constituents in a
colloidal solution. This colloid is composed of sucrose
(810-870 g/kg Brix), reducing sugar (30-60 g/kg Brix),
(0.6-6 g/kg Brix),
including gums and dextrans (2-8 g/kg Brix), inorganic

oligosaccharides polysaccharides
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salts (15-37 g/kg Brix), organic non-sugar substances
(16.8-52 g/kg Brix), and insolubles (1.5-10 g/kg Brix) [4].
Apart from sucrose, the other constituents must be
removed to obtain a refined juice with low turbidity [5].
The removal of suspended solids and non-sucrose
impurities can be achieved by clarification [6-7].
Clarification can be conducted by adding lime milk
(Ca(OH),) followed by passing SO, (sulfidation) or CO,
gas (carbonation) through the juice to generate insoluble
calcium phosphate flocs (Ca;(POy),), which can be readily
separated by decantation. Decantation can also facilitate
the formation of phosphate flocs by adding lime (CaO) to
adjust the pH of the juice heated at 75 °C to 7.8 and boiling
the limed juice [8]. It has been reported that the settling
rate and the strength of the flocs formed can be
accelerated by introducing an anionic copolymer [9-10].
Copolymers are also known to accelerate the flocs
enlargement, leading to faster precipitation [11].

Anionic acrylamide copolymer flocculants are
charged copolymers due to the presence of carboxylate,
sulfonate, or phosphonate functional groups [12-13]
These copolymers can be prepared by copolymerizing
acrylamide with another vinyl-type monomer bearing the
corresponding functional groups or with another
chemically modified polyacrylamide [14]. Six different
polymerization approaches can be applied to synthesize
anionic polyacrylamide (APAM), i.e., homopolymerization

posthydrolysis, homopolymerization  cohydrolysis,
copolymerization, inverse emulsion polymerization,
precipitation polymerization, and radiation

polymerization [15-17]. The flocculant properties of the
obtained APAM, including reactivity, hydrophobicity or
hydrophilicity, and formation of hydrogen bonds,
depending on the constituent monomers. The solution
pH also affects the formation and reactivity of flocculant
The
properties, which determine the molecular weight of
APAM, are the most critical parameters during
polymerization [18]. The APAM chains stretched under
high charge densities induce an increase in the adsorption

molecules. intrinsic  viscosity and solubility

capacity and bridging effects that contribute to the
efficient removal of organic particles. A combination of
P,Os and APAM flocculant has been shown to efficiently

improve the clarification of sugarcane juice [19].
Doherty et al. showed that the combination of
acrylamide copolymers and quaternary ammonium
compounds of trimethylammonium ethyl methacrylate
(TMAEMAC) or cationic trimethylammonium ethyl
acrylate chloride copolymers are more effective in
than TMAEMAC
homopolymers [11]. The patch charge mechanism

flocculating  sugarcane juice
responsible for the residual turbidity in clarified juice
using an anionic flocculant is minor and has a high
negative charge. Six different starch-based anionic
copolymers were synthesized and tested by Khalil and
Aly [20] as flocculants in ferric laurate suspensions,
finding that the flocculation performance of the
copolymers was determined by the type of acid groups,
the length of the alkyl chain bearing the carboxyl group,
the chemical structure of the flocculant, the flocculant
molar mass, and the pH of the suspension. In cane sugar
juice, binding of copolymer microflocs most likely
proceeds primarily by the attraction of the negatively
charged acrylate groups to dipositive ionic bridges (e.g.,
Ca’"), which are adsorbed to negative charges on the
microfloc particles. However, it is still possible that they
may proceed by two other mechanisms i.e., attraction of
the negatively charged acrylate groups to positive
charges on the surface of the microfloc particles and
hydrogen or dipolar bonding between the acrylamide
groups and the microfloc particles [21-25].

Although ionic polymer flocculants are essential in
the sugar refinery, systematic studies to correlate the
polymer properties and the efficiency in the flocculation
have rarely been reported. With this aim, this paper
describes the synthesis and characterization of different
(poly(SA-co-
AAm)s) as flocculating agents. Since ionic content is one

poly(sodium acrylate-co-acrylamide)s
of the most important parameters that affect flocculation
performance, knowledge of the acrylamide/acrylate
ratio in these copolymers is a subject of interest.
Therefore, the performance of the copolymers to settle
sugarcane juice collected from a sugar refinery in various
acrylamide/acrylate ratios is evaluated by means of the
floc settling rate and size, turbidity analysis, total
dissolved solids (TDS), and final pH.
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m EXPERIMENTAL SECTION
Materials

Acrylamide 99%, acrylic acid 99%, and ammonium
persulfate > 98% were purchased from Sigma Aldrich Co.
USA, and were used without any further modifications.
Sodium acrylate (NaAc) was prepared by neutralization
of acrylic acid (AAm) with 12 mL of 2 N NaOH solution
by the addition of active carbon (PT. Mapalus Makawanua
Charcoal Industry) and 5 g of sodium carbonate (Na,COs,
Merck, Germany). A clear solution of sodium acrylate was
obtained for further synthesis of poly(SA-co-AAm). All
materials were used as received. Distilled water was used
throughout all experiments.

Instrumentation

Scanning electron microscopy (SEM)

The surface morphology of acrylamide, acrylic acid,
and the poly(SA-co-AAm) flocculant samples was
observed using a scanning electron microscope
(HITACHI, FLEXSEM 1000, Japan).

Fourier transform infrared (FTIR) spectroscopy

The functional groups of acrylamide, sodium
acrylate, and the poly(SA-co-AAm) flocculant samples
with various concentrations were identified using FTIR
spectroscopy. The FTIR spectra were obtained using a 550
Series II IR (METTLER TOLEDO
Instrument Co., Ltd., Switzerland) in a range of 500-
4000 cm ™' by using ATR method.

spectrometer

Proton nuclear magnetic resonance (1H-NMR)
spectroscopy

"H-NMR spectroscopy (MR400 DD2, Agilent, USA)
was employed to determine the chemical structure of the
poly(SA-co-AAm) gel. To measure the spectra, the gels
(20 mg) were dissolved in 1 mL of D,O as a solvent.

Procedure

The preparation of the anionic flocculant poly(SA-
co-AAm) consisted of two consecutive steps, i.e., the
synthesis of sodium acrylate followed by the synthesis of
poly(SA-co-AAm). For the first step, 8.8 mg of sodium
carbonate (Na,COs3), 5 g of activated carbon, and 3.170 g
of acrylic acid were charged into a glass beaker.

Subsequently, 12mL of 2N NaOH was added to
neutralize the acrylic acid and to generate sodium
acrylate. The resulting product mixture was filtered to
obtain a clear solution of sodium acrylate. Next, the as-
obtained sodium acrylate was mixed with 4.69 g of
acrylamide and 30 mL of distilled water in a three-
necked round bottom flask. After a homogeneous
solution was obtained, the solution was purged with N,
gas and then heated to 50 °C. Subsequently, 0.03 g of
ammonium persulfate was introduced as an initiator to
conduct the free radical polymerization reaction for 3 h
under an N, atmosphere. Once the reaction was
completed, a transparent polymer was obtained with a
95% yield. The polymer product was then collected and
washed three times with 100 mL of ethanol. The polymer
was then dried in an oven at 50 °C for three days.
Following this procedure, three different samples of
poly(SA-co-AAm)
concentration ratios of sodium acrylate and acrylamide
of 40:60, 50:50, and 60:40.

were prepared using initial

Analysis of coagulation-flocculation

The coagulation-flocculation experiments were
performed using a conventional jar apparatus or
flocculator (VELP Scientifica Srl, Flocculator JLTS6,
Italy). This apparatus allowed four beakers to be agitated
simultaneously. Meanwhile, sugarcane juice was
provided by the Gempolkrep Mojokerto (PTPN X)
sugar factory located in East Java, Indonesia which was
taken before entering the clarifiers. This sugarcane
juice's maximum Ca(OH), content is 1200 ppm. For
each test, 1000 mL of sugar juice was charged into a glass
beaker. The juice was subsequently heated to 70 °C
followed by the addition of the anionic flocculant at
various concentrations and dosages (0, 2, 4, and 6 ppm).
Stirring at 120 rpm for 1 min (rapid stirring) was applied
to promote the coagulation process. After 15 min, the
stirring rate was lowered to 10 rpm. Subsequently, the
beakers were carefully removed from the flocculator,
and the flocs were allowed to settle for a certain time (0-
60 min) before the analysis. To provide a comparison,
commercial flocculant Accofloc was used as a reference.
The most commonly used anionic flocculant with high
molecular weight in sugar factories in Indonesia is
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Accofloc A-110. The chemical constituent of this
flocculant is anionic polyacrylamide.

Analysis of TDS

The TDS of sugarcane juice was determined by
performing three repetitions for each sodium acrylate to
acrylamide ratio. The flocculant-treated sugar juice
(50 mL) was placed into an Erlenmeyer, and the TDS was
measured using a conductivity meter (Eutech Instrument,
CON 700, Singapore).

Analysis of turbidity

The juice turbidity is a valuable parameter to
determine the effectiveness of the clarification process.
Therefore, the turbidity of the sugarcane juice was
measured before and after adding the poly(SA-co-AAm)
flocculant using a turbidimeter (Eutech Instruments, TN-
100, Singapore) and repeated three times.

Analysis of pH

The pH was measured using a pH meter (Trans
Instruments, BP3001, Singapore) before and after adding
the poly(SA-co-AAm) flocculant.

m  RESULTS AND DISCUSSION
Investigation of the Surface Morphology by SEM

Fig. 1 presents an SEM micrograph with 500x
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magnification showing the surface morphology of the
three poly(SA-co-AAm)
differences with the commercial flocculant Accofloc can

samples, in which clear
be observed. Thus, at a low concentration of sodium
acrylate compared with that of acrylamide, the
flat,

aggregation nor pores are observed (Fig. 1(a)). With

morphology surface appears and neither
increasing the sodium acrylate concentration to a
sodium acrylate:acrylamide ratio of 50:50, the surface
morphology remains flat (Fig. 1(b)). However, upon
further increasing the ratio to 60:40, a layer and fold
region on the surface with some holes is observed (Fig.
1(c)). By further increasing the concentration of the
sodium acrylate:acrylamide ratio up to 80:20 (data is not
shown) the pores are clearly observed throughout the
surface of the synthesized flocculant. In contrast, the

SEM image of Accofloc shows aggregation (Fig. 1(d)).

Identification of the Functional Groups by FTIR
Spectroscopy

FTIR spectroscopy was performed to identify the
functional groups present in poly(SA-co-AAm), and the
corresponding spectra are displayed in Fig. 2. In the
spectrum of sodium acrylate, the bands at 1694.01,
1634.45, and 1429.86 cm™ correspond to the C=0 groups
of acrylic acid, the OH of water, and the COO™ groups of

500SE YO

TokndMeosn ITS 5 00V 8 Govm

Tokrk

1005

Fig 1. Scanning electron microscopy micrographs of poly(sodium acrylate-co-acrylamide) prepared with acrylic acid

and acrylamide monomer ratios of (a) 40:60, (b) 50:50, and (c) 60:40 and (d) commercial flocculant Accofloc
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Fig 2. Fourier transform infrared spectra of sodium

acrylate, acrylamide, and poly(sodium acrylate-co-
acrylamide) (poly(SA-co-AAm)) samples prepared with

sodium acrylate:acrylamide ratios of 40:60, 50:50, and 60:40

acrylate, respectively. In the spectrum of acrylamide, the
bands at 3333.46 and 3164.33 cm™ correspond to the NH,
group, and the band at 2812.07 cm™
presence of CH and CH; groups. The C=0O groups and
OH of water give rise to bands at 1651.91 and
1610.73 cm™, respectively. The slight difference of OH in
various concentrations indicate the presence of adsorbed

indicates the

water as a solvent detected in the measurement. N-H
bond corresponds to the characteristic of the acrylamide
unit, with increasing SA to AAm ratio compared to the
band of pure Acrylamide (red line) the peak appears
weakened. On the contrary, the C-H bond attributes to
the sodium acrylate unit which appears sharper and
clearly observed with increasing SA to AAm ratio.

In addition, the CN groups of acrylamide produce a
band at 1424.54 cm™ [26]. Meanwhile, the spectra of the
poly(SA-co-AAm) samples with a monomer ratio of
40:60, 50:50, and 60:40 show the bands corresponding to
the N-H bond of the acrylamide unit at 3178.85, 3338.26,
and 3337.80 cm™', respectively, and those attributable to
the CH and CH, groups appear at 2894.269, 2929.05, and
2923.92 cm™’, respectively. Moreover, the bands of the
C=0 groups of acrylamide and the OH of water are
superposed, appearing at 1651.85, 1648.18, and
1654.59 cm™, respectively. The presence of the COO~

groups of sodium acrylate or CN groups of acrylamide is
evidenced by the peaks at 1444.85, 1448.81, and
1448.46 cm™, respectively. The blue line shows that
poly(SA-co-AAm) samples with a monomer ratio of
40:60 have a lower and weak band at 1600 cm™
compared to other concentrations. This indicates that
the small fraction of the COOH group of acrylic acid
during its reaction with NaOH is not completely
neutralized while forming the sodium acrylate.

Confirmation of the Chemical Structure by 'H-
NMR Spectroscopy

"H-NMR spectra were recorded to confirm the
chemical structure of the resulting copolymers. Fig. 3
shows the spectrum of the copolymer prepared with a
sodium acrylate:acrylamide ratio of 40:60. Two distinct
broad peaks are observable in the regions of 1.23-1.86
and 1.97-2.36 ppm. These two 'H-NMR signals can be
ascribed to the presence of protons associated with
-CH(CONH;)-and -CH,-groups, respectively, and are
indicative of the formation of single bonds connecting
the monomers to create a copolymer backbone. Mansri
et al. reported a similar feature in the "H NMR spectra of
polyacrylamide prepared via radical copolymerization
in an aqueous solution, in which two multiplets
appeared at 1.4-1.8 and 2-2.4 ppm [27]. For sodium
acrylate, the proton bonded to the secondary carbon
resonates at around 1.5-2.0 ppm, whereas the proton
attached to the tertiary carbon gives rise to a peak at
238 ppm. In the present work, the -CH,-signal
attributed to acrylate in the copolymer is hard to identify
due to its overlap with the predominant peak of
polyacrylamide. Nevertheless, the presence of the CH
group from sodium polyacrylate is evidenced by the
appearance of a weak peak at around 2.55ppm.
According to this result, the polyacrylamide segment is
more predominant in the copolymer, which is expected
considering the initial sodium acrylate:acrylamide
monomer ratio. In addition, the spectrum around
3.6 ppm (multiplet) and around 1.1 ppm (triplet) appear
because the copolymers are not pure compounds but
show a broad molar weight distribution and possibly due
to impurities in the comonomer.
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Fig 3. 'H-Nuclear magnetic resonance spectra of poly(sodium acrylate-co-acrylamide) prepared with a sodium

acrylate:acrylamide ratio of 40:60

Influence of Monomer Concentration of Flocculants
on Mud Height

It is noteworthy that the shrinking volume of the
settling with time could be attributed to the filling of the
cavities between flocs leading to the sediment with a more
compact arrangement. Fig. 4 shows the change in the mud
height with time at various flocculant dosages and
monomer ratios. Compared to the commercial flocculant
of Accofloc, the mud heights were larger with the
introduction of the copolymer flocculant. In general, at
any dosage and at a lower settling time from 0-20 min, the
concentration of SA in poly(SA-co-AAm) significantly
influenced the initial mud height. For instance, at a
flocculant concentration of 2 ppm, the mud volume
decreased along with the intensified SA:AAm ratio from

Flocculant dosage 2 ppm

124
—&— SA:AAm = 40:60
—&— SA:AAm = 50:50
5 10+ —A— SA:AAM = 60:40
S —4&— Accofloc
S
=]
@
<
°
=]
=
0 T T T T T T 1
0 10 20 30 40 50 60 70

Settling time (min)

Mud height (cm)

40:60 to 50:50 ppm, which is caused by the decrease in
the size of the cavities between flocs, shortening the
distance between flocs as a result rendering them more
compact. However, an appreciable increase in mud
height was observable when increasing the SA:AAm
ratio to 60:40; the mud height tends to increase
significantly. This volume enlargement is caused by the
formation of bigger flocs at a higher SA ratio and the
presence of nonuniform cavities between the flocs.
Higher floc formed with the presence of sufficiently high
anion concentration required to facilitate the bridging
[28]. Bridging is one of the flocculation mechanisms
occurring when using a polymer flocculant, and the
preferred one for polymers with long chains.

Fig. 4 also indicates that after 30 min, in all flocculant

(b)

Flocculant dosage 4 ppm

—HE— SA:AAm = 40:60
—@— SA:AAm = 50:50
—A— SA:AAm = 60:40
—4&— Accofloc

T T
30 40 50 60 70
Settling time (min)
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Fig 4. Effect of monomer concentration on the mud height upon addition of poly(sodium acrylate-co-acrylamide)

dosage (a) 2 ppm, (b) 4 ppm, and (c) 6 ppm in comparison with commercial flocculant

dosage, the highest mud height was obtained when using
poly(SA-co-AAm) with a monomer ratio of 60:40.
Moreover, the commercial flocculant of Accofloc and
flocculant with SA:AAm of 40:60 displayed a similar mud
volume throughout the settling time and flocculant
dosage. Furthermore, the effect of flocculant dosage was
also investigated, suggesting a relatively insignificant
improvement in the resulting mud heights. These results
imply that the loading of SA in the copolymer is more
essential to initiate the formation of larger flocs leading to
a greater volume of the sediment.

The Influence of SA Content and Flocculant Dosage
on the Acidity of Sugarcane Juice

Fig. 5 presents the change in the pH of the sugarcane
juice with the flocculant dosage at various monomer
ratios. Generally, the increase in the flocculant dosage
decreased the pH value of the sugarcane juice. Moreover,
the pH decreased gradually with increasing monomer
ratio from 40:60 to 50:50, whereas it increased slightly
with a further increase in the monomer ratio to 60:40. The
addition of the commercial flocculant Accofloc also
decreased the pH.

The increase in the poly(SA-co-AAm) dosage
decreased the pH value. In the absence of a flocculant, the
pH was 7.34. Meanwhile, when the flocculant was added,
no drastic decrease was found on pH since the alkaline
concentration provided was sufficient. In this case, FTIR
has previously stated that only a small fraction of the COOH

8.0
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7.6 1
7.4 1
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Fig 5. Effect of the flocculant dosage on the pH of a
sugarcane juice suspension

group of acrylic acid neutralized NaOH while forming
the sodium acrylate. Therefore, the decrease in the pH
value did not significantly affect the sugarcane juice.
After the addition of the flocculant, the sugarcane juice
had a pH of 7.14-7.34. This value is within the optimal
pH range for the sugarcane juice purification process in
the sugar factory, which is 7-7.3.

Analysis of TDS

The TDS of flocculant with altered monomer ratios
and different dosages is given in Fig. 6. The introduction
of flocculant with 40:60 SA:AAm ratio insignificantly
reduced the TDS at any given dosage.
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Fig 6. Effect of the flocculant dosage on total dissolved
solids (TDS)

A remarkable TDS reduction was achieved once a
higher SA:AAm ratio of 50:50 was applied to the sugarcane
suspension. At this ratio, the TDS consistently declined
from 900 to 520 ppm along with the enriched dosage from
0 to 6 ppm, respectively. Further enrichment of SA:AAm
ratio to 60:40 increased the TDS again resembling the
resulting TDS from SA:AAm ratio of 40:60. In fact, the
SA:AAm ratio can be associated with the concentration of
Na* cation in the suspension. This can be explained by the
fact that an increase in the sodium acrylate concentration
increases the number of flocs formed; however, an
excessive amount of flocs may cause a collision between
aggregated particles, which would then redisperse in the
suspension, as previously reported by Mishra et al. [29]
and Chan and Chiang [30]. It has been reported by Chan
and Chiang [30] that on one hand, the Na* cation in the
suspension could suppress the electric double layer of a
particle favorable to the formation of larger flocs, but on
the other hand, the excessive amounts of cations would
resist the expansion of polymer chain unfavorable for
bridging the interparticle. The minor influence of
flocculant dosing at SA:AAm ratio of 40:60 could be
reasoned by the insufficient cations available to initiate
the flocculation. Meanwhile, the presence of Na* became
too much at the highest monomer ratio of 60:40
preventing the generation of larger flocs. Furthermore,
the addition of 2 ppm Accofloc depressed the TDS as low
as 454 ppm before it gradually increased from 517 to

564 ppm following the introduction of the Accofloc
from 4 to 6 ppm, respectively. According to Mishra et al.,
an increase in the flocculant dosage in a sugarcane juice
suspension promotes the attraction among impurities
and eventually reduces the concentration of dissolved
solids in the suspension [29].

Suspension Turbidity

Fig. 7 illustrates the effect of the poly(SA-co-AAm)
dosage and monomer ratio on the turbidity. In general,
the turbidity fell significantly following the addition of
the flocculant at 2 ppm because the impurities in the
sugarcane juice were adsorbed by the flocculants leading
the turbidity
remained constant as the dosage was intensified from 2

to the precipitation. Furthermore,
to 6 ppm. The addition of flocculants can adsorb the
impurities enabling the formation of greater particles.
Nevertheless, excessive addition of flocculants may
cover the previously formed particles initiating particle
redispersion and hindering the formation of larger flocs.

Furthermore, the influence of different flocculants
on turbidity was also studied. At any given dosage, the
turbidity declined with the increase of the SA:AAm ratio
from 40:60 to 50:50. The result was in good agreement
with previous studies on phosphate and anionic
polyacrylamide flocculant (APF) for sugar cane juice
clarification. Further enrichment of the SA ratio to 60:40
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Fig 7. Effect of the flocculant dosage on the turbidity of
a sugarcane juice suspension
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gave rise to the turbidity as high as copolymer with
SA:AAm ratio of 40:60. This also implies that the
optimum ratio of 50:50 is responsible for the lowest
turbidity of the suspension. The presence of an optimum
ratio is due to the copolymer with 50:50 ratio that could
provide a sufficient anion concentration for the
flocculation without excessively covering the formed
particles and bringing about their redispersion in the
suspension. Moreover, the turbidity of Accofloc
resembled that of the poly(SA-co-AAm) with 50:50 ratio.
This infers that the SA-co-AAm with optimized SA:AAM
ratio could assist flocculation as efficiently as the
commercial flocculant.

It is noticed that the tendency of turbidity in this
figure is also consistent with the TDS result as shown in
Fig. 6. Total dissolved solids (TDS) contribute to the
measurement of turbidity. The lower the TDS, the less
turbidity of the supernatant since most of the particle
settled as a consequence of the mud height increase.

m CONCLUSION

Poly(SA-co-AAm) was successfully synthesized as
an anionic flocculant for sugarcane juice from sugar
factories owned by PT. Perkebunan Nusantara (PTPN)
Indonesia. FTIR and NMR analysis showed that the
anionic flocculant poly(SA-co-AAm) contained all the
expected constituent monomer groups. Compared to the
commercial flocculant of Accofloc, the mud heights were
found to be larger with the introduction of the copolymer
flocculant. In general, at any dosage and at a lower settling
time from 0-20 min, the concentration of SA in poly(SA-
co-AAm) significantly influenced the initial mud height.
The mud volume decreased along with the intensified
SA:AAm ratio from 40:60 to 50:50 ppm. However, an
appreciable increase in mud height was observable when
increasing SA:AAm ratio to 60:40; the mud height tends
to increase significantly. The poly(SA-co-AAm) increase
caused an insignificant decrease in the pH value and mud
height. Concerning the TDS value, a significant decrease
was  observed upon sodium
acrylate:acrylamide ratio from 40:60 to 50:50, whereas
further increase in the monomer ratio to 60:40 increased

the TDS value again. Overall, the poly(SA-co-AAm)

increasing  the

flocculant obtained with a sodium acrylate: acrylamide
ratio of 50:50 and a dosage of 6 ppm afforded better
results than the commercial flocculant with a dosage of
4 ppm. Although 6 ppm is a relatively higher dosage than
that commonly used in sugar plants, this result
demonstrates that poly(SA-co-AAm) can effectively
replace the commercial flocculant due to its good
flocculation-coagulation performance. Future work will
focus on investigating the flocculation-coagulation
performance of poly(SA-co-AAm) with a wider range of
monomer ratios for the clarification of sugarcane juice.
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Abstract: In this study, ZnO thin films doped with Al (AZO) and Cu (CZO) were
fabricated on a glass substrate via sol-gel spin coating. The influence of 1 atomic % Al and
Cu doping on the structure, morphology, as well as optical properties of ZnO thin film
was then analyzed with X-ray diffraction (XRD), atomic force microscopy (AFM), and
UV-Vis spectroscopy. XRD analysis revealed that all samples possessed hexagonal
wurtzite crystal structures with 3 to 4 preferred orientations. Al and Cu doping caused a
decrease in crystal size, while the lattice strain (&) and dislocation density (p) were
increased. AFM indicated that Al and Cu doping reduced the surface roughness of the
ZnO thin film. Optical measurement showed that all samples exhibited high
transmittance (> 80%) in the visible light region. Transmittance was reduced after
doping, while the band gaps for ZnO, AZO, and CZO thin films are 3.26, 3.28, and
3.23 eV. This study showed that an addition of 1 atomic % transition metal (Al and Cu)
greatly influences the structure, morphology, and optical properties of ZnO thin film.

Keywords: doping; morphology; optical properties; structure; thin film

= INTRODUCTION

Zinc oxide (ZnO) is a semiconductor II-VI with a
bandgap of 3.2-3.3 eV and a strong excitation binding
energy (60 MeV) at room temperature [1-3]. ZnO is a
polycrystalline material and could exist in wurtzite, zinc-
blende, and cubic rock salt form, with wurtzite being the
most abundant due to it being the most stable [4]. In
addition, ZnO is known to be non-toxic, eco-friendly,
easy to process, and possesses high chemical stability [1-
2,5-8]. In thin-film form, ZnO has high optical
transmittance, high electron mobility, and thermal
conductivity [9-10]. These properties make ZnO suitable
for many applications, such as solar cells [11], transparent

conductive oxide (TCO) [12], light-emitting diode [13],
and photocatalysts  [6,14].  Therefore, various
improvements in ZnO thin film have been the subject of
much research.

The doping process is a promising way to modify
the microstructure and both optical and electronic
properties of ZnO. Some studies have reported that
elements from the III group (Al, In, Ga) [5,7,15] and
transition metals (T1i, V, Cr, Mn, Fe, Co, Ni, Cu) [10,16-
17] are suitable dopant candidates for ZnO thin film. A
previous study by Asikuzun et al. showed that doping
ZnO thin film with Cu increased the surface roughness,
lowered the optical transmittance, and lowered the
optical band gap [18]. A similar result was reported by
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Nimbalkar and Patil [13], who confirmed that the band
gap, as well as the activation energy of ZnO thin film, were
decreased after Cu doping.

On the other hand, Al doping has been reported to
lower the crystal quality and band gap of ZnO thin film.
However, lattice strain and Seebeck coefficient were
conserved [19]. Another study found that band gap,
lattice parameter, and grain size decreased after Al was
added [20]. According to the studies mentioned earlier,
the addition of Al and Cu could affect the morphology
and optical properties of ZnO thin film.

From the chemical and physical perspectives, Cu is
a more suitable candidate as a dopant for ZnO, as Cu has
similar atomic properties to Zn, particularly in terms of
atomic radius and electron shell [18]. The substitution of
Cu®" into Zn*" is thought not to cause a notable change in
lattice parameters, seeing as the radii of Cu** and Zn** are
estimated to be around 0.073 and 0.074 nm [21]. In
contrast, Al with an ionic radius of 0.053 nm is expected
to cause a significant alteration in the lattice parameter,
owing to the large radius difference. A previous study of
Al- and/or Cu- doped ZnO thin film has been conducted
[11-14,18-19,21-28]. However, the investigation focuses
on the effect of only one doping (Al or Cu) in the ZnO
thin film. Bakhtiargobandi et al. [29] investigated the
effect of Al and Cu doping on the photoelectrochemical
properties of ZnO thin films, nevertheless, the amount of
dopants is large, i.e., 6 wt.%. To the best of our knowledge,
there has been no report on the small number of dopants
(Cu and Al) on the structure, morphology, and optical
properties of ZnO thin films. The addition of small
doping with different ionic radii on the structure,
morphology and optical properties of ZnO becomes the
focus of the present study, where ion radii of Cu are closer
to that of Zn compared to ion radii of Al In general, the
least amount of reported doping of Cu or Al on ZnO is 1
atomic %. The interesting finding is that it has an effect
on the properties of the thin films, especially with the
addition of two different dopant atomic radii with Zn.

In this research, ZnO thin film was doped with Al
and Cu, each with a concentration of 1%. The thin films
were deposited onto a glass substrate using a sol-gel spin
coating. This method was used due to its being safe, easy

to operate, and low cost [1-2] when compared to other
methods such as pulsed laser deposition (PLD), chemical
vapor deposition (CVD), sputtering [7], spray pyrolysis
[21],
deposition, and hydrothermal [13]. The influence of 1%

chemical bath deposition, electrochemical
Al and Cu doping on ZnO thin film's morphology,
structure, and optical properties were evaluated
thoroughly using X-ray diffraction (XRD), atomic force

microscopy (AFM), and UV-Vis spectroscopy.
m EXPERIMENTAL SECTION

Materials

The materials used in this research were zinc
acetate dihydrate (Zn(CH3;COO),-2H,0) (CAS number
5970-45-6, Merck KGaA), isopropanol (CAS number
67-63-0, Merck KGaA), ethanolamine (NH,CH,CH,OH)
(CAS number 141-43-5, Merck KGaA), Copper(II)
acetate monohydrate (Cu(CH;COO),»-H,O) (CAS
number 6046-93-1, Merck KGaA), and aluminum
acetate (C,H;AlOs;) (CAS number 142-03-0, Sigma-
Aldrich) were used in this study.

Instrumentation

VTC-100 spin coater was used to fabricate the thin
film. Phase analysis was conducted by X-ray diffraction
(XRD, Smartlab, Rigaku, Japan). The surface roughness
of samples was observed by atomic force microscopy
(AFM, NX10 AFM, Korea). The band gap of the sample
was obtained from UV-Vis spectroscopy (UHS5300,
Hitachi, Japan).

Procedure
Copper(II) acetate monohydrate
(Cu(CH;COO0),-H,0) and aluminum acetate

(C4H,AlOs) was added into the solution to make Cu-
doped (CZO) and Al-doped (AZO) ZnO thin film,
respectively. The percentage of dopants was calculated
according to the molecular weight of the dopants.

Both ZnO and dopant precursor solution has a
concentration of 0.5 M with the molar ratio of metal salt
and ethanolamine 1:1. Undoped and doped ZnO
solution were stirred at a temperature of 60 °C for 1 h
with 300 rpm and was left at room temperature for 24 h.
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Glass substrates were cleaned using the radio
corporation of America (RCA) method, where the
substrates were cleaned with ethanol for 10 min and
acetone for 5 min using an ultrasonic cleaner to ensure
that no organic impurities remained in the sample. The
substrates were then rinsed with deionized water.

The solutions were deposited into the substrates
using spin-coating (3000 rpm for 50 s) using VTC-100
spin coater to fabricate the thin films. The deposition
process was repeated three times, with a pre-heated
treatment at a temperature of 110 °C for 10 min. The final
heat treatment for the ZnO thin film was done at 400 °C
for 1 h.

m  RESULTS AND DISCUSSION

Fig. 1 shows the diffraction pattern of ZnO, AZO,
and CZO deposited using sol-gel spin coating. According
to ICDD [96-230-0113], all samples have a hexagonal
wurtzite structure. Crystal growth and orientation of each
sample could be further analyzed using the texture
coefficient (TC) obtained from the Harris equation, as
shown in Eq. (1).

I(hk%
oo I( Ioghkl) )
1 hkl
{AZ Ahm]

where n, Inw, and Ionay represent the number of

diffraction peaks, peak intensity of a certain plane, and
reference intensity. Calculated TC of ZnO, AZO, and
CZO, along with the planes associated with diffraction
peaks, are presented in Table 1. According to TC
calculation, each sample tends to crystallize in a different
orientation, as the crystal growth could be attributed to a
few particular planes. ZnO tends to crystallize in the
direction of (002), (101), and (112) planes. Crystal growth
in AZO is dominated by (102), (110), and (112) planes,

while CZO crystallization mostly occurs in (100), (101),
(110), and (112) orientations.

The incorporation of Cu and Al also caused the
peak intensity of ZnO to decrease, although the decrease
is more significant in AZO. This is due to the large
difference in ionic radii between Al and Zn, while the
ionic radii of Cu and Zn only while the difference in
ionic radii for Cu and Zn insignificant. The atomic radii
of AP*, Cu*, and Zn** are 0.053, 0.073, and 0.074 nm,
respectively. The immense difference between Aland Zn
atomic radii would result in a more notable distortion in
the ZnO crystal structure, hence the less crystalline
structure of AZO [17].

Additionally, other properties are also affected by
the doping process, such as lattice parameters (a and c),
crystal size (D), lattice strain (¢), and dislocation density
(p). Lattice parameters (a and ¢) and d-spacing (d) of each
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Fig 1. Diffraction pattern of ZnO, AZO, and CZO thin
film

2

Table 1. Texture coefficient (TC) of ZnO, AZO, and CZO thin film

Texture Coefficient (TC)

Sample (100) (002) (101) (102) (110) (103) (112)
7n0 0.97 111 1.01 0.95 0.94 0.97 1.05
Cz0 1.00 0.96 1.02 0.97 1.01 0.99 1.06
AZO 0.88 0.98 0.98 113 1.02 0.99 1.03
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sample could be evaluated using the following relations,
according to Eq. (2-4), respectively.

az=— 2 bk 4K )
\/gsinﬁ

A
= 3
¢ 2sin0 )
1 4sin’0
FORE W

where A is the X-ray wavelength (1.5405A), 0 is the
diffraction angle, and h k1are the Miller indices.

Crystal size (D) could be calculated using the Debye-
Scherrer formula, as shown in Eq. (5).
D— 0.941 (5)

BcosH
where B represents the full width at half maximum
(FWHM) of a particular peak (h k1).
Lattice strain (g), which is a lattice disorder

developed during crystallization, could be calculated
using the following Eq. (6).
B
= 6
¢ 4tan® (©)
Dislocation density (p) is defined as dislocation-
induced imperfection present in a unit volume and could

be calculated using the Williamson-Smallman relation

(Eq. (7)),
p=§ )

Table 2 shows the calculated crystallography
parameter such as lattice parameter, crystal size (D), d-
spacing (d), lattice strain (¢), and dislocation density (p)
of ZnO, AZO, and CZO. Al doping resulted in a decrease
in lattice constant, while Cu doping increased. The change
in lattice parameter is related to the addition of Al and Cu.
A similar result has been reported by Jongnavakit et al.,
where ZnO underwent a decrease in lattice constant

after Cu doping [30]. Al Farsi et al. also reported that Al
doping caused the lattice constant of thin film to
increase [22].

A shift in lattice constant also indicates an
alteration in crystal size (D), where the crystal size of
Zn0O, AZO, and CZO calculated from the (112) plane are
50.48, 38.38, and 47.96 nm, respectively. This change in
crystal size is clearly observed in the broadening of the
peak, as shown in Fig. 1, which shows that the addition
of Al caused the peak to broaden; thus, the crystallite size
decreased compared to ZnO. These changes also show
that the doping process was successful, as evidenced by
the decrease in crystal size in both doped samples.
Moreover, studies by de Lara Andrade et al. and Ali et al.
demonstrate that ZnO crystal size decreased along with
the increase of AI** and Cu?* concentrations [23-24]. The
ionic radii of the dopants also affect the d-spacing, which
represents the distance between parallel planes in the
structure. AZO and CZO have lower d-spacing than
ZnO, where the calculated values are 1.3772, 1.3781, and
1.3784, respectively. Similar to crystal size, AZO has the
lowest d-spacing value as a consequence of the small
ionic radius of AI**.

Furthermore, immense atomic radii differences
would consequently cause higher lattice strain in the
ZnO structure. Higher lattice strain would result in more
dislocation and therefore cause the structure to have a
higher dislocation density, as observed in both samples,
particularly AZO, which exhibits a significantly higher
dislocation density than CZO and ZnO. Additionally,
there are published reports that Al and Cu doping
increased the lattice strain, which led to an increase in
defects in grain boundaries, reinforcing that higher lattice
strain is related to higher dislocation in a crystal structure
[19,24]. Another suggestion is that the addition of Aland

Table 2. Lattice parameter, crystal size (D), d-spacing (d), lattice strain (g), and dislocation density (p) calculated from

plane (112)
Sample a(A) c(A) D (A) d(A) & (%) p (<107
(line/nm?)
ZnO 3.2473 52111 50.48 1.3784 1.229 3.92
CZO 3.2473 5.2097 47.96 1.3781 1.293 434
AZO 3.2503 5.2170 38.38 1.3772 1.615 6.79
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Cu could inhibit crystal growth, in which case the lattice
distortion is bound to occur [24].

Fig. 2 represents the three-dimensional 2 x 2 um
surface topology of ZnO, AZO, and CZO thin film obtained
from AFM analysis. Visually, it could be observed that the
addition of Al and Cu to ZnO reshaped its surface topology,
as indicated by the relatively more even surface of AZO
and CZO. The morphology parameter was further
analyzed using Gwyddion software, from which grain size,
average surface roughness, and root mean square surface
roughness were obtained and presented in Table 3.

The average grain size ranged from 29.95 to
51.95 nm, as shown in Table 3. After being doped with Al,
the grain size of the ZnO thin film was reduced from 36.68
t0 29.95 nm. Previous studies by Al Farsi et al. and Hsu et
al. also found that Al doping resulted in a decrease in grain
size and surface roughness [22,25]. The opposite could be

: 22 nm

! -23 nm

observed in Cu doping, where the grain size increased to
51.95 nm. This result is also in agreement with a study
by Istrate et al., who found that the addition of Cu
increased the grain size of ZnO thin film [26].

In addition to grain size, the surface topology of
each sample is also related to its surface roughness,
which was determined by the distribution of its grain. In
ZnO, the surface is riddled with elliptical grains of
varying sizes, while in AZO and CZO, the grains are
more homogenous and evenly distributed. As a result,
the average surface roughness of Cu-doped ZnO is
slightly lower than that of pristine ZnO, while in Al-
doped ZnO, the roughness is reduced to almost a quarter
of its initial. On top of that, root mean square (RMS)
roughness analysis yields a similar result, which further
confirms that the grain of AZO is finer and notably more
homogenous than CZO and ZnO.

(b)

20 nm

-3nm

Fig 2. AFM images of (a) ZnO, (b) CZO, and (c) AZO thin film

Table 3. Grain size, average roughness, and RMS roughness of ZnO, AZO, and CZO thin film

Sample Grain size (nm)  Average roughness (nm) RMS roughness (nm)
ZnO 36.68 2.02 2.59
Cz0 51.95 1.93 2.45
AZO 29.95 0.54 0.69
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Fig. 3 shows the optical transmittance of ZnO, AZO,
and CZO within the wavelength ranging from 200-
1000 nm. Generally, all samples exhibit around 80-90%
transmittance in the visible light region. This property is
particularly useful for optoelectronics applications such
as a transparent electrodes in solar cells. However, the
transmittance of AZO and CZO in the visible light region
was lower. This could be explained using the structure
disorder caused by the incorporation of dopants. After the
doping process, ZnO has a higher amount of structural
disorder. These defects would increase the optical
scattering of ZnO so that the doped samples will have
lower transmittance than pristine ZnO. Since structural
defects contribute to optical scattering, a higher
concentration of defects in a structure indicates poor
optical transmittance [18]. This result also agrees with the
XRD data, where AZO with the highest amount of
disorder in its structure has the lowest transmittance
among other samples.

Fig. 3 also reveals the blue shift in both AZO and
CZO, where the absorption edge shifted toward a shorter
wavelength. After Al doping, the edge shifted from 360 to
300 nm, while Cu doping caused it to shift to 320 nm. This
shift would later play a role in determining the bandgap
and evaluating the charge carrier concentration. These
findings are in agreement with studies related to
absorption edge shift in ZnO thin film after Al doping
[31] and Cu doping [30].

100 4

49

From transmittance data, the optical band gap
could be calculated by using Eq. (8).

(ochv)2 :B(hv—Eg) (8)
where a is the absorption coefficient, B is the edge width
parameter, hv is the photon energy, and n=2 (for
semiconductor band gap). The absorption coefficient
(a) of the thin film samples could be obtained by using

this relation (9).

a :%ln(%) )

in which t is the thickness of the thin film. Thin-film
bandgap could be acquired from the linear extrapolation
of (ahv)? with hv.

As shown in Fig. 4, the optical band gaps of ZnO,
AZ0O, and CZO thin films are 3.26, 3.28, and 3.23 eV. In
the thin film, ZnO has a lower band gap than bulk ZnO
(3.37 €V). The lower value is due to the heat treatment
and the structural defects formed during the fabrication
process [19]. For doped samples, Al doping increased
the optical band gap of ZnO, while Cu doping lowered
the band gap. The shifting of the band gap in ZnO thin
film doped with transition metal could be explained by
the Burstein-Moss effect. AI’* and Cu’* ions introduced
charge carriers into ZnO, which would then modify the
band gap.

In AZO, the Al atom, which has more valence
electrons than Zn, would introduce more charge carrier
concentration in the ZnO thin film. These carriers would
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Fig 3. Optical transmittance of ZnO, AZO, and CZO thin film
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Fig 4. Optical band gap of ZnO, AZO, and CZO

create sites near the conduction band, which would
consequently draw the Fermi energy closer to the
conduction band, thus increasing the band gap [28]. This
also explains the blue shift in absorption edge, where the
shift toward a lower wavelength suggests that it would
require higher energy to induce a photocatalytic effect in
AZO. Likewise, the Cu atom in CZO would create more
sites near the valence band and lower the band gap. The
band gap shift also proves that the doping process was
successful. Additionally, Bakhtiargonbadi et al. suggested
that Cuy, donor-acceptor played a role in lowering the
ZnO bandgap, along with Vg", V5 and Zn;* [29].

m CONCLUSION

ZnO thin films doped with 1% Al and Cu were
fabricated using sol-gel spin coating, and the structure,
morphology, and optical properties of the thin films were
then analyzed. The diffraction pattern of thin films
confirmed the structure of hexagonal wurtzite. Texture
coefficient calculation showed that each sample tends to
crystallize in a different orientation, particularly during
heat treatment. Al and Cu doping resulted in lowered
crystal size (D), average surface roughness, and
transmittance, as well as heightened lattice strain (¢) and
dislocation density (p). Moreover, shifts in band gaps
have been observed according to the type of dopants.
ZnO, AZO, and CZO have band gap values of 3.26, 3.28,
and 3.23 eV, respectively. In conclusion, the slight

addition of 1 atomic % transition metal (Al and Cu)
proved to greatly influence the structure, morphology,
and optical properties of ZnO thin film.
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Abstract: The fabrication, optimization and validation of measurement using a
modified carbon paste electrode (CPE) with dibenzo-18-crown-6 were carried out for the
determination of paracetamol in commercial products. The pH, dibenzo-18-crown-6
concentration in carbon paste, and scan rate parameters were optimized. Validation of
the measurement was observed from linear concentration range, LoD, LoQ, precision,
and percentage of the recovery. The result showed that the optimum pH was at 2, the
optimum concentration of dibenzo-18-crown-6 in carbon paste was 0.6%, optimum scan
rates were 35 mV/s for CPE, and increased to 50 mV/s using modified CPE. The linear
concentration range for CPE was obtained at 10-300 uM with LoD and LoQ of 28.88 and
96.28 uM, respectively. Meanwhile, CPE modified with dibenzo-18-crown-6 gave wider
linear concentration range at 1-700 uM with LoD and LoQ of 52.36 and 174.53 uM,
respectively. The CPE and modified CPE had good precision, with Horwitz ratio values
of less than two. The percentage of recovery for two samples with three replicates
measurements was obtained (89.81 + 1.38)% and (108.02 £ 0.42)% for samples A and B,
respectively. Dibenzo-18-crown-6 modified CPE was used for the determination of
paracetamol in both samples yielding 97-98% compared with the paracetamol
composition on its labels.

Keywords: carbon paste electrode; dibenzo-18-crown-6; differential pulse voltammetry;
paracetamol

m INTRODUCTION

The methods used in drug analysis are very diverse.
Various methods for determination of drugs in biological
samples (urine, blood, and sweat) and pharmaceutical
used include UV
spectrophotometry, High-Performance Thin Layer

formulations that can

method can be used to determine drugs’ content in a
sample, including differential pulse voltammetry (DPV).

The performance of the voltammetry method is
greatly influenced by the working electrode materials.
The most used electrode materials are mercury (Hg),
carbon (C), or precious metals such as platinum (Pt) and
gold (Au). Carbon-based electrodes are currently widely

Chromatography (HPTLC) Spectrophotodensitometry,
High-Performance Liquid Chromatography (HPLC),
Liquid Chromatography-Mass Spectrometry (LC-MS),
Fourier Transform Infra-Red (FTIR), and voltammetry
methods [1-6]. Voltammetry is a method in
electroanalytical chemistry based on the oxidation-
reduction reaction of electroactive species on the surface
of the electrode. The resulting current response is
proportional to the concentration of the analyte in the
solution [7]. Various techniques of the voltammetry

developed in the electroanalysis field because they have
several advantages, i.e., wide potential range, low
background current, cheap, inert, and suitably used in
various sensors. One type of carbon-based electrode is
the carbon paste electrode. The electrode is easily made
at a low cost, easy occur exchanges electrons on its
surface and can be modified with various kinds of
materials [8]. The previous research showed many
compounds could be used as a modifier in carbon paste
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electrodes in the determination of drugs, including
anthraquinone, nanoparticles ferrocene, poly-L-leucine,
zirconium oxide (ZrQ,), and crown ether [9-13]. The use
of crown ether in the modification of carbon paste can
speed up the electron transfer rate due to the adsorption
process or form of complex compounds. Crown ether is
one of the macrocyclic whose oxygen atoms as donor
electrons in the formation of complex compounds.
Crown ether can form a stable complex compound with
alkali metal ions and protonated amine in the gas and
solution phase [14]. It shows crown ether is widely used
as a modifier in the determination of drugs in
pharmaceutical formulations, including paracetamol.

Determination of paracetamol can be carried out by
the voltammetry method because paracetamol can be
oxidized through the transfer process of two electrons and
two protons to form an unstable oxidized product of N-
acetyl-p-quinone imine (NAPQI) [15]. The oxidation
process of paracetamol is affected by pH, where the
oxidation reaction of paracetamol produces an H* ion. If
the amount of H* formed increase, then the pH of the
solution decrease and the product of the reaction will turn
back and becomes reactant. Therefore, a buffer solution is
needed to retain the reaction product.

This method shall be optimized and validated to
determine the performance of the modified working
electrode in the identification of the analyte. The
validation method gives proof to the measured
parameters by testing objectively in a laboratory and has
fulfilled requirements that have been determined
according to the intended use [16]. In this research, the
modification of the carbon paste electrode with crown
ether for the determination of paracetamol was carried
out by the DPV technique. Carbon paste was modified
with crown ether to produce electrodes having high
sensitivity or low detection limit in the determination of
paracetamol in commercial samples.

m EXPERIMENTAL SECTION
Materials

All of the reagents were analytical grade without
further purification. Paracetamol, KCI, graphite powder
(dark grayish black powder, particle size pass 45 um),

crown ether (dibenzo-18-crown-6), NaOH, and liquid
paraftin were purchased from Wako. K;Fe(CN)g,
K Fe(CN)¢3H,0, acetone, H;PO, 85%, CH;COOH
100%, and H;BO; were obtained from Merck. On the
other hand, HCI 37% was produced from Mallinckrodt
while filter paper and double distilled water were
purchased from Otsuka. Samples A and B were
commercial paracetamol tablets of different brands,
bought from a chemist.

Instrumentation

Potentiostat Ingsens 1030, 12V DC adapter,
Ag/AgCl reference electrode (0.1 M KCI), and platinum
coil electrode with a diameter 0.5 mm (Nilaco) were used
as the counter electrode. Besides, analytical balance
(Ohaus PX224), magnetic stirrer (Thermoline), copper
wire diameter 1.0 mm (Nilaco), Teflon tube with inner
diameter 2.0 mm, pH meter (WalkLAB HP900), agate
mortar, and laboratory glass equipment were used in this
work.

Procedure

Several conditions can affect the electrochemical
currents, such as pH, and the concentration of the
modifier. All the measurements were recorded using a
potentiostat Ingsens 1030 with three electrodes system
by DPV technique at room temperature.

pH optimization

Copper wire (Cu) 7 cm in length was inserted into
the Teflon tube as a working electrode body, with
around +5mm space at the bottom of the tube for
inserting carbon paste. A 100 mg graphite and 35 pL
liquid paraffin were mixed gently in an agate mortar
until a homogeneous carbon paste formed. Carbon paste
was inserted into the space at the bottom of the working
electrode (CPE). The surface of CPE was smoothed by
polishing on wax paper. Determination of optimum pH
was carried out by measuring the current of paracetamol
standard solution 1.0 mM, dissolved in Britton Robinson
buffer solution in various pH. The pH of 0.1 M Britton
Robinson buffer solution was adjusted to 1.0; 1.5; 2.0;
2.5; 3.0; 4.0; 5.0; 6.0; 7.0; and 8.0 by adding HC1 0.1 M or
NaOH 0.1 M. Measurement current for each solution
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was conducted using a potentiostat with three electrodes
system, i.e., CPE as working electrode, Ag/AgCl as
reference electrode, and Pt coil as a counter electrode by
differential pulse voltammetry technique.

Crown ether concentration optimization

Graphite powder and liquid paraffin were mixed
with various concentrations of crown ether (dibenzo-18-
crown-6), i.e., 0.0, 0.2, 0.4, 0.5, 0.6, 0.7, 0.8, 1.2, 1.6, and
2.2% from the total mass of graphite and dibenzo-18-
crown-6. The modified carbon paste was inserted into the
working electrode body, and the surface was smoothed.
CPE modified by dibenzo-18-crown-6 was dipped in a
voltammeter cell containing 10.0 mL of paracetamol
1.0 mM at optimum pH, then connected to a potentiostat
for measuring peak current at a potential range of 0.0-
1.2 V with scan rate 50 mV/s.

Scan rate optimization

The peak current of a standard solution of
paracetamol 1.0 mM was measured with various scan
rates, starting from 20, 25, 30, 35, 40, 45, 50, 55, to 60 mV/s
at potential windows between 0.0-1.2 V. Measurement
peak current using CPE and modified CPE with dibenzo-
18-crown-6 was conducted at optimum concentration.

Determination of linear concentration range

The stock solution of paracetamol was diluted in the
range concentration of 1-950puM and then the
electrochemical current was measured using CPE and
modified CPE with dibenzo-18-crown-6 at pH and scan
rate optimum with three repetitions. The current
measured on the y-axis is plotted with the concentration
solution on the x-axis, to obtain the linear regression

equation y = a + bx with R* close to 1.00.

Determination of limit of detection (LoD) and limit of
quantitation (LoQ)

LoD and LoQ values were calculated with the
following Eq. (1-4):

(1)

v 2)

Y LoD = Yy +3S (3)
Y LoQ =Yg +10Sy (4)
where S, = standard deviation to the linear line, Sg =
standard deviation of slope, and Y = response of blank
solution. The values of LoD and LoQ were calculated
using Eq. (3) and (4) [16].

Precision

The peak current of paracetamol 1.0 mM was
measured using a different modified working electrode
in the with 10
Measurements were carried out on different days for five
days. The standard deviation (SD), relative standard
deviation (RSD), and coefficient variance (CV) values

same composition, replicates.

were calculated. CV value compared with CV Horwitz
to obtain the Horwitz ratio. Precision can be accepted if
the Horwitz ratio is less than two [17].

Recovery

The measurements were carried out by measuring
the electrochemical current of the sample and adding a
known concentration of standard solution into the
sample solution as a matrix. The percentage of recovery
was calculated by Eq. (5):

CF-CU
——X

%R = 100 (5)

where CF = concentration of sample and standard, CU
= concentration of sample without adding standard, and
CA =
recovery value for

concentration of standard. The acceptable
analyte with
concentrations of g/L is in the range of 80 to 110% [18].

measurement

Samples preparation

Three tablets for each sample were weighed and
crushed in a mortar, then dissolved with Britton-
Robinson buffer at optimum pH. The mixture was
filtered through a filter paper into a 50.0 mL flask to
eliminate possible interference and diluted until the
mark. The standard addition method was used for the
different
paracetamol. A 2.0 mL was pipetted and transferred into

analysis of two samples containing
a 10.0 mL flask, added standard paracetamol solution
was in various volumes, and then diluted up to 10.0 mL
by adding buffer solution. A blank solution was prepared

in the same way without a standard solution.
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m RESULTS AND DISCUSSION
pH Optimization

For the oxidation reaction of paracetamol, DPV was
used. The voltammograms were recorded in the potential

from 0 to 750 mV. Fig. 1 shows the voltammograms of

paracetamol 1 mM at a diverse buffer medium. The most
intense anodic peak current was obtained at pH 2.0, while
at pH below and above 2.0, the anodic peak current
decreased. It indicated that the equilibrium of the
reversible redox reaction of paracetamol to N-acetyl-p-
quinone imine occurs at pH 2. The anodic peak potentials
were shifted in a negative direction when pH values
increased. This study showed that the electron transfer
process of paracetamol was dependent on pH. Fig. 2
shows the oxidation reaction of paracetamol occurs in an
acidic environment, producing an N-acetyl-p-quinone
imine compound and two protons [19].

5

—pH 1.0 5.0
——pH 1.5 <48
——pH 2.0 240
4 4——pH25 9 35
pH 3.0 3 30
pH 4.0 g 25
——pH 5.0 o 20
’%: 3{——pH60 15
= ——pH7.0 0123456789
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S
=
S 24
(8]
1
0
T T

T T
0.0 0.2 0.4 0.6 0.8 1.0
Potential (V) vs Ag/AgCl

Fig 1. Differential pulse voltammogram of paracetamol

Crown Ether Concentration Optimization

DPV response of electrochemical oxidation of
paracetamol in the presence of modifier dibenzo-18-
crown-6 in carbon paste can be seen in Fig. 3. The anodic
peak current for carbon paste without a modifier is very
low at 1.021 pA. When the modifier was added, the
anodic peak current increased up to the concentration of
modifier 0.6% at 2.290 pA and then decreased. This
shows that the modifier of dibenzo-18-crown-6 can
improve the performance of the carbon paste electrode;
the rate of electron transfer is faster compared to without
the presence of a modifier. All peak currents at different
modifier concentrations appeared at the same peak
potential around 0.6 V. This is due to two benzene rings
in dibenzo-18-crown-6 structure can reduce the polarity
of crown ether and easily solvated with paraffin in
carbon paste [20]. Dibenzo-18-crown-6 in carbon paste
electrode can form a complex compound with a proton
in paracetamol with oxygen atoms from the modifier, as
shown in Fig. 4.

Scan Rate Optimization

The change in scan rates gives the different anodic
peak currents. It was found that the optimum scan rates
of paracetamol solution 1.0 mM using CPE were found
at 35 mV/s and increased to 50 mV/s using CPE modified
by dibenzo-18-crown-6. Moreover, the peak current was
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Z 22 /J\\
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Fig 2. Oxidation reaction of paracetamol in an acidic

environment
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Fig 3. Differential pulse voltammograms in the
optimization of dibenzo-18-crown-6 concentration
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obtained at 0.736 pA and went up to 1.4391 uA by CPE
and modified CPE, respectively. The result shows the
addition of a modifier in carbon paste, the electron
transfer rate of paracetamol at the surface of the working
electrode becomes faster with a higher anodic peak
current. Fig. 5 showed differential pulse voltammograms
of paracetamol 1.0 mM in various scan rates.

Linear Concentration Range

Determination of linear concentration ranged using
CPE and modified CPE with dibenzo-18-crown-6 in the
measurement of anodic peak current was carried out in
the concentration range of paracetamol 1-950 uM at
optimum scan rate. Fig. 6(a-b) shows the voltammogram
of peak current. Fig. 6(c) shows the linear regression

equation on the concentration range of 10-300 uM
using CPE was y = 0.0806 + 0.0051x with the correlation
coefficient (R?) value was 0.9947 and the linear
regression equation on the concentration range of 1-
700 uM using CPE modified by dibenzo-18-crown-6 was
y = 0.1126 + 0.0062x with the R* value was 0.9951. The
result displayed the addition of dibenzo-18-crown-6 in
carbon paste increased the anodic peak current response
with better linearity and sensitivity.

Detection Limit (LoD) and Quantitation Limit
(LoQ)

LoD and LoQ values were determined based on the
data from a linear concentration range of 10-300 pM for
the measurement using CPE and 1-700 uM for the
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measurement using CPE modified by dibenzo-18-crown-
6. The values of LoD and LoQ for the measurement
paracetamol using CPE were 28.88 and 96.28 uM,
respectively, while for modified CPE were 52.36 and
174.53 pM, respectively. Dibenzo-18-crown-6 in carbon
paste can increase the sensitivity of the measurement.
Although the peak current of modified CPE was larger
than CPE at the same concentration, the LoD and LoQ
values of modified CPE were higher than CPE. This may
be due to the large surface area of the working electrode,
about 0.0314 cm®. The large surface area causes high noise
so the signal and noise ratio becomes larger, and the
standard error is large, thereby increasing the LoD and
LoQ values.

Precision

The precision can be determined by repeated
measurement of the peak current of paracetamol in

different concentrations using the same composition of
working electrodes on different days. According to [17],
a precise measurement has been established if the
Horwitz ratio is less than two. Fig. 7(a) shows the
Horwitz ratio value for paracetamol 50 uM by CPE, and
CPE modified with dibenzo-18-crown-6 and CPE were
0.3354 and 0.2835, respectively. Fig. 7(b) shows the
Horwitz ratio for paracetamol 100 uM was 0.2233 by
CPE and 0.2196 by modified CPE. Both concentrations
The
measurement standard paracetamol solution with CPE
modified by dibenzo-18-crown-6 is smaller than CPE in
paracetamol 50 and 100 uM. It shows the presence of

were conducted ten times. precision of

. 18-crown6 i .
dibenzo-18-crown-6 in carbon paste can increase the
precision of the measurement.

Percent of Recovery

Percent of recovery was determined to find out the

Irdhawati et al.
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Fig 7. The peak current of ten times paracetamol measurement with concentration of 50 uM (a) and 100 uM (b)

accuracy of measurement. The percent recovery values
were (89.81 + 1.38)% in sample A and (108.02 + 0.42)% in
sample B. The acceptable recovery is in the range of 80—
110% [18]. Based on the results of recovery obtained for
samples A and B, measurements have acceptable values by
DPV technique using CPE modified by dibenzo-18-crown-
6. Sample B has a recovery of more than 100% because the
tablet contains paracetamol and caffeine. The presence of
caffeine in the solution can produce electrochemical
currents that interfere with paracetamol measurement
using carbon material as a working electrode due to the
overlapping signal with the oxidation of the background
medium, resulting in low reproducible analysis.

Determination Paracetamol in Sample

To illustrate the reliability of the results obtained,

two commercial samples (A and B) were prepared, and
measurements were conducted by the standard addition
method. Sample A contains 500 mg paracetamol, and
sample B contains 500 mg paracetamol and 65 mg
caffeine. The regression line equations were found aty =
0.3729 + 0.0063x with the value of R* = 0.9962 for sample
A, meanwhile for sample B was obtained regression line
equation y = 0.3232 + 0.0055x with a value of R* = 0.9986.
The voltammogram of the paracetamol standard
solution and samples and the plot of paracetamol
concentration vs its peak current can be seen in Fig. 8.
Paracetamol in sample A and sample B were
found to be 493.2637 and
489.7067 mg/tablet, respectively. Both samples have a

calculated and

good agreement with the labeled value and result of
measurement, which are listed in Table 1.
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(d)
y = 0.3232 + 0.0055x
R? = 0.9986
L
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Fig 8. Voltammogram of measurement sample A (a) and sample B (b), and the plot of concentration paracetamol
standard in the presence of sample A (c) and sample B (d) using DPV technique with CPE modified by dibenzo-18-

crown-6

Table 1. Comparison of paracetamol mass measurement results with paracetamol mass on its labels

Paracetamol mass on its

Paracetamol mass obtained by

0,
Sample label (mg/tablet) proposed method (mg/tablet) Agreement (%)
A 500 493.3 98.65
B 500 489.7 97.94
m CONCLUSION m REFERENCES

The differential pulse voltammetry technique was
applied to the study of paracetamol using CPE modified
by dibenzo-18-crown-6. The highest peak current response
was found at pH 2 in Britton-Robinson buffer 0.1 M, with
0.6% of modifier in carbon paste. The results of validity
measurement were better using modified CPE compared
with CPE. The application of CPE modified by dibenzo-
18-crown-6 in the determination of paracetamol in
commercial samples had a good agreement with its labeled.
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Supplementary Data
This supplementary data is a part of a paper entitled “Evaluation of the Antiplasmodial Properties of
Andrographis paniculata (Burm.f.) and Peperomia pellucida (L.) Kunth”.

General information

Commercial grade solvents were used unless stated otherwise. Solvents for chromatography were distilled prior
to use. Analytical thin layer chromatography (TLC) was performed on Kieselgel 60 F254 glass plates and Octa Desyl
Silane (ODS) RP-18 (Merck). Spots were visualized by 10% sulfuric acid in ethanol. Silica column chromatography
was performed on silica gel G60 (Merck) (230-400 mesh) and ODS RP-18.

Optical rotations were recorded with an ATAGO AP-300 polarimeter. InfraRed (IR) spectra were measured by
using a PerkinElmer spectrum-100 FT-IR spectrometer in KBR. 'H, ’C and two-dimensional NMR spectra were
measured with a JEOL JNM A-500 (500 MHz) spectrometer at 296 K. Chemical shifts (§) are reported in parts per
million (ppm) relative to the respective residual solvent peaks (CD;OD: § 4.78 in '"H-NMR). Chemical shifts (§) are
reported in parts per million (ppm) relative to the respective residual solvent peaks (CDCls: §7.26 in 'H and 77.20 in
PC-NMR; CD;OD: § 4.78 in 'H-NMR and 49.20 in ®C-NMR). The following abbreviations are used to indicate peak
multiplicities: s singlet; d doublet; dd doublet of doublets; t triplet; m multiplet. Coupling constants (J) are reported in
Hertz (Hz). Mass spectra were recorded using a Waters Xevo QTOF mass spectrometer.

MeOH Extract
(211 g)

1. Suspended with H,O
2. Extracted with He}ane

v

v

Hexane Water layer
Extract |
(153 g) Extracted with EtOAc
v v
EtOAc Extract Water layer
(1329 Evaporated in vacuo
CC; n-Hex/EtOAc;
(10:90-0:100)
v v v v
A1-A5 A6 (0.27 g) A-T (0.97 g) AB-A11
CC; n-Hex/EtOAc; CC; n-Hex/EtOAc/MeOH
(90:10-0:100) (7:2:1)
v v v v v v v v
B1-B8 B9 B10-B12 B13-B15 B16-B40 c1-C12 C13-C15 C16-C25
crystallized CC with ODS;
with n-hexane MeOH/MH,O (4:1)
1 (18 mg) 2(12mg)

Scheme S1. Isolation procedures of compound 1-2
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3B-Hydroxy-24-ethyl-5,22-cholestadiene (1)

A white crystal, m.p 150-152 °C; [a]p -38.6 (c 0.3, CHCL); IR (KBr) V. 3401, 2861 1457 and 1039 cm™; 'H-
NMR (500 MHz, Chloroform-d). § 1.08 (m, 1H, H-1), 1.84 (m, 1H, H-1'), 1.49 (m, 1H, H-2), 1.81 (m, 1H, H-2"), 3.52
(m, 1H, H-3), 2.28 dd, ] = 2.0, 5.2 Hz, 1H, H-4), 2.30 (dd, ] = 2.0, 5.2 Hz, 1H, H-4'), 5.35 (d, ] = 5.2 Hz, 1H, H-6), 1.54
(m, 1H, H-7), 1.96 (m, 1H, H-7"), 1.46 (m, 1H, H-8), 0.94 (m, 1H, H-9), 1.46 (m, 1H, H-11), 1.49 (m, 1H, H-11'), 1.15
(m, 1H, H-12), 1.95 (m, 1H, H-12), 1.03 (s, 1H, H-14), 1.07 (m, 1H, H-15), 1.56 (m, 1H, H-15'), 1.26 (m, 1H, H-16),
1.67 (m, 1H, H-16"), 1.13 (m, 1H, H-17), 0.67 (s, 3H, H-18), 1.00 (s, 3H, H-19), 2.02 (m, 1H, H-20), 0.92 (d, ] = 9.5 Hz,
1H, H-21), 5.16 (dd, J = 8.5, 15.0 Hz, 1H, H-22), 5.00 (dd, ] = 8.5, 15.0 Hz, 1H, H-23), 1.53 (m, 1H, H-24), 1.45 (m, 1H,
H-25), 0.84 (d, ] = 6.4 Hz, 3H, H-26), 0.82 (d, ] = 6.1 Hz, 3H, H-27), 1.15 (t, ] = 3.2 Hz, 1H, H-28), 0.80 (t, ] = 6.0 Hz,
1H, H-29); *C-NMR (125 MHz, Chloroform-d). 8 37.4 (C-1), 31.8 (C-2), 72.0 (C-3), 42.5 (C-4), 140.9 (C-5), 121.9 (C-
6),32.1 (C-7), 21.3 (C-8), 50.3 (C-9), 36.7 (C-10), 21.3 (C-11), 39.9 (C-12), 42.5 (C-13), 56.9 (C-14), 24.5 (C-15), 28.4
(C-16), 56.1 (C-17), 12.1 (C-18), 19.5 (C-19), 40.7 (C-20), 21.2 (C-21), 138.5 (C-22), 129.5 (C-23), 51.4 (C-24), 31.8
(C-25), 21.3 (C-26), 19.1 (C-27), 25.6 (C-28), 12.2 (C-29); HR-TOFMS m/z 413.3748 [M+H]", (calculated for CssHasO,
m/z 412.3704). In agreement with published data [1].

3B-hydroxy-9-lanosta-7,24 E-dien-26-oic acid (2)

A white crystal, m.p 162-165 °C; [a]p +15.6 (c 0.3, EtOH); IR (KBr)Vm. 3241, 1701 1633 and 1120 cm™; 'H-
NMR (500 MHz, Methanol-d). § 1.54 (m, 2H, H-1), 1.59 (m, 2H, H-2), 3.49 (dd, J = 4.0, 12.0 Hz, 1H, H-3), 1.45 (m,
1H, H-5), 1.85 (m, 2H, H-6), 5.26 (dd, ] = 3.0, 6.5 Hz, 1H, H-7), 2.18 (m, 1H, H-9), 1.40 (m, 2H, H-11), 1.32 (m, 2H,
H-12), 1.40 (m, 2H, H-15), 1.96 (m, 2H, H-16), 1.47 (m, 1H, H-17), 0.96 (s, 3H, H-18), 0.89 (s, 3H, H-19), 1.61 (s, 1H,
H-20), 0.85 (d, ] = 6.5 Hz, 3H, H-21), 1.51 (m, 2H, H-22), 2.02 (m, 2H, H-23), 5.98 (t, ] = 7.8 Hz, 3H, H-24), 2.48 (s,
3H, H-27), 1.08 (s, 3H, H-28), 0.73 (s, 3H, H-29), 1.70 (s, 3H, H-30); *C-NMR (125 MHz, Methanol-d). § 35.5 (C-1),
28.1 (C-2),77.1 (C-3), 38.8 (C-4), 48.5 (C-5), 23.1 (C-6), 119.6 (C-7), 147.4 (C-8), 48.4 (C-9), 35.8 (C-10), 22.8 (C-11),
33.4 (C-12), 43.5 (C-13), 52.7 (C-14), 34.7 (C-15), 28.5 (C-16), 53.3 (C-17), 24.7 (C-18), 17.1 (C-19), 35.9 (C-20), 18.4
(C-21), 35.0 (C-22), 25.5 (C-23), 144.3 (C-24), 128.6 (C-25), 171.8 (C-26), 12.6 (C-27), 29.5 (C-28), 23.7 (C-29), 30.8
(C-30); HR-TOFMS m/z 455.3571 [M-H]", (calculated for C3HssOs, m/z 456.3503). In agreement with published data
[2].
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Nuclear Magnetic Resonance (NMR) of Isolated Compound 1-2
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Fig S1. In vivo test of the PP extract against malarial parasite Pb ANKA strain in BALB/c albino mice. (a) EDs, value
of the PP extract in mice. (b) Parasitemia rates after the fourth day of treatment. (c) Chemosuppression of parasitemia
from day 0 to day 4. (d) Inhibition rates after the fourth day of treatment. (e) Survival mice treated with 0.5% CMC-
Na as a negative control, the PP extract at various doses (1, 10 and 100 mg/kg/body) and chloroquine as a positive
control. Bars in Fig. S1(b) and S1(d) indicate the parasitemia and parasite growth inhibition rates treated with 0.5%
CMC-Na (NC) (grid), CQ (horizontal) and the PP extract at a daily dose of 1 mg/kg/body (pencil striped), 10
mg/kg/body (herringbone) and 100 mg/kg/body (halftone), while in Fig. S1(c) and Sl(e) indicate parasitemia
reduction from day 0 to day 4 and survival of mice treated with 0.5% CMC-Na (pink), CQ (carmine) and the PP extract
at a daily dose of 1 mg/kg/body (green), 10 mg/kg/body (blue) and 100 mg/kg/body (red). SD is indicated by the error
bars. **p < 0.001, ***p < 0.0001
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Fig S2. Survival rates of untreated parasites (0.2% DMSO) and parasites treated with compounds 1-2 at a
concentration of 0.78 to 100 ug/mL and CQ (1 uM) are shown. Bars indicate parasite survival rates. Untreated parasites
(NC - grid), CQ (horizontal) and compounds 1-2 at a concentration of 100 ug/mL (white), 50 ug/mL (small striped),
25 ug/mL (checkerboard), 12.5 pg/mL (brick), 6.25 ug/mL (halftone), 3.125 pg/mL (big striped), 1.56 ug/mL (hexagon)
and 0.78 pg/mL (black). All experiments were performed in triplicate (n = 3). Standard Deviation (SD) is indicated by
the error bars. *p < 0.05, **p < 0.01, not significant (ns)

Statistical analysis

Experiments were performed independently in triplicate and average are presented. Statistical analysis was
performed by unpaired two-tailed t-test using GraphPad Prism. The statistics were significant when *p < 0.05, **p <
0.01 and ***p < 0.001

Table S1. In vitro Antiplasmodial activity of plant extract against Plasmodium falciparum [3]

ICs value (ug/mL) Category of activity
<10 Promising
10-20 Moderate
20-40 Good
40-70 Marginally potent
>70 Poor
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Abstract: Plasmodium species are the infectious agents that are responsible for malaria,
a disease that claims the lives of approximately 400,000 people annually. The fact that
drug resistance against malaria is on the rise suggests that new antimalarial compounds
need to be discovered. It is well known that medicinal plants present the best opportunity
for the identification of novel antimalaria chemicals. Both the Andrographis paniculata
(Burm.f.) and Peperomia pellucida (L. Kunth) species have been tested for their
antiplasmodial ability against the Plasmodium falciparum strain. The P. pellucida (L.
Kunth) species has also been subjected to in vitro and in vivo biological research. P.
pellucida was used to isolate the steroid known as 3-hydroxy-24-ethyl-5,22-cholestadiene
(1) and the triterpenoid known as 3-hydroxy-9-lanosta-7,24E-dien-26-oic acid (2). Both
compounds were then tested for their activity in vitro. In the mice model, triterpenoid 2
had a substantial chemo-suppressive impact.

Keywords: A. paniculata (Burm.f.); P. pellucida L. Kunth; Plasmodium falciparum;
inhibition; 3-hydroxy-9-lanosta-7,24E-dien-26-oic acid

m INTRODUCTION

course of several decades, there is still no malaria vaccine
that can be bought in stores at this moment. As a result,

Malaria is a significant threat to global public health,
as it affects individuals in every region of the world. The
disease is brought on by the parasite Plasmodium, which
is transmitted from female Anopheles mosquitoes to
human hosts [1]. Since there are not enough preventative
measures in place, and because the malaria parasite is
becoming more resistant to many antimalarial drugs that
are already on the market, such as quinine, chloroquine,
and piperaquine; this disease continues to be a concern
for the health of people all over the world [2-4]. In spite of
the devoted research that has been conducted over the

chemotherapies that make wuse of combination
medications appear to be the best alternative, and novel
antimalarial chemicals are an absolute necessity. Regular
mining is done on plants that are used for therapeutic
purposes with the purpose of determining whether they
have the potential to provide novel active chemicals [5].
For instance, Tu [6] created Artemisinin in China in the
early 1970s. This medication was derived from Artemisia
annua L. and was utilized in the treatment of malaria. It
is widely known that tropical plants contain a rich
reservoir of bioactive compounds. Because of this, there
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is the possibility that these plants could serve as sources
for the development of novel antimalarial drugs [7].

One of the most common plant families that are
farmed in tropical and subtropical regions is Acanthaceae
family [8]. Traditional uses for this herb include the
treatment of acute diarrhea, coughing, the common cold,
inflammation, boils, skin eruptions, and seasonal fever
[9]. Other ailments that have been alleviated by using this
herb include boils, skin eruptions, and seasonal fever. The
investigation of phytochemicals has resulted in the
identification of a wide range of secondary metabolites
that have significant pharmacological effects. The
Andrographis paniculate species, more often known as
"Sambiloto," which could be found all over Indonesia, is
regularly exploited as an element of traditional medical
practices [10]. Traditional cultures held the belief that
combining this plant with Peperomia pellucida could
boost the efficacy of antimalarial treatment [11-13]. In
spite of the fact that this plant possesses anti-plasmodial
activity against many strains of Plasmodium falciparum,
this is still the case. We investigated the antiplasmodial
activity of the A. paniculata, and P. pellucida isolates
against a malarial parasite strain in order to give data in
favor of this theory. In addition, we tested the efficacy of
these compounds on infected mice and isolated the active
compound(s) in an effort to gain a deeper comprehension
of the biological role that these compounds play. On the
other hand, the investigations regarding the isolated
compounds of PP have not been documented in detail.
Only one of the studies that we looked at in the literature
had isolated chemicals that came from the P. pellucida plant.

m EXPERIMENTAL SECTION
Materials

In June 2016, fresh leaves and stems of A. paniculata
and P. pellucida were harvested in north Gorontalo,
Gorontalo Province, Indonesia. The plant was identified
at the Herbarium Biology Laboratory, Faculty of
Mathematics and Natural Sciences, Universitas Negeri
Gorontalo, and voucher specimens (No.
130/H47.B4.Bio.Lab Bio/LL/2016; for P. pellucida and No.

131/H48.B4.Bio.Lab Bio/LL/2016; for A. paniculata)
were deposited to the Herbarium.

Instrumentation

The instruments used in the experiment for
molecular determination were Japan Electron Optics
Laboratory (JEOL) 125MHz 'H-NMR and JEOL
500 MHz "“C-NMR, for the photoelectron analysis the
instrument used was JEOL UV-Vis Spectrophotometer,
the cell culture was done in ESCO Scientific Laminar
Cabinet, and the
ThermoFisher Scientific Infrared Spectrometer.

infrared instrument used was

Procedure

Plant extraction and isolation

Dried leaves and stems of P. pellucida (PP) (2 kg)
and A. paniculata (AP) (2kg) were macerated with
methanol (12 L) at room temperature for 2d. After
filtrating, the filtrate was evaporated under reduced
pressure to yield the PP extract (211 g) and AP extract
(278 g). The PP extract was suspended with water
(500 mL) and partitioned successively with n-hexane
and ethyl acetate. Evaporation gave the crude n-hexane
(15.3 g), ethyl acetate (13.2g) and aqueous (18.5g)
extracts. The isolation procedures are shown in detail in
Scheme S1. The ethyl acetate extract was purified by
column chromatography using silica gel G60 (132 g),
eluted by n-hexane/EtOAc (200 mL) with a linear gradient
from 10% to 100% of EtOAc to yield eleven fractions
(A1-Al11). Fraction A6 (0.27 g) was subjected to silica
column chromatography using the isocratic elution
mixture of n-hexane/EtOAc (90:10-0:100) to yield 40
fractions (B1-B40). Fractions B9 were recrystallized
using n-hexane and chloroform to afford compound 1
(18 mg) as a needle-shaped crystal. Fraction A7 (0.97 g)
was subjected to silica column chromatography (10 g of
silica G60) using an isocratic system, eluted by
n-hexane/EtOAc/MeOH (7:2:1) to yield 25 fractions
(B1-B25). Fractions C13-C15 (90 mg) were combined
and purified by silica column chromatography on Octa
Decyl Silane (ODS), eluted by MeOH/H,O (4:1) to yield
compound 2 (12 mg) as a white powder.
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Synchronization and maintenance of parasite strain
The University of Tokyo's chloroquine-sensitive
malaria parasite Pf D-10. Parasite Pf D-10 was maintained
in fresh O+ human erythrocytes with a hematocrit of 4%
in RPMI 1640 culture medium (Gibco) supplemented
with 10% (v/v) human serum, 25 mM HEPES (N-(2-
hydroxyethyl)piperazine-N"-2-ethanesulfonic acid, Sigma
Aldrich), 45 ug/mL hypoxanthine, 32 mM NaHCOs3, and
50 ug/mL gentamicin, incubated at 37 °C under a gas
mixture of 5% O, and 5% CO. After 96 h, parasites were
microscopically synchronized with 5% sorbitol.

In vivo antiplasmodial activity

The Animal Experimental Development Unit at
Universitas Gadjah Mada, Yogyakarta, Indonesia,
donated 30 male BALB/c albino mice aged 6-8 weeks
weighing 25-28 g for this investigation. At the Universitas
Airlangga Institute of Tropical Disease Animal
Laboratory, the mice were fed and watered ad libitum.
Eijkman Institute for Molecular Biology in Jakarta
provided the parasite Pb ANKA strain. At the Institute of
Tropical Disease, Universitas Airlangga, male BALB/c
mice and cryogenic storage maintained the parasite.

As described by Peter [14], with slight
modifications, the sample extract AP/PP (20/80 mg) and
isolated chemical (10 mg) were tested in mice infected
with Pb ANKA for antiplasmodial activity. Thirty BALB/c
albino mice were intraperitoneally infected with Pb
ANKA (106 parasitized erythrocytes). The volume of
Inoculum used was 200 pL. Five six-mouse groups were
formed (three experimental and two control groups).
Three groups received the sample at 1, 10, and
100 mg/kg/body in 0.5% CMC-Na (200 pL). A negative
control group received 0.5% CMC-Na while a positive
group
(25 mg/kg/body) intraperitoneally once a day for 4 d. After

control received chloroquine diphosphate
4 d, the animals ceased treatment. On the 6™ day, thin
mouse tail blood smears were made on slides. The slide
was stained with 15% Giemsa-dyed solution for 10 min
[15-16]. Rinsing and drying at room temperature
completed the slide. Giemsa-stained blood smears and
microscopy determined parasitemia and growth

inhibition. Day 21 post-infection survival was monitored.

Antimalarial assay in vitro

The antimalarial activity of the compounds was
tested using the Desjardins method [17]. The test was
performed using P. falciparum 3D7 strain. The
antimalarial examination used 96 wells, each well filled
by parasitemia culture 1%. The RPHS media was
replaced by a sample containing RPHS media with
different sample concentrations. All wells were then
stored in the Laminar Airflow cabinets until all solvents
were evaporated. Further, we added 50 pL of parasitemia
red blood cells into the well and then incubated at 37 °C.
After 48 h, slide preparation was stained using Giemsa
20%. The parasite was then swapped with Giemsa-
colored blood. The parasitemia percentage was
calculated by comparing the number of infected
erythrocytes to 500 erythrocytes.

Statistical analysis

The experiments were performed independently in
triplicate, and the average data are presented. Statistical
analysis was performed by unpaired two-tailed t-test
using GraphPad Prism. The statistics were significant
when *p < 0.05, **p < 0.01 and ***p < 0.001.

m  RESULTS AND DISCUSSION

Fresh leaves and stems of species AP and PP were
extracted with crude methanolic extracts. A thin blood
smear stained with Giemsa was obtained after
incubating synchronized P. falciparum D-10 strain (Pf
D-10) with the AP-PP extract at varied ratios (80:20 to
20:80) in dimethyl sulfoxide (DMSO), chloroquine (CQ)
(1 M), and 0.2% DMSO. Microscopically; parasitemia,
parasite growth, and inhibition rates were assessed. The
chemoprevention of parasitemia against Pf D-10 was
investigated. The activity of the AP-PP extract was
limited (2.8 to 3.0%) at a ratio of 80:20 to 40:60.
However, when the PP extract ratio was increased, the
parasitemia rate reduced considerably (Fig. 1(a)). Low
suppressions of Pf D-10 were seen at ratios ranging from
80:20 to 40:60, whereas a ratio of 20:80 indicated a 50%
effect (p0.05). The AP-PP
antiplasmodial activity was boosted in a ratio-dependent

way (Fig. 1(b)). Furthermore, the ICs, value of AP-PP

inhibitory extract's
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Fig 1. The AP-PP extract was tested in vitro against Pf D-10 at a variety of ratios, ranging from 80:20 to 20:80, as well
as the PP extract on its own. (a) The level of parasitemia, and (b) the percentage of parasites that were inhibited by
treatment with the AP-PP extract, (c) A result of the ICsy of the AP-PP extract when it was mixed in a ratio of 20:80.
(d) The prevalence of parasitemia, and (e) the percentage of parasites that were inhibited by the PP extract. (f) A value
for the ICs of the PP extract. With the use of the GraphPad Prism program, an ICs, value was determined. As a negative
control, we used parasites that had been treated with 0.2% DMSO, and as a positive control, we employed CQ at a dose
of 1 uM. Every experiment was carried out three times, so the total number of participants was three. The standard
deviation is represented by the error bars. *p < 0.05, **p < 0.01, ***p < 0.001, not significant (ns)

extract at a 20:80 ratio was investigated (Fig. 1(c)). The
extract was tested at concentrations of 0.01, 0.1, 1, 10, and
100 g/mL and the inhibition rates were determined after
48 h of incubation. The ICs, value was calculated through
an examination of inhibition-response curves. Based on

an in vitro study with an ICs, value of 62.01 g/mL, the
AP-PP extract at a 20:80 ratio was rated mildly potent
(Table S1) [17].

The PP extract alone must be assessed because its
larger ratio had a stronger antiplasmodial effect than the
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AP extract. In vitro concentrations were 0.01 to 100 g/mL.
Fig. 1(d) shows that PP extract at 0.1 to 100 g/mL had
antiplasmodial potential. The greatest dose of P. pellucida
extract reduced parasitemia by 1.2% (p 0.01). PP extract
was investigated for parasite Pf D-10 inhibition (Fig. 1(e)).
At 10 and 100 g/mL, 51% (p 0.01) and 92% (p 0.001)
inhibition were observed. The PP extract demonstrated
promising antiplasmodial activity with an ICs, 0f 4.0 g/mL
(Table S1). According to Kwansa-Bentum et al. [17], PP
L. Kunth had higher
antiplasmodial activity than AP (Burm.f.) Nees (ICs,
7.2 g/mL). These results indicate that the PP extract ratio
increased antiplasmodial activity.
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In addition, we tested the PP extract's efficacy in
BALB/c albino mice infected with Plasmodium berghei
ANKA (Pb ANKA) (Fig.S1). The extract had
antiplasmodial action, with a 50% effective dose (EDs)
of 12.86 mg/kg/body weight (Fig.S1(a)). A strong
chemosuppression of parasitemia (Fig. S1(b)), inhibitory
effect (Fig. S1(d)), and chemosuppression of parasitemia
from day 0 to day 4 were clearly demonstrated after the
fourth day of treatment (Fig. S1(c)). The treatment of the
P. pellucida extracts intraperitoneally improved the
survival of infected mice (Fig. S1(e)).

The crude methanolic extract of PP L. Kunth
demonstrated promising antiplasmodial action (Fig. 1(f)),
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Fig 2. The ICs, values for each of the extracts compounds 1-2, and chloroquine, which served as a positive control. To

determine the ICs, values of the separated compounds, concentrations ranging from 0.78 to 100 g/mL were used in the

experiment
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indicating the existence of chemicals responsible for this
activity [17]. To further understand the mechanism of
activity of the PP
compound(s) must be isolated and identified to assist in

antiplasmodial extract, the
finding their biological function and mode of action. The
antiplasmodial activity of crude n-hexane (E1), ethyl
acetate (E2), and aqueous (E3) extracts were first
determined. The antiplasmodial activity test shows the
EtOAc (Fig.2(b)) fraction has
antiplasmodial activity due to having the lowest ICs value

the most potent

of 1.533 ug/mL among the other fraction of n-hexane (Fig.
2(a)) with ICs of 3.892 pug/mL and aqueous extract (Fig.
2(c)) with ICs; value of 5.016 pg/mL.

Because E2 was the most active extract in our
investigation, we isolated and identified the compound(s)
from it. The E2 was treated to standard, reverse-phase
silica column chromatography and recrystallizations,
yielding compounds 1-2 (Fig. 3).

The IR spectrum of compound 1 revealed the
existence of O-H stretching, C-O bond, C-C, CH:
vibrations, hydroxyl, and cycloalkane groups at 3373.6,
1247.0, 1641.0, 1457.3, 1381.6, 1038.0, and 881.6 cm™,
respectively. Two methyl singlets, three methyl doublets,
and a methyl signal as a triplet was observed in the proton
NMR of 1. Characteristic signals were also detected at
491, 518, and 5.31 ppm, indicating the presence of
trisubstituted and disubstituted olefinic groups. The "*C-
NMR spectrum exhibited the presence of six sp’ methyl
carbons resonated at §¢c 12.4 (C-29), 18.4 (C-28), 19.3 (C-
27), 20.4 (C-26), 12.9 (C-24) and 40.5 (C-18) and four sp”
carbons resonated at ¢ 140.5, 121.9, 138.7 and 129.4 ppm
indicated to a steroid compound related with stigmasterol

[18]. An oxygenated carbon peak at dc 71.9 ppm
suggested the presence of a hydroxyl group and was
usually located at C-3. Furthermore, the correlation of
proton and carbon signals of 1 was confirmed by 'H-'H
COSY and 'H-"C HMBC experiments. Therefore,
isolated compound 1 was identified as a 33-Hydroxy-24-
ethyl-5,22-cholestadiene.

Compound 2 was obtained as a white crystal
(12mg), and the IR spectrum displayed absorption
peaks for hydroxyl, carboxyl, carbonyl and olefinic
groups. The "H-NMR spectrum of 2 showed the presence
of seven signals of methyl groups as a singlet, resonating
at 0u 0.89-1.70 ppm. An oxymethine protons resonated
at 0y 3.49 (1H, dd, J = 4.0 and 12.0 Hz, H-3) indicated as
a B isomer [19]. Additional functionalities included the
signals of two olefinic protons resonated at 8y 5.26 (1H,
dd, J=6.5and 3.0 Hz (H-7) and 5.98 (1H, t, ] = 7.8 Hz,
H-24). A total of 30 carbons resonances were observed
in the "C-NMR and DEPT 135° spectra. Four sp’
carbons include two methine carbons and two
quaternary carbons resonated at 8¢ 119.6 (C-7), 144.3
(C-24), 1474 (C-8), and 128.6 (C-25), respectively.
Seven sp’ methyl carbons resonated at d¢c 24.7 (C-18),
17.1 (C-19), 18.4 (C-21), 12.6 (C-27), 29.5 (C-28), 23.7
(C-29), and 30.8 (C-30). Nine methylene carbons
resonated at &¢c 35.5 (C-1), 28.1 (C-2), 23.1 (C-6), 22.8
(C-11), 33.4 (C-12), 34.7 (C-15), 28.5 (C-16), 35.0 (C-
22), and 25.5 (C-23). Five sp’ methines resonated at dc
77.1 (C-3), 48.5 (C-5), 48.4 (C-9), 53.5 (C-17), and 35.9
(C-20). Five sp’ quaternary carbon signals resonated at 8¢
38.8 (C-4), 35.8 (C-10), 43.5 (C-13), and 52.7 (C-14)
while one carbonyl group resonated at ¢ 171.8 (C-26)

2
Fig 3. Chemical structure of 3B-hydroxy-24-ethyl-5,22-cholestadiene (1) and 33-hydroxy-9-lanosta-7,24E-dien-26-oic
acid (2)
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was assigned as a carboxylic acid group. The presence of
seven sp’ methyls, one carboxylic acid group, and nine sp’
methylene carbons were assigned as a triterpenoid
tetracyclic similar to a lanostane derivative skeleton [20-
21]. The position of the tetracyclic systems (A, B, C and
D) were assigned by the correlation between proton and
carbon using HMBC and 'H-'H COSY spectra. The
HMBC correlations between six sp’ methyl carbons (C-
18, C-19, C-21, C-27, C-28, C-29, and C-30) and six sp’
quaternary carbon C-13, C-10, C-20, C-4, C-4, and C-14,
respectively, confirmed the tetracyclic systems. The
position of the hydroxy group at C-3 was confirmed by
the correlation between sp’ oxygenated methine carbon at
Oc 77.1 and sp® methyl carbons at 8¢ 29.5 (C-28) and 23.7
(C-29). The position of an olefin group at C-7/C-8 was
confirmed by HMBC correlations between H-5, H-6, H-9
to C-7 and H-6, H-9, H-11 to C-8. Additional correlation
between H-24 to C-25 and C-27; H-27 to C-24, C-25, and
C-26 (8¢ 171.8), suggested that a carboxylic acid group is
not located in the tetracyclic systems. Another olefin
group was confirmed at C-24/C-25 by HMBC
correlations between H-23 to C-24 and H-27 to C-25. The
side chain of 2 was further confirmed by a continuous
sequence from C-15 to C-24 as deduced from HMBC and
'"H-'H COSY and spectra. In addition, the HMBC
correlation of H-21 to C-20 indicated the side chain is
connected to C-20. Therefore, isolated compound 2 was
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identified as a 3B-hydroxy-9-lanosta-7,24E-dien-26-oic
acid. The isolated compound 2 was first reported from
this plant. All compounds were identified, as reported
previously [22-23].

Compounds 1-2 were evaluated for their ability to
suppress parasitemia and inhibit the parasite growth.
The in vitro antiplasmodial activity of 1-2 and
chloroquine as a positive control are reported in Fig.
2(d-e). Steroid 1 exhibited antiplasmodial activity
against Pf D-10 with an ICs, value of 7.35ug/mL.
Interestingly, triterpenoid 2 displayed a more
pronounced antiplasmodial activity (ICso, 5.30 ug/mL)
than chloroquine (ICso, 7.84 pg/mL). The ICs, value of
chloroquine is in good agreement with Perumal et al.
[23].

Next, we take a look at the parasitemia as well as
the inhibition rates of 1-2. In the same way, as was the
case with the PP extract, the antiplasmodial activity of
compounds 1 and 2 increased in a manner that was
dependent on the concentration. For 1, the prevalence of
parasitemia ranged from roughly 4.6 to 1.1%, and for 2,
the prevalence ranged from approximately 3.7 to 0.7%
within a range of 0.78 to 100 g/mL, respectively (Fig.
4(a)). Fig. 4(b) demonstrates that the growth of the
parasite Pf D-10 was stifled as a result of exposure to 1-
2. Under the same conditions, steroid 1 showed a
moderate suppression of PfD-10ata concentration of
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Fig 4. An in vitro antiplasmodial activity of steroid 1 and triterpenoid 2. (a) Parasitemia and (b) inhibition rates of

untreated parasites (0.2% DMSO) and parasites treated with compounds 1-2 at a concentration of 0.78 to 100 pg/mL
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0.78 g/mL (1.7%) and 1.56 g/mL (4.0%), but triterpenoid
2 showed a considerable suppression impact of 14% and
25% (p 0.05). In addition, the ability of compounds 1 and
2 to preserve the life of parasitized red blood cells was
investigated. Steroid 1 had a moderate effect (about 96%)
when tested at a diluted quantity, whereas triterpenoid 2
demonstrated superior parasite killing at a rate of 86%
when tested at the same doses. The survival rates dropped
in a manner that was dependent on the concentration of
the organisms (Fig. S2).

The substantial response of triterpenoid 2 against Pf
D-10 was mediated by a carboxyl functional group, which
promoted carboxyl-carboxylate association for the

Balb/c albino mice;
P.berghei ANKA straindnfected

@ cE .

69

purpose of providing a stabilizing force in protein
interaction [24]. Contrary to compound 2, a low
response of 1 is most likely caused by the compound's
cytotoxicity rather than particular action against the
parasite itself or being negatively influenced by poor
pharmacokinetics [25-27]. This is because compound 1
has poor pharmacokinetics. The antiplasmodial activity
of compounds 1-2 supported the hypothesis that the
species PP L. Kunth could serve as a possible source of
novel antimalarial metabolites. This allowed for the
identification of potential antiplasmodial leads derived
from PP L. Kunth, which could lead to the discovery of
a new anti-malarial candidate.
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Fig 5. In vivo test of triterpenoid 2 in BALB/c albino mice infected with Pb ANKA. (a) In vivo four-day suppressive
test. Infected mice were treated with 0.5% CMC-Na as a negative control (NC), CQ as a positive control
(25 mg/kg/body) and triterpenoid 2 at a daily dose of 1, 10 and 100 mg/kg/body. Mice received treatment from day 1
to day 4. On the 5™ day, Giemsa-stained blood smears were prepared and analyzed microscopically. (b) EDs, value of
triterpenoid 2 in mice. (c) Parasitemia after the fourth day of treatment. (d) Chemo suppression of parasitemia from

day 0 to day 4. (e) Suppression rates after the fourth day of treatment. (f) Survival rates of Pb ANKA in BALB/c albino
mice. SD is indicated by the error bars. ***p < 0.001, ****p < 0.0001
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Triterpenoid 2 proved to be the most powerful
antimalarial agent in this investigation, so the next thing
we did was test it on mice infected with the malaria
parasite Pb ANKA. The method described by Peters et al.
[26] was implemented for the purpose of analyzing the in
vivo test of 2. Mice of the BALB/c albino strain were given
Pb ANKA by the intraperitoneal route. After 4d of
treatment with 0.5% CMC-Na as a negative control,
chloroquine diphosphate as a positive control, and
triterpenoid 2 at daily doses of 1, 10, and 100 mg/kg/body,
thin blood smears stained with Giemsa were obtained for
each mouse on the fifth day. This was followed by 4 d of
treatment with chloroquine diphosphate as a positive
control. On a microscopic level, parasitemia and the
reduction of parasite development were observed and
measured (Fig. 5(a)). Up until day 21, the survival of mice
was carefully monitored and tracked. It was believed that
triterpenoid 2 had some biological activity, with an EDs,
value of 18.51 mg/kg/body weight (Fig. 5(b)). The drug
quinine, which is available for clinical use, has an
elimination half-life (EDso) of 34 mg/kg/day and a slow
clearance [28]. Triterpenoid 2 was successful in inhibiting
the development of parasitemia in mice infected with Pb
ANKA, as shown in Fig. 5(c). Even at the lowest dose
(1 mg/kg/body),
triterpenoid 2 resulted in a 78% reduction in parasitemia.

intraperitoneal ~administration of
To be more specific, 2 was successful in killing 22% of the
parasites. The incidence of parasitemia fell to lower levels
as higher doses of 2 were administered. The rates of
parasitemia were reduced to approximately 54 and 34%,
respectively when triterpenoid 2 was administered at
doses of 10 and 100 mg/kg/body. In addition, the
effectiveness of chemotherapy in reducing parasitemia
was evaluated from day 0 to day 4 of treatment (Fig. 5(d)).
The levels of parasitemia in mice that had not been given
any treatment rose consistently after infection, but the
number 2 therapy had a significant chemo-suppressive
effect that was dose-dependent. Fig.5(e) shows the
suppression of parasite growth that was caused by
triterpenoid 2. This compound had a substantial inhibitory
effect against Pb ANKA in mice. Triterpenoid 2 strongly
suppressed Pb ANKA, as can be seen in Fig. 5(e), which
suggests that it also inhibited the proliferation of parasites

in mice. The suppression rates varied from 66 (at
100 mg/kg/body) to 46 (10 mg/kg/body) to 22%
(1 mg/kg/body). These findings made it abundantly
evident that factor 2 was responsible for eliminating the
parasites. The treatment of 2 also increased the number
of ill mice that survived longer. Based on the in vivo
experiment (Fig. 5(f)) mice that were not given any
treatment succumbed to the Pb ANKA infection after
10d, whereas mice that were given 1, 10, or
100 mg/kg/body of triterpenoid 2 lived until 12, 17, and
21 d, respectively. Positive control groups were given
chloroquine diphosphate at a daily dose of
25 mg/kg/body for as long as 21 d, which led researchers
to conclude that the Pb ANKA infection was completely
eradicated in the mice who participated in the study.
These findings are in agreement with those found by

Fang et al. [29].
m CONCLUSION

In this study, the PP extract displayed a more
pronounced antiplasmodial activity than the AP extract.
Steroid 1 and triterpenoid 2 exhibited promising
antiplasmodial activity. This is the first report of 3p-
hydroxy-9-lanosta-7,24E-dien-26-oic acid (2) as an
antiplasmodial agent, and we have shown its promising
efficacy in an in vivo mouse model. Our results suggest a
novel triterpenoid that has the potential for use as an
antimalarial agent. Although 3p-hydroxy-9-lanosta-
7,24E-dien-26-oic acid may not yet be an ideal drug
candidate for treating malaria disease in humans, it may
provide a useful lead structure to produce more effective
antiplasmodial agents. We plan to do an in vivo test with
the combination of triterpenoid 2 and antimalarial drug
artesunate to improve the efficacy of drug action [30].
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peduncles through hydrolysis of sulfuric acid (concentrations of 1, 2, and 3 M) and

Received: May 18, 2022 hydrolysis time (0.5 and 1.5 h) assisted by microwave and ultrasonic energy to obtain the
Accepted: October 3, 2022 best NCCs. The characterization of NCCs properties, namely, yield, morphology,
DOI: 10.22146/ijc.74718 functional groups, crystallinity, heat resistance, particle size, and color. The results

showed that the yield of NCCs decreased as sulfuric acid concentration and the time
length of hydrolysis increased. The FTIR spectra of NCCs showed the most relevant
molecular bands, namely O-H, C-H, and C-O, at the wavenumbers range of 3200-4000,
2500-3200, and 500-1500 cm™, respectively. The TGA test showed that the
decomposition of NCCs occurred at a temperature of 275.35-409.40 °C, with a weight
loss ranging from 84.00% to 94.09%. Crystallinity index and crystal sizes range from
53.99% to 57.33% and 22.35 to 36.28 nm, respectively. The brightest color of NCCs
powder was generated with 1 M sulfuric acid and a hydrolysis time of 0.5 h. In conclusion,
barangan banana peduncles waste can be used as raw material for producing NCCs.

Keywords: nanocrystalline cellulose; barangan banana peduncles waste; acid
hydrolysis; microwave; ultrasonic

m INTRODUCTION It is estimated that every hectare of banana plantations

Globally, people grow around 5.6 million hectares of produces nearly 220 tons of biomass waste [4]. The

bananas, with a production rate of 120 million tons unused by-product of banana processing is banana

annually. The banana industry is estimated to generate a peduncles. This by-product is promising because it

turnover of 8 billion USD per year [1]. One sector using contains lignocellulose to produce cellulose [5].

the most bananas is the food industry [2]. The abundance Cellulose is widely used as a polymer matrix and

use of bananas leads to banana waste, including bark, has grown rapidly in the last decade [6] because of its

pseudostem, leaves, rejected bananas, peduncles, and advantages, such as being non-toxic, low density, good
fiber [3]. Each banana tree produces one peduncle of

bananas, and the tree will become waste after harvesting.

mechanical properties, environmentally friendly,
inexpensive, and biodegradable [7-8]. Cellulose has a
linear chain structure of a hydro-glucose monomer unit-
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linked via 1-4 B, with amorphous and crystalline regions.
The structures, properties, and sizes of cellulose depend
on the sources [9]. Cellulose is the largest proportion of
lignocellulosic substances; from a structural perspective,
cellulose is a polymer formed by B-D glucose units
(CeH,1,06) [10-12].

Nanocrystalline cellulose (NCCs) are prominent
cellulose derivatives because of their exclusive features
and outstanding mechanical properties, high aspect ratio
to diameter, several micrometers length, high surface
reactivity, and low density [12]. Structurally, NCCs are
basic needle-shaped crystals with intact crystal features.
NCCs are generally 5-10 nm wide and 500-1000 nm long
[13-14]. NCCs are highly crystalline nanocrystals that can
be produced from cellulose substances by acids [15-17].
NCCs produced from empty peduncles were previously
modified by tannic acid and decyl amine [9]. NCCs have
also been successfully extracted from seaweed [18], corn
cobs [19-20], oil palm empty fruit peduncles [21-22], ramie
fiber [23], waste paper [24], bagasse [25], and kenaf [26].

Cellulose hydrolysis in acid can be done by strong
and weak acids at high temperatures and pressures, and
by concentrated acid at low temperatures and pressures
[27-28]. NCCs can be obtained from various sources
using several alkalines or acid hydrolysis [29-30]. The
functional properties of substances can be improved by
modifying chemical or physical processes, such as acid
hydrolysis, oxidation, ultrasonication, and microwave
[31]. Microwave energy has been found as an alternative
to heating in acid or alkali treatment [32]. Recently,
microwave-assisted alkali treatment and microwave-
assisted acid hydrolysis before ultrasonication were used
to generate higher yields of NCCs [33]. Microwave
irradiation can increase the vyield of compounds
drastically in a short time [34-35]. Mechanical treatment,
such as sonication, spreads a stable and uniform
suspension of NCCs [36]. Sonication is an alternative for
degradation [37] in producing NCCs.

Nanocellulose can be produced from various wastes
from agricultural crops [38]. Mocktar et al. has produced
nano-cellulose from the kenaf core (Hibiscus cannabinus)
by chemical method [26]. Produced nanocrystalline

cellulose from eucalyptus was hydrolyzed using sulfuric
acid by conventional methods and assisted by
thermostable. The nanocrystalline cellulose produced by
the thermostable method showed much better thermal
stability than hydrolyzed by the conventional method
[39]. Kusmono et al. have produced nanocrystalline
cellulose made from flax fiber by hydrolysis of sulfuric
acid using a conventional method with a hot plate [23].
Rahmawati et al. reported that nanocrystalline cellulose
was isolated from Typha sp. through conventional acid
hydrolysis using a hot plate with a reflux system [40].
There have been many reports on the hydrolysis of
fibers and

agricultural wastes. However, there has been no report

nanocrystalline cellulose from plant
on the hydrolysis method and characterization of NCCs
from the waste of barangan banana (Musa acuminata L.)
Therefore, this

production of NCCs from the waste of barangan banana

peduncles. study examines the
peduncles by studying the alkalizing, bleaching, and
hydrolysis treatment of sulfuric acid with variable
concentrations of sulfuric acid and hydrolysis time using
microwaves-ultrasonics energy on the properties and
characteristics of NCCs. The analysis covered the yield
and characterization of NCCs properties, namely,
morphology, functional groups, crystallinity, heat

resistance, particle size, and color.

m EXPERIMENTAL SECTION
Materials

The waste of barangan banana (Musa acuminata
L.) peduncles was taken from the community around
Banda Aceh, Indonesia. The chemicals used were sulfuric
acid (Merk Emsure® Germany), NaOH (Merk Emsure®
Germany), H,O, 35% food-grade, and distilled water.

Procedure

Fiber preparation

The barangan banana peduncles were cut into
pieces and pressed using a pressing machine to obtain
the fiber. The fibers were then dried and ground using a
grinder GM-400S1 at a speed of 31000 rpm and sieved
using a 40 mesh sieve.
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Cellulose extraction

The alkalization process was done by a microwave
(Samsung ME731K) with a 1 M NaOH solution (1:15 w/v)
at 450 Watt with a temperature of around 90 °C for 1 h. The
fiber was then washed to a neutral pH and dried at 60 °C
using a hot air sterilizer oven (model: YCO-010, Taiwan).
Following the polymerization process, the bleaching
process was conducted for one hour using 35% H,O, with
a fiber-to-solution ratio of 1:15 (w/v) at 180 W microwave
power and a temperature range of 60-65 °C. This process
was to remove compounds other than cellulose [41].

Isolation of nanocrystalline cellulose

The isolation of NCCs was conducted by sulfuric
acid hydrolysis with the concentrations of 1, 2, and 3 M
with a ratio of a sulfuric acid solution of 1:15 (w/v). This
process was done by a microwave (Samsung ME731K) at
100 W for 0.5 and 1.5 h, as presented in Fig. 1. Once the
hydrolysis process was completed, the sample was washed
using distilled water to reach a neutral pH. Next, the
samples were centrifuged using a centrifuge (CMC
supplied by Phillip Harris INT) at 11000 rpm for 30 min.
The water was changed twice, followed by the sonification
process using ultrasonics (Branson model 5510, USA)
with a frequency of 40 kHz for 4 h. It was centrifuged for
30 min and dried using a hot air sterilizer oven (model

Banana

peduncles

2 [

Fibers Preparation

Alkalization
NAOH 1 M
Sample:solution (1:15) wiv
Microwave 450 W : 1 hour
Dry at 60 °C : 6 hours

(drying, miling 40
mesh)
Fibers of banana Sonification
peduncles waste ‘ Time : 4 hours
Dry at 60 °C : 6 hours

NCCs

milling 500
mesh

YCO-010, Taiwan) at 60 °C to a maximum moisture
content of 12%. Later, it was ground and sieved using a
500 mesh sieve ASTM No: 11. The design of the NCCs
isolation treatment is shown in Table 1. The analysis was
then conducted for the yield and the characterization of
NCCs properties, namely, morphological properties,
functional heat

groups, crystallinity —properties,

resistance, particle size, and color.

Characterization of nanocrystalline cellulose

Yield. The yield was calculated as a percentage (%) of the

initial weight after hydrolysis. The samples obtained

after the treatment were dried and compared to the

initial weight. Yield is determined using Eq. (1) [42].
Ma

Yield(%) = v (1)

The final (Ma) and initial sample weights (Mi) were
measured to calculate the yield.

Table 1. Design of NCCs isolation treatment

Samples Treatment
SA-1 Sulfuric acid 1 M/0.5 h
SA-2 Sulfuric acid 1 M/1.5h
SU-1 Sulfuric acid 2 M/0.5 h
SU-2 Sulfuric acid 2 M/1.5 h
SM-1 Sulfuric acid 3 M/0.5 h
SM-2 Sulfuric acid 3 M/1.5h
Bleaching

’ H,0, 35%
Sample:solution (1:15) wiv
Microwave 180 W : 1 hour
Dry at 60 “C : 6 hours

.

Acid hydrolysis
HSO: 1M, 2M, 3 M
Times : 0.5 41.5 hours
Sample:solution (1:15) wiv
Microwave 100 W.0.581.5 hours
Dry at 60 “C : 6 hours

J

Centrifugation
@ | 30 minutes : 11000 rpm
Repeat 2 times

Fig 1. Schematic diagram of the NCCs insulating process

Ratna et al.



76 Indones. J. Chem., 2023, 23 (1), 73 - 89

Functional groups. Fourier transform infrared
spectroscopy (FTIR, Shimadzu, Japan) was used to
determine the functional groups of NCCs products. The
NCCs sample was dried in an oven at 60 °C until constant
weight to ensure it was free from water content. Then, the
NCCs sample was placed on the FTIR panel, and the
functional groups were read in the wavenumber of 4000
400 cm™.
Heat resistance. The heat resistance of gelatin was
analyzed using a Thermogravimetric Analyzer (Shimadzu
DTG-60, Japan). The sample (10 mg) was put into a
platinum pan and then heated to a temperature of 600 °C
at a nitrogen atmosphere flow rate of 50 mL/min and a
temperature rate of 40 °C/min.
Morphological properties. Morphological studies of
samples were done by Scanning Electron Microscopy
(SEM, JEOL, JSM-6510LA, Japan) with a resolution of
3.0nm at 30 kV. To obtain quantitative data on the
particle size of NCCs, the SEM images were analyzed
using Image] software. Image] software was used to
determine the particle diameter (d) of the NCCs. The
particle measurement in the SEM test is based on the
sphere's diameter because it cannot be equated with the
particle length of the NCCs.
Crystallinity properties. Crystallinity and crystal size
were measured using an XRD (Shimadzu-7000, Japan)
operated at a voltage of 40 kV and a current of 30 mA,
with a scan speed of 2.00 deg/min. The crystallinity index
(CI) was calculated based on the deconvolution method,
as formulated in Eq. (2).
c1=2002 "Tam 10000 )
To02
where Ioo, is the highest peak intensity for the crystalline

region and L., is the minimum peak intensity for the
amorphous region. Iy, represents the crystalline and
amorphous regions, while I., only represents the
amorphous region of the maximum intensity of the lattice
peak diffraction at 22° to 23° and L. is the amorphous part
of the material (at the minimum intensity between 18°
and 19°) [43-44]. The crystal size was calculated using the
Scherrer formula, as given in Eq. (3).
KA

tzBl/ZcosG 3)

where K (0.91) is the Scherrer constant, A (1.54060 A) is
the wavelength of the radiation, $1/2 is the full width at
half maximum (FWHM) of the diffraction peak in
radians (20), and 6 is the Bragg angle [40].

Particle size analyzer. Particle size distribution
analysis was performed using a particle size analyzer
(HORIBA Scientific SZ-100, Japan) with a scattering
angle of 90°, holding temperature of 25.1°C, and
measurement time of 5.12 sec at a rate of 225 kcps. The
average particle diameter size of each sample was taken
from the average value of three repetitions.

NCCs powder color test. The color of the NCCs was
analyzed using the CIE method. CIE is the most
comprehensive L* a*b* color space defined by the
International Commission on color illumination
(French Commission Internationale de l'eclairage,
CIELAB). CIELAB can describe all kinds of colors
visible to the human eye. This method is often used for
color space references [44]. The NCCs image was then
analyzed for color using the MVtec Halcon ver.20
software. The sample object was separated by 15 times
erosion treatment to get the RGB value. The resulting
RGB (Red, Green, Blue) values were converted to the
L* a* b* color space.

m RESULTS AND DISCUSSION
Yield

Yield is the result of the processing activity. The
average yield of fiber from the waste of fresh banana
peduncles was 5.4%. The alkalization treatment used
1 M NaOH and 35% H,O: for bleaching. The fiber yield
produced in the alkalization process and the bleaching
process was 39.5%, with a mass loss of 60.5, and 71%,
with a mass loss of 29%, respectively. The more stages in
the process, the higher the result because most of the
[45].
Alkalization treatment can remove hemicellulose,

lignin and hemicellulose were removed
reducing weight from 33% to 12%. The alkalization
process can reduce the lignin and hemicellulose content
and enable the fiber to be easily damaged by the
hydrolysis media [35]. Also, H,O, can remove more lignin
[46]. Alkalization triggers a color change linked to the

different pigmentation of the lignin fraction remaining in
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Fig 2. The yield of NCCs isolated from the waste of
banana peduncles

the substance [47]. It effectively purifies cellulose fibers,
removing non-cellulose components, such as parts of
lignin and hemicellulose [13]. The treatment of NaOH
solution converts cellulose I to cellulose II with a crystal
structure that is much more stable than cellulose I, with
stronger hydrophobic interconnections. The hydrolysis
yield is shown in Fig. 2.

The yield of NCCs from the treatment variables of
different sulfuric acid concentrations and hydrolysis time
ranged from 72% to 89.67%, with a mass loss of around
28.00-10.33%. The highest yield was in the treatment of
SA-1 (89.67%). Meanwhile, the lowest yield was at the
treatment of SM-2 (72%). The yield of NCCs decreased
with the increasing sulfuric acid concentration and the
hydrolysis time, as shown in Fig. 2. This decrease in yield
may be due to the changes in amorphous cellulose or
damage to crystalline cellulose [8].

The low yield may result from the gradual
disintegration of the amorphous region and degradation
of the crystalline moiety during the increasing hydrolysis
time. Raja et al. [28] glucose microfibers of cellulose
molecules were bonded to form long polymer chains, and
the content of lignin and hemicellulose around the
cellulose was the main obstacle to hydrolyzing cellulose.
Ilyas et al. [8] produce sugar palm cellulose yield in the
hydrolysis process using sulfuric acid with a concentration
of 60%, which is 82.33%. Seta et al. [6] reported that the
yield of NCCs bamboo pulp hydrolyzed using maleic acid

was in the range of 2.8% to 24.5%. In this study,
treatment with sulfuric acid concentration and hydrolysis
time assisted by microwave and ultrasonic energy was
able to produce yields ranging from 72% to 86.67%.

Functional Groups of NCCs

Fig. 3 displays the results of the FTIR spectrum of
NCCs from barangan banana peduncles using the
hydrolysis treatment of sulfuric acid concentration and
hydrolysis time. It shows three main absorption spectra,
the largest indicated at the absorption region around
3200-4000 cm™ was O-H, 2500-3200 cm™ was C-H,
and 500-1500 cm™ was C-O. The
concentration of sulfuric acid and the hydrolysis time

increasing

did not affect the absorption and functional groups of
NCCs, showing that the NCCs did not contain
functional groups of other compounds, such as lignin
and hemicellulose. Acid hydrolysis did not show any
absorption region for C=C, C-O-C, and -CH, bonds
[48]. The C=C and C-O-C bonds are found in lignin.
The absorption region around 1420 cm™ showed a
deformed -CH, bond in cellulose. It showed the
crystalline area, where the absorption area increases with
the purification process. After hydrolysis, three main
absorption regions were found: 3288.08, 1636.43, and
1089.92 cm™, indicating O-H O-H
deformation, and C-C stretching, respectively. The

stretching,

absorption region that emerged indicates no lignin
generated from the acid hydrolysis treatment.

The spectra were identified at the absorption of
3350 cm™ (O-H stretching/intramolecular hydrogen
bond stretching for cellulose I), 2900 cm™ (C-H
stretching), 1640 cm™ (O-H bending due to adsorbed
water), 1510 cm™ (aromatic ring in lignin), 1420 cm™
(due to the scissoring motion of CH, in cellulose),
1375cm™ (C-H bending), 1340 cm™ (O-H in the
bending plane), 1311 cm™ (CH, wagging), 1250 cm™ (C-
O exiting the stretching plane because of the aryl groups
in lignin), 1205cm™ (S=O vibrations, due to the
esterification reaction occurred in the hydrolysis),
1159 cm™ (C-C stretching ring), 1109 cm™ (C-O-C
glycosidic bond), 1061 cm™ (C-O-C pyranose ring
stretching), and 897 cm™ (cellulose glycosidic bonds)
[19,50-52]. The vibrational modes of amide I at 1616 cm™
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Fig 3. FTIR spectra of NCCs from barangan banana peduncles; (a) SA-1; (b) SA-2; (c) SU-1; (d) SU-2; (e) SM-1; and
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and II at 1597 cm™ were observed. The moderate to
strong IR absorption band at 1200-970 cm™ was mainly
due to the C-C and C-O stretching of the pyranoid ring
[49]. The IR spectra of the NCCs showed a typical
absorption band for cellulose substances. The signals at
1429, 1163, 1111, and 897 cm™ indicated the NCCs in
cellulose I [50]. The absorption bands at around 1430,
1370, and 2900 cm™ indicated the characteristic of the
crystalline region in the polymer, and the absorption band
at 890 cm™' showed the type of the amorphous region [51].
Hydrolysis with sulfuric acid did not modify the
functional groups of cellulose; instead, discontinuities in
the glucose ring only [52].

Heat Resistance of NCCs

The TGA method is a rapid test for measuring a
material’s thermal stability to predict its real-life and long-
term stability. The thermal decomposition process
occurred in the compound follows first-order kinetics
[53]. The results of the thermogravimetric analysis to
examine the thermal stability of NCCs from banana
peduncles hydrolyzed with 1, 2, and 3 M sulfuric acid for
0.5 and 1.5 h can be seen in Fig. 4. It shows the initial
weight loss of the NCCs was in around region 2 with a
temperature range of 95.0 to 180.0 °C because volatile
compounds and water molecules evaporated. In regions 3

— SA-1
——SA-2
—Su-1
—Su-2

SM-1

SM-2
60 |

|

|

Weight (%)

Region 1 | Region 2 Region 3 Region 4

-10 T T T T T T 1
0 100 200 300 400 500 600
Temperature (°C)

Fig 4. Heat resistance of NCCs from barangan banana
peduncles

and 4, the NCCs decomposed at a temperature of 275.35
to 409.40 °C.

Table 2 that the degradation or
decomposition of NCCs began to occur in the
temperature range of 275.35 to 409.40 °C. The greater
the concentration of sulfuric acid, the higher the endset

shows

temperature (temperature of degradation). Likewise, the
hydrolysis time also showed the difference in the
decomposition temperature because of hemicellulose and
amorphous cellulose, which were more easily degradable
than crystalline cellulose. The wider lignin peak covered
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Table 2. Thermal degradation, weight loss, and residue of the NCCs from barangan banana peduncles

Cellulose thermal degradation

Samples T Totoom T Weight loss Resi:iue at
(%) 600 °C (%)
4 §Y) 4O
SA-1 319.67 348.29 380.83 94.09 591
SA-2 340.01 366.69 398.83 87.14 12.86
SU-1 294.10 345.60 405.62 84.10 15.90
SU-2 347.15 373.91 404.08 88.83 11.17
SM-1 314.13 351.22 399.19 87.71 12.29
SM-2 275.35 338.62 409.40 84.00 16.00

the range from 200 to 500 °C, with the maximum at
350 °C. In a nitrogen atmosphere, the main peak appeared
at around 360 °C due to the decomposition of a-cellulose
[54]. In addition, lignin degradation occurred gradually
from 100 to 900°C, with the disintegration peak
occurring after 380 °C. Thus, an additional endothermic
peak after 350 °C happened due to the degradation of
residual lignin molecules. The presence of foreign
material in cellulose samples increased the energy needed
for degradation [12]. In the initial temperature region of
70 to 140 °C, the peak endothermic heat energy absorbed
was used to evaporate water vapor. Outside of 200 °C, the
second and third endotherms were 257.1 and 282.7 °C.
This endotherm was related to the decarboxylation and
depolymerization of cellulose [13]. The bleaching and
alkali processes generated a-cellulose as a crystalline
residue. The higher the crystal structure, the higher the
degradation temperature [42].

The weight loss due to the treatment of sulfuric acid
concentration and hydrolysis time ranged between 84%
and 94.09%, with the highest weight loss occurring in the
treatment of SA-1 and the lowest in the treatment of SM-
2. The treatment of SA, SU, and SM resulted in
degradation in the same region, namely region 4. This
indicates that the resistance of NCCs to temperature is the
same even though the weight loss shows different values.
This shows that the resistance characteristics of the NCC
samples to temperature are the same. A high weight loss
indicates a small residue [13]. The relatively low weight
loss indicates a strong cellulose structure to withstand
high-temperature conditions. The water loss and the
structural hydrophilic nature of the functional groups of
each polysaccharide occur between 50 and 100 °C [25].

Hemicellulose loss occurred between 220 and
340 °C, with the main degradation peak around 320 °C.
The thermal stability of NCCs with sulfate groups could
be improved when the acid sulfate groups were neutralized
[39]. Under different conditions, samples of NCCs
showed gradual weight loss at around 210 to 378 °C [55].

Morphology of NCCs

Fig. 5 images the morphological microstructure of
NCCs from barangan banana peduncles treated with
sulfuric acid concentrations of 1, 2, and 3M and
hydrolysis times of 0.5 and 1.5 h. Although the sulfuric
acid content and hydrolysis time are different, the
morphology of the NCCs has the same structure (as
displayed in Fig. 5). The size of the resulting NCCs was
also the same for all treatments, namely 1 pm. The
structure looks like the occurrence of aggregates in the
NCCs particles. Wu et al. [38] resulted in the size of the
structure of okara nanocellulose (using the method of
ultrasound or

high-pressure high-pressure

homogenization) based on scanning electron
microscopy, which was in the range of 2 to 10 um.
Samples of okara nanocellulose also showed the
occurrence of aggregation.

Seta et al. [6] convey that the fibers are reduced in
size to micro size, and there is a possibility of reaggregation
of the fibers of small size. It can be caused by the milling
process's activation/interaction of the fiber surface, and
the high fiber concentration will increase the friction
and shear forces between the fibers. This study resulted
in a smaller structure size of NCCs from barangan
banana peduncles (1 um) than that produced by Wu et

al. [38], which is 2 to 10 um. The particle diameter (d) of
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the NCC samples from the SEM test results can be
quantitatively analyzed using Image] software. Regarding
the SEM image analysis using Image] software, the
histogram of the NCCs particle distribution can be seen
in Fig. 6, and the diameter of particles can be seen in Table
3. The particle diameter analysis using Image] software of
NCCs for all treatments of sulfuric acid concentration and
hydrolysis time ranged from 25 to 100 nm.

Crystallinity Properties of NCCs

Enhanced crystallinity can increase the heat
resistance and thermal stability of a material. A further
decrease in the degradation temperature of NCCs may

Intensity (counts)

20 25 30

correlate with sulfate groups into crystalline cellulose
during the hydrolysis of sulfuric acid [56]. Fig. 7 presents
the X-ray diffraction pattern of the NCCs from banana
peduncles. The diffraction peaks at 20 for 1, 2, and 3 M
sulfuric acids with the hydrolysis times of 0.5 and 1.5 h
ranged from 22.19°-22.41°. All diffraction patterns for
all treatments are at the highest peak at 26 above 22°
[9,57-58]. The observed peaks in the XRD pattern of
cellulose and NCCs at 26 of 14.5° and 15.5° correspond to
Lm planes. The peak of 20 = 22.5° corresponds to the Ios
crystallographic plane, indicating that cellulose and
nanocellulose had amorphous and crystalline regions
and showed the crystal structure of cellulose I.

SM-2

35 40 45 50 55 60 65

20 (degree)
Fig 7. X-ray diffraction pattern of NCCs from barangan banana peduncles
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Table 3. Crystallinity index (CI), crystal size, and diameter particle (SEM image) of NCCs

Indones. J. Chem., 2023, 23 (1), 73 - 89

Samples 20 (am) 260 (002) CI Crystal size Image] (SEM image)
) () (%) (nm) d (nm) R?
SA-1 14.82 22.23 57.33 34.38 25 0.72
SA-2 14.75 22.41 56.69 22.35 30 0.98
SU-1 15.04 22.31 54.96 27.94 50 0.98
SU-2 14.98 22.19 55.38 36.28 100 0.98
SM-1 14.99 22.33 53.99 27.43 25 0.78
SM-2 14.81 22.35 55.19 23.67 25 0.81

In the XRD pattern, the absorption peaks tend to
have a narrower peak width and higher peaks with high
crystallinity. For materials with low crystallinity, the
absorption peaks show a wider peak width and lower peak
height [59]. Sharp diffraction peaks and flat dispersion
curves simultaneously emerge since the composition of
the crystalline and amorphous phases of the polymeric
material. Structural changes can be due to forces that
occur during mechanical processes. The shearing force by
a high-pressure homogenizer can remove amorphous
cellulose, increasing crystallinity [57]. Ultrasonication
hydrolyzes the amorphous regions of cellulose and some
parts of the broken cellulose fragments to produce oligo
and monosaccharides [30]. Table 3 shows the crystallinity
index (CI) of NCCs from the treatment of sulfuric acid
concentration and hydrolysis time, ranging from 53.99%
to 57.33%. The highest CI value was obtained in the
treatment of SA-1 (57.33%), while the lowest CI value was
in the treatment of SM-1 (53.99%). The crystal size of
NCCs was between 22.35 and 36.28 nm, with the largest
size being in the treatment of SU-2 (36.28 nm) and the
smallest in the treatment of SA-2 (22.35 nm). Hydrolysis
at lower concentrations of sulfuric acid (16% and 40% by
weight) reduced the amorphous component of the initial
pulp. However, the conditions are insufficient to
resynchronize the crystals structurally or reduce the
crystal size [58,60].

In addition, the intense cavitation force by
ultrasound can remove the amorphous zone and decrease
the crystalline zone, ultimately decreasing the crystallinity
index [61]. The stronger the strain, the wider the
diffraction peaks, increasing the microstrain lattice and
decreasing the crystal size [62]. This study resulted in the
crystal size of NCCs based on the results of the

crystallinity test and the particle diameter of the NCCs
based on the results of the SEM image test using Image]
software, which was in the 100 nm range.

The Particle Size of NCCs

Particle size analysis is an analysis of the average
particle size distribution in a liquid. Fig. 8 shows the
average particle size distribution of NCCs treated with
sulfuric acid concentrations of 1, 2, and 3 M and
hydrolysis times of 0.5 and 1.5 h (Table 4). The particle
sizes of NCCs ranged from 250.9 to 4214.6 nm. The most
petite particle sizes, 250.9, 257.9, and 259.2 nm, were
obtained at concentrations of 1, 2, and 3 M sulfuric acid,
respectively, with a hydrolysis duration of 1.5 h. The
smaller the particle size of the NCCs produced, the
higher the sulfuric acid concentration. Similarly, the
longer the hydrolysis period, the smaller the particle size
of the formed NCCs. The criteria for determining
particle size and distribution depend on various factors,
including sample structure, acid concentration, and
hydrolysis time. On the other hand, the particle size
distribution depends on the degree of aggregation [63].
Dimas et al. [64] reported that the average size of NCCs
hydrolyzed with 6, 8, and 10 M HCl were 8334, 3024, and
2086 nm, respectively, as measured by PSA.

Table 4. Particle size distribution of NCCs barangan
banana peduncles

Sample Particle size (nm) PI
SA-1 4214.6 1.025
SA-2 250.9 0.808
SU-1 4157.3 1.062
SU-2 257.9 0.908
SM-1 3267.5 0.965
SM-2 259.2 0.902
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Fig 8. Particle size analyzer of NCCs; (a) SA-1, (b) SA-2, (c) SU-1, (d) SU-2, (e) SM-1, and (f) SM-2

It indicates that NCCs dropped as the concentration
of hydrochloric acid increased. After the long fiber
amorphous areas were hydrolyzed by acid disintegration
to form shorter NCCs particles, the size of the NCCs was
reduced. Agglomerates can cause dynamic light
scattering, and PSA cannot precisely measure the particle
size of single NCCs. In this study, there was a large

agglomeration marked by a significant PI (polydispersity
index) value above 0.5. The research of Wu et al. [38]
produced a particle size of okara nanocellulose (using
the method of high-pressure ultrasound or high-
pressure homogenization) based on the PSA test, which
was in the range of 233-2430 nm with PI values ranging

from 0.22 to 0.91.
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effect

Color of NCCs Powder

Fig. 9(b) describes the brightness of NCCs powder.
The L* value is the brightness value; the higher the L*, the
brighter the NCCs powder. The L* values range from
69.14 to 83.81. The highest L* brightness value was found
in the treatment of SA-1 (83.81). The lowest was in the
treatment of SM-2 (69.14). In contrast, the higher the
sulfuric acid concentration and hydrolysis time, the
higher the a* and b* values. The higher the L* value, the

lighter (whiter) the color of the NCCs. Brightness is
denoted by L*, ranging from L* = 0 (black) to 100 (white)
[65].

The higher the concentration of sulfuric acid and
the hydrolysis time, the darker the color of the NCCs
powder, as shown in Fig. 9(a). The expected color of the
NCCs powder is bright, and thus the best color of NCCs
powder was the one that resulted from the treatment of
SA-1. The cellulose content in the fiber influences the
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fiber absorption of color, resulting in differences in color
absorption in each fiber [5]. The increasing amount of
polymer will increase light diffusion [65]. Good light
reflection is the one directed at the surface of an object. If
the surface of an object reflects light in all directions, it
will be blunt. The microwave effect is through ionic
conduction, which is resistance heating [66]. The collision
between the dye molecules and fiber particles depends on
the acceleration of the particles through the dye solution.

m CONCLUSION

Treatment of sulfuric acid concentration and time of
hydrolysis assisted by microwave energy resulted in
different yields of NCCs. The yield of NCCs decreased
with increasing sulfuric acid concentration and hydrolysis
time. FTIR test results showed that the concentration of
sulfuric acid and hydrolysis time produced NCCs with the
same functional groups in the same absorption spectrum
zone. TGA test results showed that the decomposition of
NCCs occurred at a temperature of 275.35-409.40 °C,
with a weight loss ranging from 84% to 94.09%. In
addition, the XRD test results revealed that all diffraction
patterns for all treatments were at the highest peak of 20
above 22°, with index crystallinity values ranging from
53.99% to 57.33% and crystal sizes ranging from 22.35 to
36.28 nm. The brightest NCCs powder was obtained from
the treatment of 1 M sulfuric acid and 0.5 h of hydrolysis
time.

m ACKNOWLEDGMENTS

This research was supported by Universitas Syiah
Kuala, Aceh, Indonesia, through the Institute for
Research and Community Service (LPPM) under the
Lecturer Research
[241/UN11.2.1/PT.01.03/PNBP/2021].

Program

m AUTHOR CONTRIBUTIONS

Ratna: Writing, methodology-data analysis, original
draft, conceptualization & investigation. Sri Aprilia:
Supervision,  writing-methodology,  review-editing,
conceptualization & investigation. Nasrul Arahman:
Supervision, review-editing & conceptualization. Agus
Arip Munawar: Supervision & review. All authors agreed

to the final version of this manuscript.

REFERENCES

Adsal, K.A., Ugtug, F.G., and Arikan, O.A., 2020,
Environmental life cycle assessment of utilizing stem
waste for banana production in greenhouses in
Turkey, Sustainable Prod. Consumption, 22,110-125.
Padam, B.S., Tin, H.S., Chye, E.Y., and Abdullah,
M.I, 2014, Banana by-products: an under-utilized
renewable food biomass with great potential, J.
Food Sci. Technol., 51 (12), 3527-3545.

Gumisiriza, R., Hawumba, J.F., Okure, M., and
Hensel, O., 2017,
valorisation technologies: A review case for banana

Biomass waste-to-energy
processing in Uganda, Biotechnol. Biofuels, 10 (1), 11.
Ahmad, T., and Danish, M., 2018, Prospects of
banana waste utilization in wastewater treatment: A
review, J. Environ. Manage., 206, 330-348.

Nur, C., and Djati, I.D., 2018, Studi daya serap
warna serat tandan pisang dengan pembanding
serat abaka dan serat sabut kelapa, Arena Tekstil, 33
(1), 19-28.

Seta, F.T., An, X., Liu, L., Zhang, H., Yang, J., Zhang,
W., Nie, S., Yao, S., Cao, H., Xu, Q., Bu, Y., and Liu,
H., 2020, Preparation and characterization of high
yield cellulose nanocrystals (CNC) derived from
ball mill pretreatment and maleic acid hydrolysis,
Carbohydr. Polym., 234, 115942.

Chen, Q., Xiong, J., Chen, G., and Tan, T., 2020,
of highly
transparent hydrophobic nanocellulose film using

Preparation and characterization
corn husks as main material, Int. J. Biol. Macromol.,
158, 781-789.

Ilyas, R.A., Sapuan, S.M., Atikah, M.S.N., Asyraf,
M.RM., Ayu Rafigah, S., Aisyah, H.A., Mohd
Nurazzi, N., and Norrrahim, M.N.F., 2021, Effect of
hydrolysis time on the morphological, physical,
chemical, and thermal behavior of sugar palm
nanocrystalline  cellulose  (Arenga  pinnata
(Wurmb.) Merr), Text. Res. ]., 91 (1-2), 152-167.
Ng, L.Y., Wong, T.J., Ng, C.Y., and Amelia, CK.M.,
2021, A
production and characterization methods from

review on cellulose nanocrystals

Elaeis guineensis empty fruit bunches, Arabian J.
Chem., 14 (9), 103339.

Ratna et al.



86 Indones. J. Chem., 2023, 23 (1), 73 - 89

[10] Abdul Khalil, H.P.S., Davoudpour, Y., Saurabh, C.K,,
Hossain, M.S., Adnan, A.S., Dungani, R., Paridah,
M.T., Islam Sarker, M.Z., Fazita, M.R.N., Syakir, M.I.,
and Haafiz, MKM., 2016, A
nanocellulosic fibres as new material for sustainable

review on

packaging: Process and applications, Renewable
Sustainable Energy Rev., 64, 823-836.

[11] Flores-Velazquez, V., Cérdova-Pérez, G.E., Silahua-
Pavon, A.A., Torres-Torres, J.G., Sierra, U,
Ferniandez, S., Godavarthi, S., Ortiz-Chi, F., and
Espinosa-Gonzalez, C.G., 2020, Cellulose obtained
from banana plant waste for catalytic production of
5-HMF: Effect of grinding on the cellulose
properties, Fuel, 265, 116857.

[12] Harini, K., and Chandra Mohan, C., 2020, Isolation
and characterization of micro and nanocrystalline
cellulose fibers from the walnut shell, corncob and
sugarcane bagasse, Int. J. Biol. Macromol., 163, 1375-
1383.

[13] Kian, L.K,, Saba, N, Jawaid, M., Alothman, O.Y., and
Fouad, H., 2020, Properties and characteristics of
nanocrystalline cellulose isolated from olive fiber,
Carbohydr. Polym., 241, 116423.

[14] Camacho, M., Urena, Y.R.C., Lopretti, M., Carballo,
L.B., Moreno, G., Alfaro, B., and Vega Baudrit, J.R,,
2017,
nanocrystalline cellulose derived from Pineapple
peel residues, J. Renewable Mater., 5 (5), 271-279.

[15] Xu, Y., Atrens, A., and Stokes, J.R., 2020, A review of
nanocrystalline cellulose suspensions: Rheology,

Synthesis and  characterization  of

liquid crystal ordering and colloidal phase behaviour,
Adv. Colloid Interface Sci., 275, 102076.

[16] Ghorbani, M., and Roshangar, L., 2021, Construction
of collagen/nanocrystalline cellulose based-hydrogel
scaffolds:
mechanical properties evaluation, Int. J. Polym.
Mater. Polym. Biomater., 70 (2), 142-148.

[17] Qi, W., Li, T., Zhang, Z., and Wu, T., 2021,
Preparation and characterization of oleogel-in-water
pickering emulsions stabilized by cellulose
nanocrystals, Food Hydrocolloids, 110, 106206.

[18] Doh, H., Lee, M.H., and Whiteside, W.S., 2020,
Physicochemical

Synthesis,  characterization,  and

characteristics of  cellulose

nanocrystals isolated from seaweed biomass, Food
Hydrocolloids, 102, 105542.

[19] Ditzel, F.I., Prestes, E., Carvalho, B.M., Demiate,
IM., and Pinheiro, L.A., 2017, Nanocrystalline
cellulose extracted from pine wood and corncob,
Carbohydr. Polym., 157, 1577-1585.

[20] Shao, X., Wang, ., Liu, Z., Hu, N,, Liu, M., and Xu,
Y., 2020, Preparation and characterization of
porous microcrystalline cellulose from corncob,
Ind. Crops Prod., 151, 112457.

[21] Supian, M.A.F., Amin, K.N.M., Jamari, S.S., and
Mohamad, S., 2020, Production of cellulose
nanofiber (CNF) from empty fruit bunch (EFB) via
mechanical method, J. Environ. Chem. Eng., 8 (1),
103024.

[22] Foo, M.L,, Ooi, CW., Tan, KW, and Chew, LM.L,,
2020, A step closer to sustainable industrial
production: Tailor the properties of nanocrystalline
cellulose from oil palm empty fruit bunch, J.
Environ. Chem. Eng., 8 (5), 104058.

[23] Kusmono, K., Listyanda, R.F., Wildan, M.W., and
IIman, M.N., 2020, Preparation and characterization
of cellulose nanocrystal extracted from ramie fibers
by sulfuric acid hydrolysis, Heliyon, 6 (11), e05486.

[24] Jiang, Q., Xing, X., Jing, Y., and Han, Y., 2020,
Preparation of cellulose nanocrystals based on
waste paper via different systems, Int. J. Biol.
Macromol., 149, 1318-1322.

[25] Plengnok, U., 2020,
Preparation and characterization of nanocellulose

and Jarukumjorn, K,

from sugarcane bagasse, Biointerface Res. Appl.
Chem., 10 (3), 5675-5678.

[26] Mocktar, N.A., Abdul Razab, M.K.A., Mohamed
Noor, A., and Abdullah, N.H., 2020, Preparation
and characterization of kenaf and oil palm
nanocellulose by acid hydrolysis method, Mater.
Sci. Forum, 1010, 495-500.

[27] Haldar, D., and Purkait, M.K,, 2020, Micro and
nanocrystalline cellulose derivatives of lignocellulosic
biomass: A review on synthesis, applications and
advancements, Carbohydr. Polym., 250, 116937.

(28] Raja, P.M., Rangkuti, I.U.P., Hendra Ginting, M.,
Giyanto, G., and Siregar, W.F., 2021, Preparation

Ratna et al.



Indones. J. Chem., 2023, 23 (1), 73 - 89 87

and characterization of cellulose microcrystalline
made from palm oil midrib, IOP Conf. Ser.: Earth
Environ. Sci., 819, 012002.

[29] Mohd Ishak, N.A., Khalil, I., Abdullah, F.Z., and
Muhd Julkapli, N,
ultrasonication with nanocrystalline cellulose
characteristics, Carbohydr. Polym., 246, 116553.

[30] Abdul Khalil, H.P.S., Davoudpour, Y., Sri Aprilia,
N.A., Mustapha, A., Hossain, M.S., Islam, M.N., and
Dungani, R., 2014, "Nanocellulose-Based Polymer

2020, A correlation on

Nanocomposite: Isolation, Characterization and
Applications” in Nanocellulose Polymer
Nanocomposites, Eds. Thakur, V.K. Scrivener

Publishing LLC, Wiley, Massachusetts, 273-309.
[31] Villalobos, K., Rojas, H., Gonzalez-Paz, R., Granados,
D.B., Gonzalez-Masis, J., Baudrit, J.V., and Corrales-
Urefia, Y.R,, 2017, Production of starch films using
propolis nanoparticles as novel bioplasticizer, J.
Renewable Mater., 5 (3-4), 189-198.
[32] Tiwari, G., Sharma, A., Kumar, A., and Sharma, S.,
alkali
pretreatment for the production of sugars from

2019, Assessment of microwave-assisted

banana fruit peel waste, Biofuels, 10 (1), 3-10.

[33] Abdul Khalil, H.P.S., Chong, E.W.N., Owolabi,
F.A.T., Asniza, M., Tye, Y.Y., Rizal, S., Nurul Fazita,
M.R., Mohamad Haafiz, M.K., Nurmiati, Z., and
Paridah, M.T., 2019,
properties of polysaccharide-based composites with

Enhancement of basic
organic and inorganic fillers: A review, J. Appl.
Polym. Sci., 136, 47251.

[34] Chavan, R.R, KM., 2018,
Microwave-assisted synthesis, computational studies

and Hosamani,

and antibacterial/anti-inflammatory activities of
compounds based on coumarin-pyrazole hybrid, R.
Soc. Open Sci., 5 (5), 172435.

[35] Chowdhury, Z.Z., and Abd Hamid, S.B., 2016,
Preparation and characterization of nanocrystalline
cellulose using ultrasonication combined with a
microwave-assisted pretreatment
BioResources, 11 (2), 3397-3415.

[36] Ilyas, R.A., Sapuan, S.M., Sanyang, M.L., Ishak, M.R.,
and Zainuddin, E.S., 2018, Nanocrystalline cellulose

process,

as  reinforcement  for  polymeric = matrix

nanocomposites and its potential applications: A
review, Curr. Anal. Chem., 14 (3), 203-225.

[37] Silva-Castro, I., Martin-Ramos, P., Matei, P.M,,
Fernandes-Correa, M., Hernandez-Navarro, S., and
Martin-Gil, J., 2017, "Eco-Friendly Nanocomposites
of Chitosan with Natural Extracts, Antimicrobial

and Nanometals" in Handbook of
Composites from Renewable Materials, Eds. Thakur,
V K., Thakur, M.K,, and Kessler, M.R., Scrivener
Publishing LLC, Wiley, Massachusetts, 35-60.

[38] Wu, C., McClements, D.J., He, M., Zheng, L., Tian,
T., Teng, F., and Li, Y., 2021, Preparation and
characterization of okara nanocellulose fabricated

Agents,

using sonication or high-pressure homogenization
treatments, Carbohydr. Polym., 255, 117364.

[39] Wang, H., Xie, H., Du, H., Wang, X,, Liu, W., Duan,
Y., Zhang, X., Sun, L., Zhang, X., and Si, C., 2020,
Highly efficient preparation of functional and
thermostable cellulose nanocrystals via H,SO,
intensified acetic acid hydrolysis, Carbohydr.
Polym., 239, 116233.

[40] Rahmawati, C., Aprilia, S., Saidi, T., Aulia, T.B., and
Ahmad, I., 2021, Preparation and characterization
of cellulose nanocrystals from Typha sp. as a
reinforcing agent, J. Nat. Fibers, 00, 1-14.

[41] Ratna, R., Aprilia, S., Arahman, N., and Munawar,
AA., 2021,
nanocrystalline isolated from banana peduncles

Characterization of  cellulose
using acid hydrolysis, IOP Conf. Ser.: Earth Environ.
Sci., 922, 012072.

[42] Ilyas, R.A., Sapuan, S.M., and Ishak, M.R., 2018,
Isolation and characterization of nanocrystalline
cellulose from sugar palm fibres (Arenga pinnata),
Carbohydr. Polym., 181, 1038-1051.

[43] Gan, P.G., Sam, S.T., Bin Abdullah, M.F., Bin
Zulkepli, N.N., Y.F., 2017,
Characterization of nanocrystalline cellulose

and Yeong,

isolated from empty fruit bunch wusing acid
hydrolysis, Solid State Phenom., 264, 9-12.

[44] Rulaningtyas, R., Suksmono, A.B., Mengko, T.L.R,,
and Putri Saptawati, G.A., 2015, Segmentasi citra
berwarna dengan menggunakan metode clustering
berbasis patch untuk identifikasi mycobacterium

Ratna et al.



88 Indones. J. Chem., 2023, 23 (1), 73 - 89

tuberculosis, Jurnal Biosains Pascasarjana, 17 (1),
19-25.

[45] Johar, N., Ahmad, I, and Dufresne, A., 2012,
Extraction, preparation and characterization of
cellulose fibres and nanocrystals from rice husk, Ind.
Crops Prod., 37 (1), 93-99.

[46] Pereira, P.H.F.,, Waldron, K.W., Wilson, D.R,
Cunha, A.P., de Brito, E.S., Rodrigues, T.H.S., Rosa,
M.F., and Azeredo, HM.C., 2017, Wheat straw
hemicelluloses added with cellulose nanocrystals and
citric acid. Effect on film physical properties,
Carbohydr. Polym., 164, 317-324.

[47] Collazo-Bigliardi, S., Ortega-Toro, R., and Chiralt
Boix, A., 2018, Isolation and characterisation of
microcrystalline cellulose and cellulose nanocrystals
from coffee husk and comparative study with rice
husk, Carbohydr. Polym., 191, 205-215.

[48] Aditama, A.G., and Ardhyananta, H., 2017, Isolasi
selulosa dari serat tandan kosong kelapa sawit untuk
nano filler komposit absorpsi suara: Analisis FTIR,
Jurnal Teknik ITS, 6 (2), 228-231.

[49] Ghazy, M.B., El-Hai, F.A., El-Zawawy, W.K., and
Owda, M.E., 2017, Morphology and mechanical
properties of nanocrystalline cellulose reinforced
chitosan based nanocomposite, Global J. Chem., 3
(1), 125-135.

[50] Leung, A.C.W., Hrapovic, S., Lam, E., Liu, Y., Male,
K.B., Mahmoud, K.A., and Luong, J.H.T., 2011,
Characteristics and properties of carboxylated
cellulose nanocrystals prepared from a novel one-
step procedure, Small, 7 (3), 302-305.

[51] Alves, L., Medronho, B., Antunes, F.E., Fernindez-
Garcia, M.P., Ventura, J., Aratjo, J.P., Romano, A,
and Lindman, B., 2015, Unusual extraction and
characterization of nanocrystalline cellulose from
cellulose derivatives, J. Mol. Lig., 210, 106-112.

[52] Putri, E., and Gea, S., 2018, Isolasi dan karakterisasi
nanokistral selulosa dari tandan sawit (Elaeis
guineensis Jack), Elkawnie, 4, 13-22.

[53] Tritt-Goc, J., Lindner, L., Bielejewski, M.,
Markiewicz, E., and Pankiewicz, R., 2020, Synthesis,
thermal properties, conductivity and lifetime of
proton conductors based on nanocrystalline cellulose

surface-functionalized with triazole and imidazole,
Int. J. Hydrogen Energy, 45 (24), 13365-13375.

[54] Luduena, L., Fasce, D., Alvarez, V.A., and Stefani,
P.M., 2011, Nanocellulose from rice husk following
alkaline treatment to remove silica, BioResources, 6
(2), 1440-1453.

[55] Wang, H., Pudukudy, M., Ni, Y., Zhi, Y., Zhang, H.,
Wang, Z., Jia, Q., and Shan, S., 2020, Synthesis of
nanocrystalline cellulose via ammonium persulfate-
assisted swelling followed by oxidation and their
chiral self-assembly, Cellulose, 27 (2), 657-676.

[56] Evans, S.K., Wesley, O.N., Nathan, O., and Moloto,
M.J., 2019, Chemically purified cellulose and its
nanocrystals from sugarcane baggase: Isolation and
characterization, Heliyon, 5 (10), €02635.

[57] Sun, Q., Zhao, X., Wang, D., Dong, J., She, D., and
Peng, P., 2018, Preparation and characterization of
nanocrystalline cellulose/Eucommia ulmoides gum
nanocomposite film, Carbohydr. Polym., 181, 825-
832.

[58] Hamad, W.Y., and Hu, T.Q., 2010, Structure-
process-yield interrelations in nanocrystalline
cellulose extraction, Can. J. Chem. Eng., 88 (3), 392—
402.

[59] Qian, Y., Bian, L., Wang, K., Chia, W.Y., Khoo, K.S,,
Zhang, C., and Chew, K.W., 2021, Preparation and
characterization of curdlan/nanocellulose blended

application to chilled meat
preservation, Chemosphere, 266, 128948.

[60] Liu, Z., Li, X., Xie, W., and Deng, H., 2017,
Extraction,

film and its

isolation and characterization of
nanocrystalline cellulose from industrial kelp
(Laminaria japonica) waste, Carbohydr. Polym.,
173, 353-359.

[61] Costa, A.L.R., Gomes, A., Tibolla, H., Menegalli,
F.C.,, and Cunha, R.L, 2018, Cellulose nanofibers
from banana peels as a Pickering emulsifier: High-
energy emulsification Carbohydr.
Polym., 194, 122-131.

[62] Sumadiyasa, M., and Manuaba, IB.S., 2018,
Penentuan ukuran kristal menggunakan formula
Scherrer, Williamson-Hull plot, dan ukuran

partikel dengan SEM, Buletin Fisika, 19, 28-35.

processes,

Ratna et al.



Indones. J. Chem., 2023, 23 (1), 73 - 89 89

[63] Sri Aprilia, N.A., Davoudpour, Y., Zulgarnain, W.,
Abdul Khalil, H.P.S., Che Mohamad Hazwan, C.I,,
Hossain, M.S., Dungani, R., Fizree, H.M., Zaidon, A.,
and Mohamad Haafiz, M.K., 2016, Physicochemical
characterization of microcrystalline cellulose
extracted from kenaf bast, BioResources, 11, 3875-
3889.

[64] Akbar, D.A., Kusmono, K., Wildan, M.W., and
Ilman, M.N., 2020, Extraction and characterization
of nanocrystalline cellulose (NCC) from ramie fiber
by hydrochloric acid hydrolysis, Key Eng. Mater.,

867, 109-116.

[65] Maruddin, F., Malaka, R., Baba, S., Amqam, H.,
Taufik, M., and Sabil, S., 2020, Brightness,
elongation and thickness of edible film with
caseinate sodium using a type of plasticizer, IOP
Conf. Ser.: Earth Environ. Sci., 492, 012043.

[66] Atalla, S.M.M., EL Gamal, N.G., Awad, H.M., and
Ali, N.F., 2019, Production of pectin lyase from
agricultural wastes by isolated marine Penicillium
expansum RSW_SEP1 as dye wool fiber, Heliyon, 5
(8), €02302.

Ratna et al.



90

Indones. J. Chem., 2023, 23 (1), 90 - 100

Effects of Various Parameters on the Antioxidant Activities of the Synthesized
Heterocyclic Pyrimidinium Betaines

Fatiha Malki', Ali Alouache*, and Soumia Krimat!

'Laboratoire de Recherche sur les Produits Bioactifs et Valorisation de la Biomasse (LPBVB),
Ecole Normale Supérieure Kouba, Bp 92 16006 Alger, Algeria

Laboratoire de Biologie des Systémes Microbiens (LBSM), Ecole Normale Supérieure Kouba, Bp 92 16006 Alger, Algeria

* Corresponding author:

tel: +213-0550801704
email: ali.alouache@g.ens-kouba.dz

Received: May 21, 2022
Accepted: September 23, 2022

DOI: 10.22146/ijc.74803

Abstract: Betaine derivatives are widely used in cosmetic, industrial uses, biology and
other scientific fields. Pyrimidinium betaine is a special class of bioactive heterocyclics.
They have interesting antioxidant and free radical scavenging activities. This work aims
to examine the influence of some parameters on the antioxidant activity of some
synthesized betaines containing pyrimidine ring. Four pyrimidinium betaines:
monocyclic, bicyclics, and one with a fatty alkyl chain were synthesized from
condensation of 2-aminopyrimidine or amidine derivatives with malonic esters, and their
antioxidant capacity was evaluated. The effects of concentration, reaction time and
temperature on their antioxidant activities were investigated by three common methods:
2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging, ferric reducing
antioxidant power (FRAP) and f-carotene bleaching. The results showed that all
pyrimidinium betaines exhibited antioxidant activities in different assays. In the DPPH
and reducing power assays, antioxidant activity increased with concentration, whereas
in the -carotene/linoleic acid system, it increased with temperature. On the other hand,
the DPPH assay showed an increase in antioxidant capacity over time, while the f>-
carotene bleaching assay showed a decrease. These results indicate that the antioxidant
activity differs depending on the method used and that the various factors affect the
antioxidant activity in a different order.

Keywords: antioxidant activity; DPPH; FRAP; [-carotene bleaching assay;
pyrimidinium betaines

= INTRODUCTION

Molecules or molecular fragments with an unpaired

transform them into non-radical products and/or
scavenge the intermediates [5]. Due to their ability to
scavenge reactive free radicals, antioxidants can protect

electron are classified as free radicals. They are typically
reactive and can have negative consequences [1]. Free
radicals are one of the principal byproducts of lipid
oxidation and have been linked to over a hundred
disorders, including cancer, atherosclerosis, and arthritis
[2]. Excessive free radical production leads to oxidative
stress, which is thought to be a crucial factor in a variety
of human diseases such as neurological, inflammatory,
carcinogenesis, and psychiatric disorders [3].
Antioxidants are substances that can delay or
prevent the oxidation process of free radicals [4]. Excess
free radicals are neutralized by dietary antioxidants that

the human body from free radicals and the consequences
of reactive oxygen species (ROS). They slow the
evolution of several chronic diseases while also lipid
peroxidation [6-7]. A variety of antioxidant molecules
have been added to foods to preserve their quality, and a
variety of antioxidant molecules have been provided to
humans and animals as food additives or
pharmaceuticals [6]. Antioxidants have proven effective
in treating many health problems, including
neurodegeneration, systemic, and infectious [8].

Recently, many researchers have focused on research on
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substances that can act as a free radical scavenger, and
there is an increasing interest in substances that present
antioxidant capacities. Concurrently, several methods for
evaluating the antioxidant activity of natural and
synthetic compounds have been developed [9-11].

Betaine is an interesting group of zwitterionic
surfactants. The term betaine refers to the glycine betaine
(N,N,N-trimethylglycine), as well as its derivatives and
any organic compound with quaternary nitrogen [12].
Betaine is found in a variety of plants, animals, and
microorganisms as it aids in the resistance to osmotic
stress in these organisms. This molecule is a human
nutrient and is used to treat a variety of ailments [13].

Betaine derivative is a class of compounds that are
becoming increasingly important in cosmetic, domestic,
and industrial uses [14]. They have a variety of
applications in biological research, medicine, pharmacy,
and other scientific fields [15]. Pyrimidine derivatives
have been reported to have a wide spectrum of biological
activity since the pyrimidine ring is a critical nucleus in
DNA and RNA [16]. Betaines containing a pyrimidine
ring have generated a lot of interest among synthetic
chemists for their chemical stability [17]. These materials
are strongly stabilized by m electron and charge
delocalization [18]. Pyrimidine betaines continue to be an
important group of bioactive heterocyclics [19] due to the
presence of a biologically active pyrimidine ring [16] in
their structure.

However, there are very few reports on the
antioxidant activities of pyrimidinium betaines [20], and
to our knowledge, no information is available on the
antioxidant potency of pyrimidinium betaines having a
fatty alkyl chain. For this reason, we decided in a recent
study to evaluate the in vitro antioxidant capacity of
various betaines containing a pyrimidine ring in their
structure, including one with a long chain, as a type of
alkyl
surfactants. The

pyrimidinium betaines used as amphoteric
showed that the tested
compounds have variable and interesting antioxidant

results

properties and free radical scavenging activities compared
to the standard antioxidants [20-22]. However, without
considering many factors that could affect the results, the

measurement of antioxidant activities cannot be
evaluated satisfactorily by a simple antioxidant test [23].

The goal of this study was to investigate how
different factors affected the antioxidant activity of some
synthesized pyrimidinium betaines. We used three
distinct methods: DPPH free radical scavenging, ferric
reducing antioxidant power (FRAP) and [-carotene
bleaching, to examine the effect of concentration,
reaction time, and temperature on the antioxidant
activity of these compounds and on some conventional
antioxidants, such as butylated hydroxytoluene (BHT),
butylated hydroxyanisole (BHA), and ascorbic acid
(vitamin C).

m EXPERIMENTAL SECTION
Materials

Chemicals and solvents were analytical grade and
purchased from Sigma-Aldrich, Merck (Germany).
They were supplied in purities >99. Triethylamine
((C.Hs)sN) was purified by distillation before use.

Instrumentation

Melting points were determined by using a Buchi
512 oil bath. UV-Visible absorption spectra were carried
Shimadzu 160
spectrophotometer. FTIR spectra were recorded as KBr
pellets on a JASCO System 4100. "H-NMR and "C-NMR
spectra were acquired on a Bruker AC 200 instrument at

out using a double-beam

300 and 75 MHz, respectively, using TMS as the internal
standard. Electron impact mass spectra (EIMS) were
performed on a Nermag R10-10 type apparatus.

Procedure

Synthesis

The selected pyrimidinium betaines: monocyclic
BT1, bicyclics BT2, BT3 and one with fatty alkyl chain
having 12 carbon atoms BT12 (Fig. 1), were synthesized
from condensation of 2-aminopyrimidine or amidines
derivatives with malonic acid derivatives according to
the methods reported in previous publications [24-26].
Their structures were confirmed by spectroscopic
analyses, including UV-visible, IR, '"H-NMR, "C-NMR
and MS.
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Fig 1. Chemical structure of studied pyrimidinium
betaines

General procedure for the synthesis of bicyclic
Betaines BT2, BT3. The bicyclic betaine BT3 was
synthesized according to the method reported by
Tschitschibabin  [24] by condensation of 2-
aminopyrimidine C with an excess of diethyl malonate B
through heating the reaction mixture at 160-200 °C for
3 h with a continuous distillation of the resulting alcohol
(Fig. 2). The corresponding betaine was obtained in 81%
yield as an orange solid.

The bicyclic betaine BT2 was prepared according to
the method reported by Dvortsak et al. [25] by
condensation of 2-aminopyrimidine C with the bis
pentachlorophenyl ester of phenyl malonic acid A (Fig. 2).
The reaction was performed in acetone at room
temperature in the presence of triethylamine. In a few
minutes, the product precipitated and was isolated by
filtration with a yield of 72%.

General procedure for the synthesis of monocyclic
Betaines BT1 and fatty chain betaine BT12.
Monocyclic betaine BT1 was prepared by condensation of
N,N’-diphenyl
aminopyrimidine C with the bis pentachlorophenyl ester

benzamidine D instead of a-
of phenyl malonic acid A in diethyl ether at room
temperature [25-26] in the presence of triethylamine (Fig.
3). The product was isolated by filtration, purified by
extraction or column procedure [27-28] and then

o} Ra
0_R1 N
R{: R S
O-R; H—N,
a Rs

A R=CGH5_. R1=CGC|5

D R2=R3=C6H5
E R>=Cy1Hz3. R3=CgHs

obtained as yellow crystals in a yield of 66%.

Under the identical protocol, the fatty chain
pyridinium betaine BT12 was prepared by reacting fatty
N,N'-diphenyldodecamidine E with the same ester A in
diethyl ether at room temperature [26] in the presence
of triethylamine (Fig. 3). Due to the chemical reactivity
of malonic ester A, the fatty betaine BT12 precipitated
within minutes. The precipitate was then purified [29-
30] and obtained as a white solid with a 37% yield.

Characterization of synthesized compounds
Pyrimidinium betaines, BT3, BT2, BT1, and BT12
were characterized by common spectroscopic analyses,
including UV-visible, IR, "H-NMR, “"C-NMR and MS
[29-30]. Their physical and spectroscopic data are as
follows:
BT3 (6-ox0-4H-pyrido[1,2-a]lpyrimidin-3-ium-4-
olate). Chemical formula: CsHe¢N,O»; Orange solid;
Mol. Mass. 162 g/mol, m.p.: 306-317 °C (decomposed),
UV-Visible (dioxane) Amac 268 nm; IR (KBr) cm™: 3093
(C-H, Ar.), 2553 (NH); 1693 (C=0); 1519 (C=C Ar.);
"H-NMR (300 MHz, DMSO-dp): insoluble; *C-NMR (75
MHz, DMSO-dy): insoluble; EI-Mass m/z: 163 [M+1]".
BT2 (6-oxo-5-phenyl-4H-pyrido[1,2-a]pyrimidin-3-
ium-4-olate). Chemical formula: C;sH;(N,O,; Yellow
crystals; Mol. Mass. 238 g/mol, m.p.: 310-312°C
(decomposed); UV-Visible (dioxane) Amax: 355 nm; IR
(KBr) cm™: 3112 (C-H Ar), 2657 (NH), 1678 (C=0),

)
o .
O
0—R, N\ a
R o=/ — |
) N
O =Ry HaN R
o 0
A R=CGH5_. R1=Cacl5 c
B R=H,R1=C2H5

BT2 R=CgHs

BT3 R=H
Fig 2. Synthetic pathway of bicyclic betaines BT2 and
BT3

a /R

3
N
— R \ />—R2
N*
\R
o 3
BT1 R=R2=R3=C6H5
BT12 R=R3=CGH5, R2=C11 H23

Fig 3. Synthetic pathway of bicyclic betaines BT1 and BT12
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1527 (C=C, Ar.); 'H-NMR (300 MHz, DMSO-dy): 6
12.42-12.27 (s, 1H, NH), 9.05-9.03 (d, 1H, 7), 8.14-8.10
(m, 1H, 9), 7.72-7.66 (d, 2H, 8, 10), 7.46-7.13 (m, 5H,
Ar.); PC-NMR (DMSO-ds): § 160 (C-4, C-6), 155.15 (C-
2); 146-135 (C-7, C-8, C-9, C-10), 130-125.69 (C, Ar.)
116 (C-5); EI-Mass m/z: 238.0742 [M]*.

BT1 (6-oxo-1,2,3,5-tetraphenyl-1,6-dihydropyrimidin-
3-ium-4-olate). Chemical formula: C,sH,N,O,, Yellow
crystals; Mol. Mass. 416 g/mol, m.p. 317-319
(decomposed); UV-Visible (dioxane) Ama: 357 nm; IR
(KBr) cm™%: 3051 (C-H, Ar.); 1651 (C=0), 1593 (C=C,
Ar.); '"H-NMR (300 MHz, DMSO-ds): § 7.82-6.98 (m,
20H, Ar.); ®*C-NMR (75 MHz, DMSO-ds): & 159.87 (C-4,
C-6), 159.35 (C-2), 137.77 (C-7, C-19), 135.76-130.58 (C-
13, C-16), 129.91/128.77 (C-8,12,20,24, C-9,11,21,23, C-
10,22), 127.65/125.36 (C-14,18, C-15,17), 96.03 (C-5); EI-
Mass m/z: 416.1527 [M].

BT12 (6-oxo-2-dodecyl,1,3,5-tripheny-1,6-dihydro
pyrimidin-3-ium-4-olate. Chemical formula: C5;H3sN,O»;
White solid; Mol. Mass. 494 g/mol; m.p.: 124-128; UV-
Visible (dioxane) Ama: 352 nm; IR (KBr) cm™: 3055 (C-H,
Ar.), 1647 (C=0); 1597 (C=C, Ar.); '"H-NMR (300 MHz,
CDCL): 8 7.91-7.14 (15H, Ar.), 2.41-0.78 (23H, aliph.),
BC-NMR (75 MHz, CDCl;): § 161.42 (C-14,16), 159.00
(C-12),136.27-125,76 (C, Ar.) 32.77-14.11 (C, aliph.), EI-
Mass m/z: 495.2 [M+1]".

Antioxidant activity

There are still no standardized procedures for
determining a sample's antioxidant potential [31]. Since
various trends in antioxidant activity assays have been
noticed, it is useful to estimate and compare the
antioxidant potential of synthetic compounds using
several assays [32]. To assess the effects of concentration,
temperature, and reaction time on the antioxidant activity
of the pyrimidinium betaines under investigation, we
used three methods: DPPH assay, reducing power
measurement and P-carotene bleaching procedure. In
parallel tests, the effects of parameters on the antioxidant
activity of conventional antioxidants (BHT, BHA and
ascorbic acid (vitamin C)) used for comparison have been
studied. All samples were assayed in triplicate.

DPPH radical scavenging assay

The DPPH method is commonly used to evaluate
antioxidants' ability to scavenge free radicals [27]. The
reduction of an alcoholic solution of DPPH in the
presence of a hydrogen or electron donor antioxidant is
the basis of this method. The ability of the related
compounds to donate a hydrogen atom or an electron
was determined spectrophotometrically by bleaching
the purple methanolic solution of DPPH [28]. In this
study, the capacities of pyrimidinium betaines to quench
the DPPH radical were measured according to the
method of Blois [10] and Brand-Williams et al. [11] with
some modifications.

A 0.004%
prepared, and 1 mL of this solution was mixed with 1 mL

DPPH solution in methanol was

of various concentrations of betaines solution in ethanol.
The reaction mixture was carefully agitated and then
kept at room temperature in the dark. The absorbance
was measured spectrophotometrically at 517 nm in
comparison to a negative control containing only DPPH
solution.

The radical scavenging activity of DPPH was
calculated as a percentage inhibition using the following
formula (Eq. (1)):

Ac—As
X

DPHH inhibition (%) = 100 (1)

Ac
where Ac denotes the absorbance of the control reaction
(DPPH solution devoid of the substance to be tested)
and As indicates the absorbance of the test sample.

Reducing power assay

The reducing power of a substance is a measure of
its antioxidant ability, and it is evaluated by converting
Fe(III) to Fe(II) in the presence of the sample extract [6].
Singh et al. [33] ascribe the capacity to reduce Fe(III) to
the hydrogen-donating ability of phenolic compounds.
The yellow color of the test solution in this assay changes
to green and blue depending on the reducing power of
the test material. Based on the absorbance at 700 nm
after incubation, the oxidant's ability to decrease the
ferric ferricyanide complex to the ferrous one was
measured. The greater absorbance indicates a greater
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reducing power [34]. The Oyaizu method was used to

evaluate the reducing power of the synthesized
compounds [35].

Different concentrations of betaines in 1 mL of
ethanol were combined with 2.5 mL of phosphate buffer
(0.2M, pH6.6) and 2.5mL of potassium ferricyanide
[KsFe(CN)s] (1%) before incubating at 50 °C for 20 min.
Following that, 2.5 mL of trichloroacetic acid (10%) was
added to the mixture, which was then centrifuged at
1000 rpm for 10 min. Finally, 2.5 mL of the top layer
solution was combined with 2.5 mL of distilled water and
0.5 mL of FeCl; (0.1%), and absorbance at 700 nm was

recorded.

B-Carotene bleaching assay

This method is based on the fact that linoleic acid
generates a free radical, which p-carotene reduces. The
inclusion of an antioxidant allows for a delay in the kinetics
of p-carotene discoloration [36]. Several researchers [37]
found the test of inhibition of linoleic acid oxidation in
combination with P-carotene to be highly useful as a
model of lipid peroxidation in biological.

B-Carotene bleaching assay was conducted by using
the method suggested by Tepe and Moure [38-39] with
some modifications. The absorbance of the samples was
measured at 470 nm at regular time intervals using a
spectrophotometer. The same procedure was followed
with the positive controls, BHT, BHA, and vitamin C, as
well as a blank. The following formula (Eq. (2)) was used
to compute the Relative Antioxidant Activity (RAA) as a
percentage:

RAA (%) =25 %100 2)
Ac

where As is the absorbance of the sample) and Ac, the

absorbance of BHT used as the positive control.

Statistical analysis

Data were analyzed with the statistical software
statistica. Values were expressed as means + standard
deviations (SD). Differences were considered significant
at p < 0.05.

m  RESULTS AND DISCUSSION

Pyrimidinium Dbetaines were synthesized, as

reported earlier [24-26]. The effects of various parameters

(concentration, reaction time, and temperature) on their
antioxidant activities were investigated using DPPH
assay, ferric ions reducing antioxidant power (FRAP),
and [P-carotene bleaching procedure as three separate
tests.

Concentration Effect

The antioxidant properties of the examined
substances were studied in vitro, and the effect of the
their
examined by DPPH radical scavenging capacity and

concentration on antioxidant activity was

FRAP in the concentration range of 0-500 g/mL.

DPPH radical scavenging assay

Fig. 4 presents the inhibition percentage of the
DPPH free radical in the presence of betaines at various
concentrations for 180 min. As shown in Fig. 4, all
betaines exhibited potent activity in a concentration-
dependent manner. This activity can be attributed to the
conjugate systems with nitrogen atoms in these
molecules, which are known to stabilize free radicals
[20]. The findings of this study show that the
compounds examined have variable rates of scavenging
DPPH radicals.

On the basis of the statistical analysis of our data,
we noted that at low concentrations (0-100 pg/mL),
bicyclic betaine BT3 exhibited a higher DPPH radical
scavenging rate than the remaining betaines, whereas at
high concentrations (200-500 pg/mL) both monocyclic
BT1 and fatty betaine BT12 showed the highest DPPH
radical scavenging rate, and that monocyclic betaine
BT1 is more active than fatty betaine BT12 and betaine
BT3, while the bicyclic betaine BT2 has the lowest radical

—s—BT1

—a—BT2
BT3

—»—BT12

0 200 400 600
C (ug/mL)
Fig 4. Inhibition of DPPH free radical in the presence of

pyrimidinium betaines
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scavenging activity over the entire concentrations range
(0-500 pug/mL). Fig. 5 shows the impact of concentration
on betaines' antioxidant activity, using different
concentrations (25, 100, 500 pg/mL) as an example,
maintaining the reaction time constant for 180 min.

Fig. 5 indicated that the antioxidant's efficiency
increased as the concentration of the tested betaines
increased. At 25 ug/mL, the antiradical activity of the
betaines was very weak, and the percentages of inhibition
of DPPH radical by the compounds BT1, BT2, and BT12
were very close and lower than that of BT3. At 100 ug/mL,
their antioxidant capacity was moderate. At the
maximum value (500 ug/mL), the antioxidant's power
had increased, and monocyclic betaine BT1 had the
highest activity that was comparable to long-chain betaine
BT12 (p < 0.05).

Betaines' DPPH radical scavenging activity could be
due to their reducing action by electron donation,
converting a free radical to a nonreactive species [20]. The
nitrogen-atom conjugated systems that are more
abundant in monocyclic betaine BT1 and fatty betaine
BT12 than in bicyclic betaines BT2 and BT3 may be
responsible for the antioxidant activity of these two
molecules. In betaines BT1 and BT12, the radical formed
is strongly stabilized by resonance through the phenyl and

carbonyl groups [22].

Reducing power assay

The reducing properties of tested betaines at 700 nm
are illustrated in Fig. 6. As shown in Fig. 6, all betaines
displayed potent reducing power in a concentration-
dependent manner. With increasing concentrations, the
reducing power of the tested betaines increased, reaching
a plateau further than 200 g/mL.

To investigate the effect of concentration on
betaines' reducing power, we used as an example three
different concentrations (20, 100, 500 ug/mL), as shown
in Fig. 7. By examining the results, we observed that the
reducing power of each betaine examined increased
somewhat with increasing concentration and that on the
three proposed concentrations, monocyclic betaine BT1
exhibited the highest reducing power, while long chain
betaine BT12 revealed the lowest one. Decreased reducing

70  25pg/mL
__60 1 I u 100pg/mL I
Sg I -
< 50 4 500pg/mL
z
o b I
& 40 _
§ 307 : |
3
= 20 -
= I

10 4

04

BT1 BT2 BT3 BT12

Fig 5. Effect of concentration on the antioxidant activity
of tested betaines

BT3

0.25 4
—_— 0.2 - 3
E =
=4

0.15 4 N,/ﬁ/g
s i —e— BT1
5 —8—BT2
<3
w
2

100 200 300 400 500 600
Concentration (pg/mL)
Fig 6. Reducing powers of pyrimidinium betaines

0.25 -
2 20pg/mL
_ 02 I = 100pg/mL
E - I + 500g/mlL
20.15 1 I
: I
£
8 01+
£ 0
]
5 0.05 4
0 .
BT1 BT2 BT3 BT12

Fig 7. Effect of concentration on reducing the power of
pyridinium betaines

power of BT12 appears to be related to a steric effect
[22]. The presence of a long alkyl chain in fatty betaine
could provide steric hindrance, which would decrease the
contact with the Fe’* ions. Based on the previous findings,
we conclude that in both tests (DPPH and reducing
power), the antioxidant efficiency of betaines increases
with increasing concentration and that monocyclic
betaine BT1 has the highest antioxidant activity.

Fatiha Malki et al.



96 Indones. J. Chem., 2023, 23 (1), 90 - 100

The results of the effect of concentration on the
reducing power of betaines and reference antioxidants
(BHA and vitamin C) are shown in Fig. 8. As shown in
Fig. 8, the evaluated betaines were less active than the
reference antioxidants BHA, BHT, and Vitamin C (p <
0.05). The Ilatter is
concentration and showed the highest activity. With

strongly influenced by the

regard to the molecular structures, the reference
antioxidants' higher reducing power could be due to the
presence of hydroxyl groups in their structure [31], while
the pyridinium betaines' lower reactivity was mainly due
to steric hindrance in these molecules.

Effect of Time

We used two methods to study the effect of time on
the antioxidant activity of selected betaines: the DPPH
radical scavenging assay and the f-carotene bleaching assay.

Test for DPPH radical scavenging

To assess the scavenging activity as a function of
time, kinetic studies of the DPPH-betaines reaction were
conducted while keeping their concentration constant at
300 ug/mL. The percentages of inhibition of the DPPH
radical as a function of time are represented in Fig. 9.

Fig. 9 illustrated that the antioxidant activity of the
betaines increased as the reaction time increased. The
results revealed that specific activity of the compounds
was obtained depending on the reaction time used: during
the 0-60 min period, bicyclic betaines BT2 and BT3 had
low activity, as did monocyclic BT1 and fatty chain
betaine BT12, which were more active. As the reaction
time increased, the antioxidant activity of the betaines
increased as well. They reached their highest activity at the
maximum time of 240 min, at which monocyclic betaine
BT1 showed the highest activity compared to other
compounds (p < 0.05).

Fig. 10 depicts the influence of time on the antioxidant
activity of studied betaines for 30, 120, and 240 min. As
can be seen, the antioxidant activity was significantly
improved from 30 to 240 min (p < 0.05). The results
showed that the studied betaines were more effective at
240 min compared to 30 and 120 min. At 240 min,
monocyclic betaine BT1 had the highest antioxidant
activity, while bicyclic BT2 had the lowest one.

3.
= 20pg/mL
25 ® 100pg/mL L
2 J 500pg/mL

Absorbance (700 nm)
. &

(=]
(4]

0 d
BT1 BT2 BT3 BT12 BHA BHT VitC

Fig 8. Effect of concentration on the reducing power of
betaines and reference antioxidants
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Fig 9. Betaines' DPPH radical scavenging activity as a
function of time
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Fig 10. Effect of time on the antioxidant activity of
betaines

From the above findings, we conclude that in the
DPPH assay, the antioxidant activity of betaines is
profoundly influenced by reaction time: the longer the
reaction time, the greater the antioxidant activity.

B-Carotene bleaching test

Fig. 11 represents the bleaching kinetics of [-
carotene in the presence of synthesized betaines and the
reference antioxidant BHT as a positive control. It was
obvious that all betaines efficiently inhibited linoleic acid
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oxidation and prevented [-carotene bleaching. The
findings demonstrated that betaine activity was reduced
with increasing time. The relative rate of reduction in
antioxidant activity with increasing time was not the same
for all betaines investigated. Indeed, as compared to other
betaines, bicyclic BT'3 demonstrated a slower reduction in
antioxidant activity with increasing time.

We calculated the antioxidant activities of betaines
relative to that of positive control (BHT) for 2, 24, and
48 h. The results are shown in Fig. 12. According to the
results, the highest oxidation inhibitory action of linoleic
acid in the presence of tested betaines is observed at 2 h,
and the effectiveness of the monocyclic BT1 and bicyclic
BT2 reduced significantly with increasing time (p < 0.05).
At 48 h, the highest activities were found for BT3 (RAA =
90.02 +1.01%) and BT12 (RAA =76.22 + 1.08%), whereas
the activity of BT1 (RAA =45.57 £ 0.47%) was lower than
that of BT2 (RAA = 63.25 + 1.9%).

A decrease in antioxidant activity with increasing
reaction time could be caused by a decrease in the ability
of antioxidants to react with free radicals (particularly
with peroxyl radicals of fatty acids) and, consequently, a
discoloration of B-carotene by radicals produced by fatty
acid oxidation, since the assay is carried out in an aqueous
emulsion of linoleic acid and (-carotene. Through the
results above, we noted that bicyclic betaine BT3 exhibited
the highest inhibition of linoleic acid oxidation at all times
when compared to BHT. In contrast, long-chain betaine
BT12 showed higher antioxidant activity in comparison
to monocyclic BT1, especially at 24 and 48 h (p < 0.05).
Increasing lipophilicity appears to have resulted in an
increase in antioxidant activity. In the P-carotene
discoloration test, steric effects can be very important.
Indeed, the presence of four phenyl groups in monocyclic
betaine BT1 may cause steric hindrance, resulting in low
reactivity. The greater reactivity of bicyclic betaine BT3
may, on the other hand, can be attributed to its smaller
molecule size when compared to the other betaines.

The results of the antioxidant activities of betaines
and reference compounds (BHA and vitamin C) relative
to that of the BHT at 2, 24, and 48 h are shown in Fig. 13.
Compared to the tested compounds, BT3 and the
reference antioxidant BHA exhibited the highest

inhibition of linoleic acid oxidation at all times relative to
BHT. Although the activity of BT1 was the lowest among
the other betaines, it was much higher than that of
ascorbic acid (Vitamin C) used as a positive control (p <
0.05), which was very poor in activity.

—— BHT
—8—BT1
—BT2

—»—BT3

0 1'0 2.0 3.0 4'0 5.0 6-0
Time (h)

Fig 11. Antioxidant capacity of synthesized betaines in

linoleic acid/P-carotene system
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Fig 15. Effect of temperature on the antioxidant activity
of betaines and reference antioxidants

Effect of Temperature

Temperature is one of the most significant factors
influencing antioxidant activity [40]. The effect of
temperature on the antioxidant power of betaines was
investigated using a -carotene assay. Fig. 14 represents
the antioxidant activity of the betaines tested and BHT in
the B-carotene/linoleic acid system at 25 and 50 °C, after
2 h of inhibition of the oxidation of linoleic acid. As can
be seen, the antioxidant activity in the B-carotene/linoleic
acid system increased as a function of temperature;
increasing temperature caused an increase in antioxidant
activity, indicating a high dependence of the antioxidant
activity on the temperature.

According to the findings, heating betaines and
reference antioxidants to 50 °C was found to be more
effective, and as Fig. 15 showed, the pyrimidinium
betaines exhibited considerable antioxidant activities
compared to those of the reference antioxidants. The

above revealed that the temperature has a favorable
effect on the inhibition of the oxidation of linoleic acid.

m CONCLUSION

In this study, four pyrimidinium betaines were
evaluated for their antioxidant capacities by three
methods, and the effects of some factors such as
concentration, reaction time and temperature on their
antioxidant activity were investigated. The results
revealed that all the betaines tested had potent
antioxidant and free radical scavenging properties in
various assays. The findings indicated that, in both the
DPPH and the reducing power assays, antioxidant
activity increased as the concentration increased;
however, increasing the temperature caused an increase
in antioxidant activity in the {-carotene/linoleic acid
system. On the other hand, as time increased, the
antioxidant capacity increased in the DPPH assay, but it
decreased in the [-carotene bleaching assay. By
comparing the results obtained according to the three
methods, it can be seen that the antioxidant activity
varies depending on the method used and that the
different factors affect the antioxidant activity in a
different order. This could be due to differences in
reaction conditions, molecular interactions in the
reaction medium, specific free radicals being used as a
reactant and radical kinetics. In vitro antioxidant assays
suggest that pyrimidinium betaines may be important
sources of synthetic antioxidants that could be helpful in
preventing the progression of various oxidative stresses
and could have significant and wide applications in the
pharmaceutical and food industries.
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Ni/Al-B (428.94 m’/g) was increased mainly up to twenty-nine-fold than Ni/Al LDH
(15.11 m?/g), while Ni/Al-G (21.59 m?/g) had slightly increased than pristine LDH.
Composite of Ni/Al-B had reusability properties for Fe(II) adsorption up to five cycles and
showed higher structural stability. The adsorption capacity of Ni/Al-B was 104.167 mg/g
and can be a potential adsorbent to remove Fe(Il) from an aqueous solution.
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= INTRODUCTION such as zeolite, clay, metal oxide, bentonite, kaolinite,

Adsorption is suitable for removing various and layered double hydroxide have pores and layers as

wastewater pollutants such as organic molecules, heavy active sites for adsorption [10-13]. Inorganic adsorbents

metals, and dyes [1-2]. This method offers several are temperature resistant. Based on the advantages and

advantages: fast process, easy to conduct, and high disadvantages of = organic-inorganic  adsorbents,

.- . modification of adsorbents based on organic-inorganic
efficiency. The successful adsorption process depends on & &

. ials i . . . lore, i
the properties of the adsorbent. The adsorbent can be materials is an interesting topic to explore, in regards to

categorized as inorganic and organic adsorbents [3-5]. obtain novel properties of adsorbents for the removal of

Each type of adsorbent has advantages and disadvantages pollutants.

depending on the pollutants and properties of adsorbents Layered double hydroxide (LDH) is an inorganic

[6]. Organic adsorbents such as chitin, chitosan, cellulose, layered material consisting of divalent and trivalent
metal jons with the general formula [M*,
M (OH),* (A" )yn] - nH,O, where M is divalent and

trivalent metal ions and An- is interlayer anions with

lignin, and algae have various functional groups, which
can be used as active sites for the adsorption process [5,7-
9]. The organic adsorbents are easily decomposed by

temperature. On the other hand, inorganic adsorbents valence n [14]. The merit of this material is that it can be
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easily modified using various supports by intercalation,
impregnation, and support matrix to improve the stability,
the interlayer space, and also the thermal/physical
properties of the material. LDH is widely used as an
adsorbent to remove pollutants from aqueous solution, as
reported by Bessaies et al. [15] in which the Ca/Al and
Zn/Al LDH have been studied as arsenic removal. The
adsorption capacity was obtained at 10.31 and 30.13 mg/g
for Ca/Al and Zn/Al LDH, respectively. Rahmadan et al.
[16] reported that ZnAl was prepared for the adsorption
of cadmium from an aqueous solution and the adsorption
capacity was 22.727 mg/g. In another research, LDH was
also widely prepared to remove dyes. According to
Starukh and Levytska [17], ZnAl LDH was studied for
indigo carmine removal at 298 K and obtained an
adsorption capacity of 47 mg/g. Mg-Al-Cu-Fe-CO;
LDH was prepared to remove acid red in adsorption with
pH 6.8 at 298 K. The adsorption results showed that the
adsorption capacity reached 66.19 mg/g from an initial
of 66.1 mg/L.
adsorption process of LDH still has limitations and has

concentration Unfortunately, the
become challenging for researchers. Furthermore, the
modification of LDH using several techniques has been
explored.

The modification of LDH by intercalation and
impregnation is also conducted to increase the interlayer
space and stability of materials such as polyoxometalate,
organic compounds, and also carbon-based materials.
According to Palapa et al. [18], the unique adsorption
process of malachite green was obtained by CuAl LDH
intercalated using polyoxometalate. The adsorption
capacity showed equal data with increasing surface area
properties of the material before and after intercalation.
The adsorption capacity CuAl LDH intercalated using
polyoxometalate is 149.253 mg/g, higher than 55.866 mg/g
from CuAl LDH pristine. Siregar et al. [19] showed that
the composites of Mg/Al-AH and Mg/Al-HC had a higher
adsorption capacity for Cr (VI) (32.017 and 208.333 mg/g,
respectively) than pristine Zn/Cr LDHs (30.211 mg/g).
Choong et al. [20] had reported the study of
polyacrylamide polyvinyl alcohol. LDH results in higher
efficiency for As(V) and As(III) removal with maximum
adsorption capacities of 22.8 and 14.1 mg/g, respectively,

higher than that of pristine LDH with adsorption
capacities of 7.9 and 7.1 mg/g, respectively. Lv et al. [21]
also reported that as-prepared ternary (Fe@LDH/rGO)
had good efficiency and capacity for Cr(VI) oxyanions.
The adsorption capacity increased after modification,
from 5.94 to 14.68 mg/g.

Based on the mentioned literature, it is shown that
the development of LDH by impregnation to form
carbon-based composite is intriguing research. In the
current study, LDH Ni/Al will be composited with
carbon-based materials i.e., biochar (B) and graphite
(G), to form Ni/Al-B and Ni/Al-G composites. B and G
are carbon-rich materials and can stabilize the formation
of LDH composites. Ni/Al-B and Ni/Al-G composites
will be used as adsorbents for iron(II) from an aqueous
solution. The reusability of composites will be
investigated first to evaluate the structural stability of
composites followed by the adsorption thermodynamics
of iron(II).

m EXPERIMENTAL SECTION
Materials

Chemicals such as nickel(II) nitrate, aluminum
(IIT) nitrate, sodium hydroxide, iron(II) nitrate, sodium
carbonate, and graphite were supplied from Merck and
used directly after being purchased. Biochar was
obtained from Bukata Organic Java, Indonesia, by
pyrolysis of Indonesian Java rice husk. Water was
purified several times by Purite® water resin ion
exchange method.

Instrumentation

Characterization of materials was performed by
powder XRD Rigaku Miniflex-600 by scanning at
1°/min. Functional groups were analyzed by FTIR
Shimadzu Prestige-21 using the KBr method. BET
analysis was conducted wusing Quantachrome
Micrometric 2020, and the sample was degassed under
liquid N, prior to analysis. Thermal analysis was
conducted using TG-DTA Shimadzu analyzer using N,
flow. SEM analysis was conducted using Scanning
Electron Microscopes (SEM) analyzer SU800 Series. The

concentration of Fe(II) was analyzed by UV-Visible Bio-
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BK-UV 1800 PC after
complexation using 1,10-phenanthroline as a ligand at

510 nm.

Base spectrophotometer

Procedure

Synthesis of Ni/Al LDH

Ni/Al LDH was synthesized by the coprecipitation
method at pH 10. As much as 100 mL of nickel(II) nitrate
and aluminum(III) nitrate mixture was made with a
concentration ratio of 3:1. The mixture was constantly
stirred at room temperature, and sodium carbonate
(0.3 M) was added. The pH mixture was adjusted to 10 by
the addition of sodium hydroxide solution. The reaction
was kept at 80 °C for 24 h. The solid material was filtered,
washed and dried at 110 °C.

Preparation of Ni/Al-G and Ni/Al-B

Preparation of Ni/Al-G and Ni/Al-B was conducted
by the coprecipitation method. As much as 100 mL of
nickel(IT) nitrate and aluminum(III) nitrate mixture with
the concentration ratio molar of 3:1 was stirred for
60 min. G was added to the mixture by constant stirring
followed by the addition of sodium hydroxide (2 M). The
pH of the mixture was adjusted with a solution of sodium
hydroxide up to pH 10. The reaction mixture was
constantly stirred for 72 h. The solid material of Ni/Al-G
was formed, washed, and dried at 110 °C for 3 days. The
preparation of Ni/Al-B was similar to Ni/Al-G but by
changing G to B to form Ni/Al-B.

Structural stability of materials toward re-adsorption

Structural stability of Ni/Al-G, Ni/Al-B, Ni/Al LDH,
G, and B was evaluated by Fe(II) re-adsorption process
after desorption using an ultrasonic system. After Fe(II)
adsorption, the adsorbent was desorbed by an ultrasonic
system equipped with a water chamber and then the
adsorbent was dried at 110 °C for 3 h. The adsorbent was
then reused for Fe(II) adsorption. Re-adsorption was
performed until five cycles.

Adsorption isotherm

Adsorption of Fe(II) on composite and pristine
materials was conducted by the batch system. Adsorption
isotherm was studied by variation of the Fe(II) initial
concentration and temperature. The concentration of
Fe(II) was adjusted to 10, 20, 30, 40, and 50 mg/L and

adsorption temperature was set to 30, 40, 50, and 60 °C.
The concentration of Fe(II) after adsorption on the
filtrate was analyzed at 510 nm using a UV-Visible
spectrophotometer.

m  RESULTS AND DISCUSSION

The XRD powder patterns of the composite based
on B and G and also the pristine materials are presented
in Fig. 1. Ni/Al LDH had diffraction patterns at 11.63°
(003); 23.00° (006); 35.16° (012); 39.56° (015); 47.4°
(018) and 61.59° (110) [22]. These patterns show the
formation of well-known layer structures at 11.63° (003)
and 61.59° (110). The diffraction pattern of Ni/Al LDH
shows the high crystallinity of the material, which was
different from B, as shown in Fig. 1(b). B had a broad
diffraction pattern and had one maximum diffraction
peak at around 22.30° (002). The diffraction at (002) was
attributed to the high carbon content of B from rice husk
[23]. On the other hand, the diffraction peak of G was
one sharp peak at 26.5° (002) and one small peak at 54°
(004). These diffraction peaks were reflected from
polyarene structures [24]. The formation of composite
based on the carbon material i.e., Ni/Al-B and Ni/Al-G,
is shown in Fig. 1(d) and 1(e). Ni/Al-B had a broad
diffraction peak, which was similar to B at 22.3° (002).
Other diffraction peaks were detected at 11.63° (003)
and 36° (012) that come from Ni/Al LDH. Thus, the
formation of the composite was based on the starting

’_JL__J\J (e)

(d)

Intensity (a.u.)

(b)
(@

T
10 20 30 40 50 60 70 80
20 (deg)

Fig 1. XRD patterns of Ni/AL LDH (a), B (b), G (¢),
Ni/Al-B (d), and Ni/Al-G (e)
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materials. These phenomena were also found for the
composite based on G. Ni/Al-G had higher crystallinity
than Ni/Al-B. The diffraction of Ni/Al-G was detected at
11.63°, 26.5° (middle intensity), 29° (high intensity), and
low intensity at 32°, 41°, 44° and 48°. All diffractions were
contributed to LDH and G. Thus, the formation of a
composite based on carbon materials was successfully
conducted.

The functional groups of the composite and pristine
materials were detected by FTIR spectra, as shown in Fig.
2. Ni/Al LDH had main vibration peaks at 3448 cm™ (v
O-H stretching), 1635cm™ (vO-H bending), and
1381 cm™ (v N-O, nitrate, stretching). B had an organic
compound and the main vibration appeared at 3448 cm™
(vO-H stretching), 1635cm™ (v O-H bending, and
1095 cm™ (v C-O stretching). The C-H vibration was also
found at 2368 cm™ on B. Similar vibration with B was
detected on G at 3448, 2368, 1635, and 1381 cm™! [25].
Composites Ni/Al-B and Ni/Al-G consisted of LDH, B,
and G thus, all vibrations of LDH-B and LDH-G should
have appeared with almost similar vibrations, as shown in
Fig. 2(d) and 2(e).

The nitrogen isotherm adsorption-desorption of
composite and starting materials is shown in Fig. 3. All
materials have a hysteresis loop due to the adsorption step
being different from the desorption step. The materials
also had type IV adsorption-desorption curves in which
the distribution size of the materials was ununiform [26].
Mesoporous size type was mixed with microporous size
in this case. The data of the adsorption-desorption
isotherm in Fig. 3 was then calculated using Brunauer-
Emmett-Teller (BET) method to obtain the value of the
surface area, pore size, and pore distribution, as shown in
Table 1.

The BET data in Table 1 shows that Ni/Al-B had a

Indones. J. Chem., 2023, 23 (1), 101 - 112

higher surface area properties compared to the Ni/Al-G
composite. The increased surface area properties of
Ni/Al-B are almost twenty-nine-fold that of Ni/Al LDH.

1635138119 794

2368
(e) 3448 : e
I | I
|

(d) [

(%) Transmittance

T T T T T T T T T T 1
3000 2500 2000 1500 1000 500
Wavenumber (cm™')

Fig 2. FTIR spectrum of Ni/Al LDH (a), B (b), G (c),
Ni/Al-B (d), and Ni/Al-G (e)
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Fig 3. N, adsorption-desorption profile of Ni/Al LDH
(a), B (b), G (¢), Ni/Al-B (d), and Ni/Al-G (e)

Table 1. BET data of materials

Materials Surface area Pore size Pore volume
(m%/g) (nm), BJH (cm?/g)gu

Ni/Al LDH 15.11 2.90 0.04

B 50.94 12.09 0.02

G 11.56 3.17 0.03

Ni/Al-B 438.94 12.30 0.002

Ni/Al-G 21.59 3.15 0.03

Neza Rahayu Palapa et al.



Indones. J. Chem., 2023, 23 (1), 101 - 112

On the other hand, the surface area and pore size of Ni/Al-
G were slightly higher than Ni/Al-B. The lower surface
area of Ni/Al-G compared to Ni/Al-G was because G
covered the surface sites of LDH by polyarene. The active
site of Ni/Al-G was dominated by G, which was collated
with a composite of high crystallinity, similar to G.

Fig. 4 shows the thermal properties of the

12+
(a)

105

composites and starting materials. Ni/Al LDH is an
inorganic layer material that had three endothermic
peaks, as shown in Fig. 4(a). The endothermic peaks
were identified at 100 °C (loss of water on surface
material), 220 °C (loss of water of crystallization), and
320 °C (decomposition of anion on the interlayer). On
the other hand, B, which is an organic material had one

12.54

(b) (c)

12.44

TGA

12.3 1

T T T
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T
200
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Fig 4. TGA profile of Ni/Al LDH (a), B (b), G (c), Ni/Al-B (d), and Ni/Al-G (e)

Fig 5. SEM images of Ni/Al LDH (a), Ni/Al-B (b), and Ni/Al-G
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Fig 6. The particle size of Ni/Al LDH (a), Ni/Al-B (b), and Ni/Al-G (c)

endothermic peak and one exothermic peak. The
endothermic peak at 95 °C was attributed to the loss of
water on surface B. The exothermic peak at 490 °C was
identified as the oxidation of an organic compound on B.
The G material had one endothermic peak at 795 °C due
to the decomposition of the G layer [27]. Composites
Ni/Al-B and Ni/Al-G had both endothermic and
exothermic peaks, which was related to the decomposition
of inorganic substances and oxidation of organic molecules
on the composite, as shown in Fig. 4(d) and 4(e).

The SEM images and particle size of Ni/Al LDH,
Ni/Al-B, and Ni/Al-G are shown in Fig. 5 and 6. Based on
Fig. 5, it is indicated that the morphology of Ni/Al LDH,
Ni/Al-B, and Ni/Al-G materials form aggregates and
tends to be heterogeneous. From the data of particle sizes
in Fig. 6, it can be seen that the mean particle size of Ni/Al
LDH, Ni/Al-B, and Ni/Al-G are 4.787, 6.568, and
11.328 pm, respectively.

To evaluate the ability of a composite as an
adsorbent with high stability structure toward the
adsorption of Fe(II), the regeneration and re-adsorption
of the adsorbent was performed until five cycles as shown
in Fig. 7. FTIR analysis was carried out on the adsorbent

after the re-adsorption process (Fig. 8) which showed no
change in the material structure characterized by
insignificant wavenumber shifts and vibrations that
appeared the same as the initial material.

The composite of Ni/Al-B had a higher adsorption
capacity than Ni/Al-G. As mentioned in the previous
results, the surface area of Ni/Al-B was higher than Ni/Al-
G and Ni/Al LDH, thus giving the highest adsorption

3 NiAI-LDH
HE B
e
NN NiAI-B

100 +

Adsorption (%)

1

Cycle
Fig 7. Reusability
adsorption process

of adsorbent until five cycles re-
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Fig 8. FTIR spectrum of Ni/Al-B and Ni/Al-G after the re-adsorption process

capacity toward Fe(II). Adsorption of Fe(II) on B was
higher than on G. The reusability of the Ni/Al-B adsorbent
until five re-adsorption processes gave a relatively stable
structure toward Fe(II) adsorption compared to the other
adsorbents. The Fe(II) adsorption on Ni/Al-B at five re-
adsorption processes reached more than 70%. These
phenomena showed that the active site of Ni/Al-B was
relatively retained, although it had adsorption-desorption
cycles [27-28]. The composite of Ni/Al-G also showed
similar phenomena to Ni/Al-B. Although the adsorption
capacity of Fe(Il) in Ni/Al-G is low, the re-adsorption
process resulted in almost the same adsorption capacity,
in the range of 39-32%, up to five cycles The pristine
material of Ni/Al LDH had decreasing adsorption
capacity at the third re-adsorption cycle due to the
exfoliation of the LDH structure. The adsorption capacity
of B and G was also decreased sharply due to unstable
organic materials toward the desorption process. Thus,
the formation of composite by carbon-based materials
can increase the structural stability of Ni/Al LDH.
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Adsorption of Fe(II) on the aqueous solution by
pristine materials and composites is shown in Fig. 9.
Adsorption of Fe(II) gradually increased by increasing
the Fe(II) initial concentration and reached equilibrium
at almost 40 mg/L for all adsorbents. Adsorption of
Fe(II) was increased with increasing adsorption
temperature from 303 K to 333 K. The data in Fig. 9 was
then calculated using Langmuir and Freundlich
isotherm models to obtain the adsorption isotherm
of Fe(Il).
thermodynamic was obtained by the calculation of AH,
AG, and AS. The isotherm data and adsorption
thermodynamics are presented in Tables 2 and 3.

model Furthermore, the adsorption

Adsorption isotherm Langmuir and Freundlich
models were applied to obtain adsorption isotherm of
Fe(II) on composites and starting materials. The
isotherm for each adsorbent followed different types of
models. Starting materials of G, B, and Ni/Al LDH
almost follows the Langmuir model more than the
Freundlich model. Layered materials such as Ni/AL LDH
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Table 2. Isotherm model for Fe(II) adsorption on LDH, B, G, and composites

Adsorbent A.dsorption Adsorption T (K)
isotherm constant 303 313 323 333
G Langmuir Qumax 22.936 20.523 22.936 23.310
ki, 0.199 0.387 0.906 1.977
R? 0.9678 0.9913 0.9993 0.999
Freundlich n 0.498 27.855 25.575 32.468
kg 6.411 18.180 19.355 20.711
R? 0.9849 0.9538 0.9616 0.9809
B Langmuir Qmmax 25.974 26.455 27.248 31.250
ke 0.241 0.393 0.633 0.295
R? 0.9869 0.993 0.9974 0.9436
Freundlich n 0.148 1.2 1.647 2.398
kg 2.718 4.061 7.852 12.578
R? 0.999 0.999 0.999 0.999
Ni/Al LDH Langmuir Qumax 29.412 27.701 30.395 31.447
ke 0.999 1.597 0.997 2.356
R? 0.9486 0.999 0.9964 0.9995
Freundlich n 16.949 0.174 0.225 24.272
ks 20.554 3.284 2.116 2.734
R? 0.9906 0.9993 0.9934 0.9845
Ni/Al-G Langmuir Qmax 42.373 31.056 28.653 26.954
ke 0.138 0.366 0.650 1.111
R? 0.9618 0.9997 0.9983 0.970
Freundlich n 31.250 35.587 28.902 31.746
kg 17.968 19.422 20.384 21.513
R? 0.9762 0.9465 0.9834 0.9959
Ni/Al-B Langmuir Qumax 104.167 48.309 42.017 42.017
ke 0.137 0.593 1.478 1.831
R? 0.997 0.725 0.932 0.999
Freundlich n 0.275 0.413 0.723 2.257
kg 1.422 1.382 1.239 1.035
R? 0.9663 0.9276 0.9907 0.9905
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Table 3. Adsorption thermodynamic of Fe(II) on LDH, B, G, and composites

Adsorbents T (K) Q. (mg/g) AH (kJ/mol)  AS (kJ/mol)  AG (kJ/mol)
303 19.268 9.056 0.035 -1.408
G 313 20.428 -1.753
323 21.929 -2.099
333 22.849 -2.444
303 22.149 1.022 0.032 -8.666
B 313 23.79 -8.985
323 25.39 -9.305
333 26.551 -9.625
303 24.730 13.562 0.045 -0.052
Ni/Al LDH 313 26.991 -0.501
323 28.772 -0.950
333 30.643 -1.400
303 19.968 9.449 0.036 -1.561
Ni/AL-G 313 21.248 -1.924
323 22.769 -2.288
333 23.790 -2.651
303 29.218 13.943 0.049 -0.958
Ni/ALB 313 31.027 -1.450
323 33.108 -1.942
333 35.317 -2.433

Table 4. Comparison of Fe(II) adsorption capacity on several adsorbents

Adsorbent Adsorbate Adsorption capacity Reference
(mg/g)

Co/Mo LDH 10 [31]
Ca/Al LDH 11.16 (32]
Zn/Cr-POM 76.923 [19]
Banana peel 33.79 [33]
Intercalated Ca/Al LDH 11.93 [32]
Bentonite 7.09 [34]
Chitosan 64.10 [35]
Sawdust 6.54 [36]
Rice husk ask 6.211 [37]
Pomegranate peel carbon Fe(II) 18.52 [38]
Zn/Cr LDH 50 [19]
Intercalated Co/Mo LDH with carbonate 77.9 [39]
Ni/Al LDH intercalated with kegging ion 36.496 [22]
Rice husk ask

Ni/Al LDH 31.447 This Work
B 31.250 This Work
G 23.310 This Work
Ni/Al-B 104.167 This Work
Ni/Al-G 42.373 This Work
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and G follow the Langmuir isotherm model, while B
follows the Freundlich model. On the other hand, Ni/Al-
G and Ni/Al-B follow Freundlich and Langmuir isotherm
models, where the R-value was close to one [29].
Adsorption temperature gave an effect on the isotherm of
Fe(II) on composites such as Ni/Al-G at low temperatures
following the Langmuir isotherm model, but Ni/Al-B
follows the Freundlich isotherm model. The adsorption
thermodynamic of Fe(II) on composites and starting
materials shows negative AG for all temperature
adsorption due to the spontaneity of the adsorption
process. The negative value of AG increased by increasing
the temperature. The opposite result was found for AS,
which had a positive value due to growing randomness of
the adsorption process between adsorbent and adsorbate.

The value of AH was also positive. The value of AH for
G, B, and Ni/Al LDH was 9.056-43.540, 1.022-40.655, and
13.562-54.939 kJ/mol, respectively. On the other hand,
the value of AH for composites was higher than the starting
materials namely in the range of 9.449-75.800 kJ/mol. All
value of AH was less than 100 k]J/mol, and that was
categorized as physical adsorption [30]. Although the
involvement of chemical interaction occurred in the
adsorption, their contribution was low. Thus adsorption
of Fe(II) on the starting materials and composite was
classified as physical adsorption.

Table 4 shows that various adsorbents had been
tested to remove Fe(II) from an aqueous solution ranging
from organic to inorganic adsorbents. The composite of
Ni/Al-B in this research shows the highest adsorption
capacity among the other adsorbents. On the other hand,
Ni/Al-G had a middle adsorption capacity, only up to
42373 mg/g and slightly higher than the starting
materials. Thus Ni/Al-B was a potential composite for the
removal of Fe(II) from an aqueous solution.

m CONCLUSION

Composites Ni/Al-G and Ni/Al-B were successfully
prepared and had different adsorption properties toward
Fe(II) on the aqueous solution. The surface area of Ni/Al-
B (438.942m’/g) was largely higher than Ni/Al-G
(21.595 m?*/g). Adsorption of Fe(II) on the composite was
higher than on the starting material. The adsorption

capacity of Ni/Al-G and Ni/Al-B was up to 42.373 and
104.167 mg/g, respectively. The adsorption energy was
less than 100 kJ/mol for both starting materials, and
composites indicated that the adsorption of Fe(II) on G,
B, Ni/Al LDH, Ni/Al-G, and Ni/Al-B was physical
adsorption. Ni/Al-B can be reused up to five cycles of re-
adsorption and shows the structural stability toward the
adsorption of Fe(II).
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Abstract: The potential of dye-sensitized solar cells (DSSC) as an alternative to depleting
fossil fuels has been investigated. To optimize performance and efficiency, the effectiveness
of PVDF and PVDF nanofiber (NF) membrane-based electrolytes in suppressing solvent
leakage and evaporation in liquid electrolyte systems was evaluated. SEM results for
PVDF NF membranes showed the formation of a network with a three-dimensional
structure with a diameter of 100-300 nm and an average thickness of 0.14 mm. The
Infrared (IR) spectrum shows the electrolyte and polymer-PVDF interactions. Differential
Scanning Calorimetry (DSC) curve shows the melting transition of PVDF NF 7.66% lower
than PVDEF. Efficiency and resistance of DSSC based on natural dyes as measured by
multimeter and Electrochemical Impedance Spectroscopy (EIS) at a solar intensity of
100 mW/cm? showed the highest efficiency of anthocyanin-based DSSC from telang
(Clitoria ternatea L.) flower extract. Its use as a photosensitizer in an electrolyte system
based on PVDF NF membranes resulted in an efficiency that was not significantly
different from that of liquid electrolytes (1.69%).

Keywords: DSSC; natural dye; electrolyte; PVDF; PVDF NF

= INTRODUCTION

counter electrode, and a redox electrolyte [7-9]. In the

Energy, especially electrical energy, is one of the
main drivers of a country [1-2]. Despite being one of the
main needs of the community, the availability of electrical
energy still depends on petroleum, natural gas, and
various sources of fossil fuels which are getting depleted
[3]. As an alternative, the use of solar cell technology is
very promising [4]. The sensitization capability of wide
band gap semiconductors by photosensitizer enables solar
cell technology to convert solar energy into electrical
energy [5]. High energy conversion efficiency and low
electricity production costs compared to silicon solar cells
make DSSC attracts a lot of research interest [6]. DSSC
consists of two conductive glasses with three important
components: a wide band gap semiconductor porous film
with a dye molecule as a photosensitizer, a platinum (Pt)

DSSC system, photo-excitation of the dye produces
electrons which are then injected into the titanium
dioxide (TiO,) semiconductor conduction band, while
the redox reaction occurring at the interface of electrons
is transferred to the counter electrode by an external
circuit will result in regeneration of the oxidized
photosensitizer dye [1].

The dye is one of the determining factors for the
performance of DSSC, where its efficiency is influenced
by the absorption spectrum and the loss of dye on the
TiO, surface. Excellent conversion efficiency, chemical
stability, and intense charge transfer absorption across
the ultraviolet-visible (UV-Vis) light spectrum make
ruthenium polypyrrole complexes one of the most
effective photosensitizers. However, the metal content,
which is not only relatively expensive but also harmful
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to the environment, is the main weakness of this
photosensitizer. Natural organic dyes from various plant
species, such as chlorophyll, have been widely developed
as an inexpensive alternative to ruthenium [5].
Chlorophyll from spinach leaves and Sambucus ebulus
was reported to produce an electrical efficiency value of
1.15% in the DSSC system [10]. The presence of many
chromophores in their molecular structure makes
anthocyanins, betaxanthin, and braziline potential
further

development. Therefore, in this study, standardization of

natural  photosensitizer  candidates  for
the use of anthocyanins from telang flower extract,
betaxanthin from turmeric extract, and braziline from
sappan wood bark extract as a natural photosensitizer for
DSSC.

On the other hand, an electrolyte is one of the
determining factors for DSSC stability. In DSSCs with
electrolytes, their

commercialization [11-12]. Although it provides higher

liquid stability  limits wide
efficiency than gel and solid electrolytes, problems such as
leakage, evaporation of volatile solutions, and iodine
sublimation make liquid electrolytes have short-term
stability [13]. To improve the DSSC stability, several
studies were carried out for the polymer electrolytes
development. High ionic conductivity, solvent-free, and
flexibility are the advantages of this electrolyte. With a
network capable of producing an ionic conductivity
nearly as high as that of a liquid electrolyte and a solid
structure with high mechanical resistance, the utilization
of this electrolyte has the potential to reduce evaporation
and leakage, thus, providing physical stability to the DSSC
[14].

Poly(vinylidene fluoride) (PVDF) is a polymer with
high electrochemical resistance and mechanical strength
compared to other polymers, such as poly(vinyl chloride),
polyacrylonitrile, and poly(methyl methacrylate). Sahito
et al. reported the use of PVDF membrane-based
electrolytes that is promising in the future because even
though they have a 1.9% decrease in efficiency compared
to liquid electrolytes, they have much better stability [15].
However, its hydrophobic nature reduces the I7/I;~ ionic
mobility in the PVDF. To increase mobility, the use of
PVDF NF membrane made by the electrospinning

method is an ideal choice [16]. Increasing the mobility
of ions in the membrane can increase the stability and
electrical efficiency of the DDSC circuit. The dominance
of amorphous structures in PVDF NF membranes has
the potential to produce higher ionic conductivity than
in PVDF membranes. By combining the use of PVDF
and PVDF NF membrane-based electrolytes as an
effective electrolyte trap and the use of anthocyanins,
betaxanthin, and braziline as natural photosensitizers,
the DSSC system is not only expected to be able to
minimize leakage and produce better performance and
efficiency but also be more eco-friendly than the
previous DSSC system.

m EXPERIMENTAL SECTION
Materials

Several materials with specifications that were used
in this study were ethylene carbonate (EC) anhydrous
(99%) and propylene carbonate (PC) anhydrous
(99.7%), both obtained from Sigma Aldrich (USA);
Iodine (I,) (=99.8%), nitric acid (HNO;) (=99.9%),
fluoride) (Mw~534,000),
acetone (=99.5%) from Sigma Aldrich (Singapore);
potassium  iodide (KI) (299%) and N,N-
Dimethylacetamide (DMAc) (299%) from Merck
(Belgium); Titanium dioxide (TiO,) nanopowder (21 nm;

Poly(vinylidene powder

99.5%) from Sigma Aldrich (China); polyethylene glycol
(PEG-1000) (Mw 1000) from Merck (Germany); Tween-
80 from PT. Brataco Chemika (Indonesia); and
Fluorine-doped Tin Oxide (FTO) glass (resistivity 10 Q)
were obtained from Changchun Yutai Optics Co., Ltd.
(China).

Instrumentation

The instruments included a rotary evaporator
(Buchi R-300), magnetic stirrer (NESCO LAB MS-
H280-Pro), UV-Vis spectrophotometer (Shimadzu UV-
1800), (FTIR)
spectrophotometer (Perkin Elmer Spectrum Two),
Scanning Electron Microscope (SEM) (Zeiss EVO MA-
10), Differential Scanning Calorimetry (DSC) (Linseis
STA PT-1000), Voltammetry (797 VA Computrace
Metrohm), Multimeter (Krisbow KW08-267).

Fourier = Transform Infrared
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Procedure

Natural photosensitizer

Natural photosensitizer was prepared by the
maceration method. Natural dye material is immersed in
a solvent in a ratio of 1:6. The maceration results were
evaporated using a Buchi R-300 rotary evaporator. The
natural dye concentrate is then stored at a temperature of
20-25 °C and ready to be used as a natural photosensitizer
for DSSC.

Electrolyte solution

A total of 9.2 mg I; 0.06 g KI; 0.4 g EC; and 0.4 g PC;
were mixed and stirred using NESCO LAB MS-H280-Pro
magnetic stirrer (100 rpm; 30 min) to prepare an
electrolyte solution.

Electrolyte polymer

PVDF membranes are made by a phase separation
method followed by a casting knife and electrospinning
casting techniques. As much as 18% (w/v) of PVDF has
dissolved in DMAc and acetone (3:2) mixture by stirring
for 12 h (65 °C; 270 rpm). The solution was cast on a glass
plate with a thickness of 0.4 mm at 30 °C for 5 min pre-
immersion, then immersed in 1000 mL aquadest for
30 min. The solid PVDF membrane was washed and dried
for 24 h. Specifically, the electrospinning casting method
was run at a voltage of 15kV, the injector and drum
collector distance of 15 cm, and a flow rate of 1 mL/h for
5h.

Making of TiO paste
A mixture of 0.2 g TiO,, 0.4 mL 0.1 M HNOs, 0.08 g

TiO; paste &
_—>FT0 glass _~—>natural dye
e T
+ =
Carbon FTO glass
Membrane
electrolyte

FTO glass =
Carbon
Membrane - - N
5 4. Natural dye
electrolyte | __;2_. TiO: paste

—= FTO glass

DSSC

PEG-1000, and 0.05 mL Tween-80 were stirred at
100 rpm for 30 min to produce a TiO, paste.

Fabrication of DSSC

The DSSC consists of two glasses: an FTO anode
and an FTO cathode. The FTO anode glass has an active
surface area of 3 cm®. The TiO, paste was coated on the
glass by the doctor blade method, then sintered for 1 h
at 450 °C. The TiO, photoanode was cooled and then
immersed in 10 mL of natural dye for 24 h. PVDF and
PVDF NF membranes immersed in 1 mL of electrolyte
for 1 h were coated on a carbon-coated cathode FTO
glass. Thus, the FTO/TiO./PVDE/Pt/FTO system is
formed (see Fig. 1).

Characterization

The absorption spectrum of the natural UV
photosensitizer was analyzed using Shimadzu UV-1800
UV-Vis Spectrophotometry. The infrared spectra of
liquid electrolytes and PVDF and PVDF-NF membrane-
based electrolytes were analyzed using Perkin Elmer
Spectrum Two FTIR spectrometer with Attenuated Total
Reflection (ATR) mode at 30 °C. Meanwhile, membrane
morphology was analyzed by Zeiss EVO MA-10
Scanning Electron Microscopy. The electrolyte thermal
stability was evaluated using Linseis STA PT-1000
Differential Scanning Calorimetry (DSC) at 70-170 °C
with a 10 °C/min heating rate [1]. Band gap natural
photosensitizers were analyzed based on the reduction
and oxidation currents using 797 VA Computrace
Metrohm Voltammetry. The sample solution was a
mixture of 20 mL of a natural photosensitizer with 5 mL

J =100 mW cm™’

/s

+

h !

Fig 1. Schematic illustration of the DSSC fabrication
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of potassium chloride (KCI) 0.3%. The efficiency of the
DSSC circuit was analyzed based on the current and
voltage obtained from measurements using a Krisbow
KW08-267 Multimeter at 200 k) resistance and 200 mV
voltage, while to get the effect of ionic conductivity on the
Jc value, an electron transport analysis was carried out,
especially the interface resistance in the electrochemical
system of the DSSC circuit using Gamry Reference 3000
Electrochemical Impedance Spectroscopy (EIS).

m RESULTS AND DISCUSSION
Making Electrolyte Polymer

PVDF membranes are known for their good thermal
and chemical stability. The low mass transfer resistance
presented by its asymmetrical structure minimizes the
fouling potential [17-19]. A phase inversion method is a
promising option in this structure preparation due to its
simple process and flexible production scale [20]. The
selection of the right solvent is an absolute requirement to
prevent particle aggregation in this preparation method.
The minimum difference in solubility parameters
indicates a high degree of compatibility with the solvent
[21]. The solubility parameter values of PVDF, DMAc,
and acetone are shown in Table 1.

The phase inversion step is induced using a non-
solvent, namely water [22]. The high difference in the
solubility parameters of PVDF-water (15.88 MPa”),
DMAc-water  (25.23 MPa”*), and  acetone-water
(28.3 MPa*) has caused PVDF-DMAc and PVDF-acetone
systems thermodynamic equilibrium disturbances thus
triggering phase separation. Diffusion of non-solvent in the
casting solution produces a solid PVDF membrane [23].
PVDF
membranes are known to have crystallinity that has the

Despite having various advantages,

potential to inhibit the movement of ions, resulting in low
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efficiency. Therefore, in this study, the effectiveness and
efficiency of using electrolytes based on PVDF
membranes with lower crystallinity will also be
evaluated. PVDF NF has secondary structures such as a
cavity and a core-shell [24]. PVDF NF can be made by
various methods, one of which is electrospinning, which
can produce hollow fibers and porous polymers [25].
The formation of NF is influenced by several factors,
namely polymer concentration, preparation conditions
(temperature, time, and stirring speed), solvent, and
aging time [26-27]. With the method used, NF with
perfect fibers has been obtained without beads and fiber
defects. The addition of acetone can accelerate solvent
evaporation and reduce the concentration of the casting
solution to prevent further bead formation and
conglutination [28].

Natural Dye Absorption

Anthocyanins, betaxanthins, carotenoids,
chlorophyll, and flavonoids are some of the pigments
that have a high potential to be used as natural
photosensitizers in DSSC [29]. Natural dyes are one of
the the DSSC

performance, known as low-cost solar cell technology

main components supporting
[30]. Natural dyes are also known for their eco-friendly
properties. When applied as a natural photosensitizer,
each natural dye has a different sensitivity [31].

The classification of endemic plants spread and
easily found throughout Indonesia makes turmeric
(Curcuma longa) one of the sources of natural
photosensitizer providers for DSSC. Turmeric is a
natural dye containing betaxanthin pigment, which
produces a yellowish orange [32]. To optimize the
betaxanthin extraction, the suitability degree of 3
solvents with different polarities was investigated, namely

Table 1. Hansen solubility parameter

No Material 84 (MPa”) S, (MPa*) &n (MPa”) 8, (MPa”*)
1 PVDF 16 14.3 23.9 32.12

2 DMACc 16.8 11.5 10.2 22.77

3 Acetone 13.0 9.8 11.0 19.7

4 Water 12.2 22.8 40.4 48.0
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distilled water, methanol, and ethanol. The maceration
results show a yellow appearance in distilled water and
orange in methanol as well as in ethanol [33].

Turmeric extract with distilled water showed
absorbance at 502.3 nm (0.523), while 484.3 nm (0.744)
and 462.3 nm (0.735) were indicated by methanol and
ethanol, respectively. A higher absorbance value at
484.3 nm indicates a higher level of pigment solubility in
methanol than in distilled water and ethanol. These
findings are in line with publications reporting the
maximum absorption of turmeric at 480 nm [34].

Braziline is a pigment that produces a red color [35].
With the abundant presence of this bark, braziline is also
very potential to be used as a natural photosensitizer in
DSSC. In this study, the water extract of sappan wood
showed a red color, while the methanol and ethanol
extract both showed a brick red color. The UV-Vis
absorption spectrum of the sappan wood bark extract
showed absorption peaks at 532.0 nm (0.223) for distilled
water, 449.3 nm (0.506) for methanol, and 447.3 nm
(0.539) for ethanol. In contrast to turmeric, the highest
absorbance of the sappan bark extract was shown by
ethanol. The dominant non-polar functional group in the
sappan bark resulted in a higher degree of solubility of the
braziline pigment in ethanol.

Telang flower is known to have high anthocyanin
content. Anthocyanins are natural colorants from the
flavonoid group, which give red, purple, and blue colors
to vegetables, fruits, and wheat grains, almost tasteless and
odorless [36-37]. Maceration of telang flower with aquadest
produces a purple color, while maceration with methanol
and ethanol both produce a bluish-green color. This
bluish-green color is predicted to appear due to the
combination of anthocyanin and chlorophyll pigments.
However, the higher intensity of the green color indicates
the dominant chlorophyll pigment in the methanol and
ethanol extracts. Identification of the UV absorption of
the telang flower extract showed an absorbance value of
0.176 at 574.3 nm; 0.164 at 621.9 nm; and 0.146 at 663.2 nm.
The highest UV absorption at a wavelength of 574.3 nm
indicates the good solubility of anthocyanins from telang
flowers in distilled water. The polar nature of anthocyanins

causes good solubility in aquadest, which has the highest
level of polarity compared to methanol and ethanol [38].

Specifically, the spectrum of the telang flower dye
extract in methanol showed the appearance of 2
absorbance peaks at 663.2 and 621.9 nm. This result is
corroborated by the publication of Jeyaram and
Geethakhrishna, who reported the maximum absorption
of anthocyanins at 629 nm. This spectral region belongs
to the anthocyanin resonance wavelength range, 520-
700 nm. The more m-conjugated the anthocyanin
structure, the stronger the color and the higher the
absorption wavelength [39].

Hardeli et al. reported that anthocyanins are dyes
that have a lot of m-conjugated. The more conjugate
bonds, the more electrons are excited when exposed to
light. Thus, the natural photosensitizer from the telang
flower extract has the potential to produce high-efficiency
DSSCs [40]. Furthermore, Ndeze et al. reported the ability
of the carbonyl and hydroxyl groups of anthocyanins to
retain color on the surface of TiO, and facilitate HOMO
to LUMO electron transfer of dyes which were then
transferred to the TiO, conduction band [41].

Band-Gap Energy of Natural Dye

Natural dyes must have a narrower band gap
energy than the semiconductor energy (TiO,; 3.2 eV for
anatase and 3.0eV for rutile phase) to be a
photosensitizer so that the efficiency of the resulting
DSSC is high. In the DSSC, there is a charge separation
process [42]. Thus, it is important to determine the band
gap energy value of the dye. The determination of the

dye band gap energy follows the equation:

Epomo = —(Eox +44) (1)
E Um0 = —(Ereq +44) (2)
AE = LUMO - HOMO (3)

The results are shown in Table 2.

The dye with the narrowest band gap energy has
electrons with higher excitation potential. Thus, light
sensitivity is also increased [43]. Anthocyanin pigments
become dyes with many conjugate bonds. The more
conjugated chains, the longer the electron resonance
that occurs from the donor structure to the acceptor,
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Table 2. Dyes band gap energy

Volta
Dye
HOMO LUMO Bandgap

Ethanol-sappanwood -4.274 -2.934 1.379
Methanol-turmeric -4.298 -2.907 1.395
Aquadest-turmeric -4.299 -2.905 1.395
Aquadest-telang flower -4.895 -3.713 1.182
Methanol-telang flower -5.396 -3.357 2.038

resulting in a narrower band gap energy. Thus, making
anthocyanin pigments have the highest potential for
improving DSSC performance [44]. Table 5 shows the
energy values for the widest band gap produced by the
telang flower extract in methanol (2.038 eV) and the
narrowest obtained by the telang flower extract in distilled
water (1.182 eV).

Scanning Electron Microscopy (SEM)

Fig. 2 shows the PVDF and PVDF NF (d 100-
300 nm) polymer electrolyte surface morphology. In the
manufacture of PVDF NF polymer by electrospinning
method, parameters such as voltage, tip distance from a
collector, and polymer concentration are parameters that
build surface morphology and fiber diameter on
nanofiber membranes. Significant differences between
PVDF and PVDF NF polymer electrolytes are shown in
Fig. 2(a) and 2(b). Differences were observed in the

formation of nanofiber fibers, larger pore size, higher
porosity, and lower particle density of PVDF NF
compared to PVDF. The SEM images also provide
information on the formation of fine NF without beads
at 18% by weight of the composition. This is in line with
that published by Prasad et al. [45].

To obtain high mechanical strength and stability,
the presence of cross-links in the nanofiber network is
the most promising option because the increase in the
density of the electrolyte-trapping polymer particles
poses a significant obstacle to the electron flow rate in
the DSSC system. Therefore, polymer electrolytes based
on PVDF NF has better application potential in DSSC
circuit systems than PVDF [1].

Photovoltaic Studies

As shown in Table 3, the performance of natural
photosensitizer-based DSSC was determined by analysis

Fig 2. Electrolyte polymer surface morphology of the (a) PVDF 10,000x; (b) PVDF NF 10,000x; (c) PVDF 30,000x;

(d) PVDEF NF 30,000x
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of open circuit voltage (V..), short circuit current density
(Jso), fill factor (FF), and efficiency (n) based on previously
published equations [46]. Furthermore, the effect of using
a combination of dyes and various electrolytes on the
performance of natural photosensitizer-based DSSC can
be seen from the photocurrent-voltage curve presented in
Fig. 3.

The photovoltaic parameters showed a higher ionic
conductivity of the liquid electrolyte than the electrolyte
trapped in the polymer. The presence of a polymer
electrolyte in the charge transport system causes a
decrease in the Pt/electrolyte interface recombination
reaction, thereby reducing the short-circuit current [47].

Among the five types of dye variations used, the
order of efficiency is T-A > S-E > T-M > T,-M > Ty-A.

119

Telang flower produced the highest efficiency, with
1.69% for liquid electrolyte, 1.6% for PVDF NF polymer
electrolyte, and 1.23% for PVDF polymer electrolyte.
The overall efficiency value is much higher compared to
the DSSC system based on a braziline photosensitizer
and liquid electrolyte with the highest efficiency of
0.034% published by Zulenda et al., a chlorophyll
photosensitizer from pandan leaf extract and liquid
electrolyte with an efficiency of 0.1% published by Al
Alwani et al., a chlorophyll photosensitizer from spinach
leaf extract and liquid electrolyte with an efficiency of
0.398% published by Kabir et al. [2,5-6]. High efficiency
is generally determined by the pigment content and
band gap value. Specifically, anthocyanin pigments
contain chromophore and auxochrome (-COOH; -OH),

Table 3. Photovoltaic parameters of DSSC

Jse (107> mA cm™) Vo (mV) FF (1072 %) n (%)
No  Dye

L NF P L NF P L NF P L NF P
1 To-A 35 2.3 1.4 344 340 321 40.5 27.6 235 1.21 0.79 0.45
2 To-M 3.3 3.2 2.2 401 393 354 46.9 36.6 29.5 1.32 1.28 0.77
3 T-A 3.6 34 2.9 475 463 424 25.3 23.8 21.3 1.69 1.6 1.23
4 T-M 33 3.1 2.8 416 389 383 42.5 38.2 32.8 1.36 1.21 1.06
5 S-E 3.6 3.2 2.8 434 416 363 194 17.1 13.4 1.56 1.35 1.03

Notes. Tu: turmeric; T: telang flower; S: sappanwood; A: aquadest; M: methanol; E: ethanol; L: liquid electrolyte; NF: PVDF NF electrolyte;

P: PVDF electrolyte
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Fig 3. Photocurrent-voltage curve for DSSC sensitized by various extracts and electrolytes
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which can absorb light in the energy range of UV visible
light. Chromophores and auxochromes can attach to
Ti(IV) sites on the TiO, surface, which supports electron
transfer from anthocyanins to the TiO, conduction band
[48]. In addition, the high number of conjugated chains
in anthocyanins has triggered the electron resonance
from the donor to acceptor to be longer, resulting in a
narrow band gap value [1].

Electrochemical Impedance Spectroscopy

To get the effect of ionic conductivity on the J
value, an electron transport analysis was carried out by
measuring the interface resistance in the electrochemical
system of the DSSC circuit using EIS [49]. Injection of
small amplitude in the form of voltage into the DSSC
circuit is carried out to obtain voltage and current at a
certain angle frequency in the form of a Nyquist plot [24-
25].

EIS measurements resulted in the parameters R,
Reri, and Rer of the FTO/TiO./dye/electrolyte/Pt/FTO
configuration. Rs is the series resistance, Rer is the
Pt/electrolyte interface charge transfer resistance, and
Rere is the TiOs/electrolyte interface charge transfer
resistance [50].

Rpr
1+ (jw)"PTRpCPEpy

Zpgsc =Rg +

R
+ CTCT (4)

2 —
Dy; ~J0 tanh Jo
jo \ Dy, -1

where nPT is the constant phase element (CPE) referring

+Rp

to the counter electrode/electrolyte, nCT represents the
photoanode/electrolyte interface, Rp is the Warburg
diffusion resistance, and & represents the effective
diffusion length [51]. Table 4 shows the impedance
measurement parameters of the DSSC circuit with

electrolyte variations.

The impedance parameter values in Table 4 show
the values of R,, Reri, and Rer, following the order of
liquid electrolyte < PVDF NF-based electrolyte < PVDF
based electrolytes. The high polymer content tends to
create a 2D network, increasing the resistance for
recombination reactions at the Pt/electrolyte and
TiO./electrolyte interfaces. The polymer density of
PVDF and PVDF NF can also effectively suppress the
increased adhesion of the electrolyte to the counter
electrode [52].

Charge transport kinetics in all three DSSC
electrolytes can be used to predict the TiO, electron life
by referring to Eq. (5).

1 1

= ’[r
(Dmax 2'T[:fl'rlaX

(5)

Tr:

where Wma is the angular frequency and fi. is the peak
frequency. It was found that DSSC with a liquid
electrolyte had a short electron life, whereas a PVDF and
PVDF NF membrane electrolyte had a longer electron
life. The results show that the excited electrons in liquid
electrolyte-based cells recombine with I;” in electrolytes
faster than in PVDF and PVDF NF membrane-based
cells [53]. Thus, the photoelectron’s lifetime (T) on the
photoelectrode follows the order of the liquid < PVDF
NF < PVDF membrane-based electrolyte. This result is
in contrast to the electron recombination rate of the
photoelectrode/electrolyte interface, which follows the
order of liquid > PVDF NF > PVDF membrane-based
electrolyte.

FTIR

To study the interactions of ions/polymers/solvents
and electrolytes, chemical bonds and structures were
analyzed using Fourier Transform Infrared (FTIR)
Spectroscopy [54]. The PVDF and PVDF NF membrane
IR spectra were compared in Fig. 4.

Table 4. Impedance parameters of DSSC

Electrolyte R/Q Reri/Q Rera/Q) T/ms n/%
Liquid electrolyte 5.5 2.0 8.8 2.54 1.69
PVDF NF-based electrolyte 6.2 2.5 9.2 3.37 1.60
PVDEF-based electrolyte 7.4 5.4 9.4 3.87 1.23
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Fig 4. Infra-red spectra comparison of the PVDF and
PVDEF NF

PVDF is a semicrystalline thermoplastic polymer
that has four crystalline phases, namely a, 3, y, and 6 [55].
Bandara et al. publish the location of the a-phase and (-
phase of pure PVDF [1]. Based on the publications of Saha
et al., which report a typical peak of pure PVDF, the

'in the current work

appearance of a peak of 841.15 cm™
indicates CF, asymmetric stretching, while a peak at
873.09 cm™' indicates the combined CF stretching, CF,
stretching vibration, and CH, bending [56]. Peak
appearance at 613.88 cm™' indicates CF, bending and
CCC skeletal vibrations in mixed mode. Respectively, the
peak at 762.71cm™ indicates CH, rocking, while
795.97 cm™ indicates CF; stretching vibration. The CF
stretching at 975.61 and 1182.17 cm™ also became the
most significant peak marker for the PVDF crystal phase.
Three peaks remain, namely at 1066.92; 1402.30; and
2984.09 cm™’, showing CH bending, CH, wagging, and
CH, asymmetric stretching, respectively. Several peaks
indicating the amorphous phase of PVDF are also shown
in Fig. 5.

By comparing the two, PVDF and PVDF NF, a slight
shift in peak position was detected. For example, the
appearance of a peak at 841.15 cm™, which is a marker of
CF, asymmetric stretching in PVDF, shifted to
838.81 cm™ in PVDF NF. Furthermore, a slight shift in
the peak was also detected from 873.09cm™ to

875.84 cm™!, which indicates a combination of CF
stretching, CF, stretching vibration, and CH, bending in
PVDE. The process of electrospinning on PVDF NF
provides alower level of crystalline as the cause of several
shifts in peaks of the PVDF NF infra-red spectra.

Vibration bands of PVDF and PVDF NF
amorphous phase were observed at certain wave
numbers, although they did not seem clear. This
condition is related to the interaction between the chains
in the polymer. When mixed with the electrolyte, the
polymers, in their interactions, are replaced by solvent-
polymers. Because of that, the IR peaks associated with
the amorphous phases of PVDF and PVDF NF appear
insignificant for these electrolytes.

DSC Analysis

The large potential of DSSC utilization causes the
analysis of the DSSC maximum operating temperature
to be urgent to be carried out. Fig. 6 shows the DSC
curves of EC, PC, PVDF membrane, PVDF, and PVDF
NF membrane-based electrolyte at 60-170°C. The
results show the melting temperature of EC at 38.21 °C
and PC above 170 °C. The low melting temperature of
EC is one of the causes of high solvent evaporation in the
electrolyte system, which triggers the low shelf life of the
liquid electrolyte-based DSSC system [57-58].
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Fig 5. Infra-red spectra of PVDF and PVDF NF
membrane, liquid electrolyte, PVDF and PVDF NF
membrane-based electrolyte, EC-PC mixture, EC, PC
(400-4000 cm™)
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Table 5. Melting enthalpy of PVDF and PVDF NF membrane electrolytes

Peak area

(m])

Electrolyte

Weight
(mg)

AHn, Relative crystallinity
Jg"h (%)

PVDF
PVDF NF

57.18
38.76

23.04
16.89

2.48 2.31
2.29 2.19

21 2] 38.21°C

19 ]
184 EC
17 3
164 PC

15 4 . 156.43 *C
14 ]
13 4
124 PVDF

14 151.43°C
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94 PVDF NF + EI
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Fig 6. DSC thermograms (25-180 °C) of the EC, PC,
PVDF membrane, PVDF, and PVDF NF membrane-
based electrolyte

Temperature ("C)

To determine the DSSC shelf life, the thermal
stability of the PVDF and PVDF NF membrane-based
electrolytes was investigated. The effectiveness of both
types of membranes in producing a higher DSSC shelf life
can be seen in the presence of liquid electrolytes in both
membranes, even at temperatures above 100 °C. By
comparing the DSC curve of the PVDF membrane with
the PVDF and PVDF NF membranes-based electrolytes,
it is found that the presence of liquid electrolytes in the
membranes at temperature 157.81°C on the PVDF
membrane electrolyte system and 151.43 °C on the PVDF
NF membrane electrolyte.

The broad endothermic peak at 130-160°C
indicates the melting of the polymer components in the
electrolyte. This is in line with that published by previous
researchers [59]. Specifically, the melting peak of PVDF
was observed at a temperature of 157.81 °C, while that of
PVDF NF was at 151.43 °C. The effect of nano-size was
predicted as the cause of the lower melting temperature of
PVDF NF compared to PVDEF. In general, neither
electrolyte shows a significant thermal transition up to
100 °C. Thus, the PVDF and PVDF NF electrolytes have

thermal stability over the temperature range in which
the solar cell operates.

Determination of relative crystallinity is done by
calculating the melting enthalpy of PVDF and PVDF NF
based on the peak area. The PVDF and PVDF NF
melting enthalpies are 2.48 and 2.29 J g, respectively.
This value shows a 5.19% decrease in PVDF NF
crystallinity compared to PVDF. PVDF with 100%
crystallinity can be assumed to have a melting enthalpy
of 107.4 ] g™'. Table 5 shows the relative crystallinity of
each polymer electrolyte.

m CONCLUSION

To make DSSC more environmentally friendly, in
this work, the use of three natural pigment variants was
evaluated, namely betaxanthin (484.3-502.3 nm),
braziline (447.3 nm), and anthocyanin (574.3-621.9 nm).
DSSCs with three types of electrolytes (liquid NF
membrane-based electrolytes, PVDF, and PVDF NF)
and natural photosensitizers were further characterized
by measuring Voc, Jsc, and FF, and EIS, the results were
compared. The interaction of EC with cations in the
three electrolytes showed the lowest prevalence of
solvation (I" by K*) in the PVDF NF membrane-based
electrolyte. This result is in line with the band shift of the
polymer combination of 876 cm™ in the FTIR spectra,
which indicates a decrease in inter-chain interactions in
the PVDF NF membrane-based electrolyte. The DSC
thermogram showed that the melting peak of PVDF NF
(151.43 °C) was lower than that of PVDF (157.81 °C).
Nevertheless, in general, no significant thermal
transitions were detected in the PVDF and PVDF NF
electrolytes at the temperature at which the solar cells
operate. Thus, the trapping of liquid electrolytes in the
PVDF and PVDF NF membrane structures can be
expected to suppress solvent leakage and evaporation,
thereby potentially extending the shelf life of DSSC.
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PVDF NF electrolyte-based DSSC and natural
photosensitizer from telang flower extract offer the
highest energy conversion efficiency (1.69%), with Voc
and Jsc values comparable to liquid electrolytes under the
AM 15
impedance parameter values indicate that the high

solar irradiation standard. However, the
polymer content tends to create a 2D network, increasing
the resistance for recombination reactions at the
Pt/electrolyte and TiO./electrolyte interfaces. Decreasing
the crystallinity of the PVDF NF membrane is expected to
be a solution for this, while the simultaneous use of
natural photosensitizers with varying absorption areas in
the UV-Vis region is expected to increase light harvesting,
which can further improve DSSC performance and
efficiency.
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= INTRODUCTION agricultural wastes. In addition, the other component
Plastic waste has reached 6.9 billion tons on a global reported as a linker, ie., citric acid, sorbitol, glyoxal,
dicarboxylic acid, and organic acid reagents like maleic
acid and ascorbic acid [12-14]. Meanwhile, additive

materials are generally added to improve the

scale, and every year 34 million tons of plastic waste are
produced, with up to 93% of that waste ending up in a
landfill or the ocean [1-2]. Fan et al. predicted in the year
2040, it is estimated that 710 Mt of plastic waste will be
disposed of and pollute the surface and groundwater

degradability characteristic and/or appearance of
bioplastic [15]. The natural plant extract has been

sources [3]. Java Island produces 189,349 tons per month reported previously to increase the strength of bioplastic

of plastic waste, and the Malang regions generate 4,829.77 [16-17]. Nasihin et al. used pine flower waste cellulose

tons per month [4]. Plastic waste takes nearly a million combined with starch, PVA, and turmeric extract. The

years to naturally decompose in the environment due to resulting bioplastic has a gradation color from yellow to
colorless with the decreasing turmeric extract
concentration [18]. However, the strength and elasticity

of bioplastic are lower.

the non-degradable characteristic of plastic materials [5-
6]. Thus, it severely threatens the environment and living
matters, such as sewage blocking up and animal and . o
human health problems [7]. As an alternative strategy, According to the report from the Ministry of
degradable bioplastics must be developed to replace the

petroleum-based plastic used in packaging.

Industry of the Republic of Indonesia, the number of
wood industries in Indonesia has increased by 62.7%. As
Generally, bioplastics can be made from several an outc?ome, a.large amount of biomass contained-
cellulosic material such as sawdust, tree bark, and other
forest by-product is wasted [19-20], and only 40% of

waste from the wood industry or agriculture is processed

components, such as reinforcing agents, crosslinkers, and
additives components. According to references, cellulose
and nanocellulose can be used as reinforcing agents [8-9], o ] .
combining with polyhydroxyalkanoate (PHA), polyvinyl [21]. Similar data also reported that pine forests in East
alcohol (PVA), or polylactic acid (PLA) [10-11]. The

cellulose or nanocellulose can be isolated from forest and

Java (a total area of about 800 kha) also provide biomass
as waste. The pine flower waste still composes its
important volatile terpenoid compounds [22], including
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cellulosic material (22.22%) [23]. Meanwhile, pine wood
contains 54.9% of cellulose, hemicellulose (14%), lignin
(24.3%), ash (1.1%), and silica (0.2%) [24]. The treatment
process of the pine wood by using acid hydrolysis and
bleaching produces pure cellulose. The step removes
polyphenolic and lignin from the matrix [25]. This step
generally provides cellulose in micrometric size. Further
hydrolysis process to produce cellulose in nano-size is
performed by cutting the p-glycosidic bonds of cellulose
polymer [26]. The resulting nanocellulose can form fiber
or crystalline nanocellulose, which depends on the
original source of cellulose and the strategy to hydrolyze
t [27]. For example, nanocrystalline cellulose can be
isolated after acidic hydrolysis using citric acid, sulfuric
acid, and hydrochloric acid [18,28]. Enzymatic hydrolysis
of cellulose also produces crystalline nanocellulose [25].
Meanwhile, oxidation following hydrolysis generally
provides amorphous nanocellulose [29]. Besides that,
nanocrystalline cellulose is also produced through
hydrolysis under mechanical and ultrasonication-assisted
hydrolysis [30]. According to Agustin et al. applying
nanocellulose as a filler for bioplastic affect the physical
performance of bioplastics, such as tensile strength and
modulus value [31]. Another paper reported an increase
in the transparency of bioplastic [32].

On the other side, Indonesia is also the main
producer of orange fruits. It is sold and consumed directly
as fresh fruit or converted into packaging juice. The global
waste of orange peel is projected to be 15 x 10° tons
[33].
6.8 x 10° tons of orange peel waste [34]. Hassan et al.

annually Meanwhile, Indonesia produces
reported that orange peel contains ascorbic acid of around
59 mg/100 g (w/w) [35]. Ascorbic acid is an organic acid
containing polyhydroxy and ester functional groups. This
substituent is predicted to be applied as a linker to bind
with nanocellulose and PVA [12-13]. Thus, it could
improve the binding inter-molecular component of
bioplastic. This paper reports the contribution of orange
extract containing ascorbic acid to improve the
performance of degradable bioplastic developed with

nanocellulose from pinewood as a filler.

m EXPERIMENTAL SECTION
Materials

Pinewood (Pinus merkusii) waste was used as a
natural source of cellulose taken from the Brawijaya
University Forest, and the pinewood waste was ground
into powder. The chemical reagents used in this research
were sodium hypochlorite (99% purity Merck,
Germany), acetic acid (99% purity SMART LAB,
Indonesia), sodium hydroxide (99% purity Merck,
Germany), hydrogen peroxide (30% purity SMART
LAB, Indonesia), hydrochloric acid (37% purity Merck,
Germany), polyvinyl alcohol (99% purity Merck,
Germany), glycerin (85% purity Merck, Germany), and
citric acid (99% purity Merck, Germany).

Instrumentation

Instruments used for research include
ultrasonicator (DELTA D150H, 48 kHz, 220-240 volt),
Fourier Transform Infrared (Shimadzu FTIR-8400S), X-
ray Diffractometer (XRD PANanalytical- type X’pert
Pro), Scanning Electron Microscope (FEI SEM Inspect-
§50), Tensile Strength Apparatus (ZP-50 N).

Procedure

Preparation of cellulose

The procedure to produce cellulose followed the
reference [36] with minor modifications. Pinewood waste
was washed under running water to remove the impurity
from the pinewood waste and dried under the sunlight
for 2-3 days. Then, the clean pinewood waste was ground
into powder. The powder was weighed to 50 g and put
into a 1000 mL beaker glass. Then, the delignification
process continued with the addition of sodium
hypochlorite 6% and acetic acid 1% solution with a ratio
of powder to solution was 1:10 (w/v). The mixture was
stirred and heated at 70 °C for 1 h. After that, the alkaline
bleaching process was done with the addition of sodium
hydroxide 4% and hydrogen peroxide 24% (1:1 v/v) with
the ratio of powder to the mixture was 1:10 (w/v). The
mixing under stirring was conducted for 2 h at 50 °C,
and this process was repeated up to 3 times until the
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white cellulose was obtained. Then, it was neutralized and
dried in an oven at 50 °C for 24 h. Characterization was
undergone by means of FTIR, XRD, and SEM.

Preparation of nanocellulose

The isolated cellulose from the previous step was
[28] with
modification. The modification procedure in this step

further hydrolyzed following reference

involves hydrolysis assisted by ultrasonication. The
detailed procedure is reported elsewhere separately. The
drying process was undertaken in an oven at 50 °C for 1 h.
Nano cellulose was produced as a white-fine powder after
further
characterization was taken place using FTIR, XRD, and
SEM.

separation under  centrifugation, and

Preparation of orange peel waste extract

Orange peel waste samples were obtained from the
industrial waste of orange juice production in Malang,
East Java, Indonesia. Samples were washed and cut into
small sizes. Then, it was dried in an oven at 50 °C for 48 h.
The dried peel was ground to get a powder. Then, orange
peel powder was extracted with ethanol 50%, using a
powder-to-solvent ratio of 1:2 (w/v) [37]. The extraction
process was assisted by ultrasonication (ultrasonicator
D150H and 220-240 V power and 48 kHz) for 1 h at room
temperature. The extract was filtered using a Buchner
funnel, and the resulting filtrate was evaporated under
reduced pressure using a rotary evaporator to yield crude
extract.

Fabrication of bioplastics

The procedure to fabricate bioplastics was done
following Hussein et al. [38] with some modifications.
The composition ratio of each component of bioplastic is
displayed in Table 1. The steps to fabricate bioplastic
involves the mixing of 10% PVA solution with 1.5%
nanocellulose in a 50-mL Erlenmeyer. This mixture was

stirred for 1 h at 90 °C, then 2% citric acid solution or 2%
orange peel extract was added to the mixture. The
mixture was further stirred for 1h at the same
temperature. One mL of glycerin was added to the
mixture until a viscous solution was formed. Then, it was
poured into a molding glass (20 x 20 cm?) and left in an
oven at 50 °C for 24 h.

Characterization

Fourier transform infrared (FTIR) spectroscopy
analysis. Fourier Transform Infrared Spectroscopy
(FTIR) analysis of nanocellulose and bioplastic was done
to determine the absorption bands of functional groups
composed in the nanocellulose and bioplastic. The
measurement was performed by scanning in a range of
400-4000 cm™.

X-ray diffraction (XRD) analysis. The crystallinity of
cellulose and nanocellulose was measured from the
crystallinity index (CI) value. It was conducted using
PanAnalytical type X’pert Pro with a range of 20 = 10-
90° and a scan rate of 2°/min. The CI was calculated
following the equation [39].

_ Tooz = Iamorph

CI x100% (1)

Tooz

Scanning electron microscope (SEM) analysis.
Scanning Electron Microscope (SEM) was used to
observe morphological surface cellulose, nanocellulose,
and bioplastic. The samples were put into a specimen
holder and analyzed using field emission scanning
electron microscope (FEI SEM) Inspect-S50.

Mechanical properties analysis. The mechanical
properties of bioplastic were determined using the
Tensile Strength apparatus model: ZP-50N. The tensile
strength, elongation break, and elastic modulus
parameters were measured following the ASTM-D1708-

18 standard method (ASTM, 2018). The bioplastic was

Table 1. The composition of PVA, nanocellulose, citric acid, and orange peel waste extract

PVA 10% Nanocellulose Citricacid  Orange peel Glycerin Total
Sample code
(mL) 1.5% (mL) (g waste extract (g) (mL)  volume (mL)

PVA/N

/NC/Orange peel 8 5 ) 02 1 i
waste extract
PV A/NC/citric acid 8 2 0.2 - 1 11
PVA/NC 8 2 - - 1 11
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cut into 2.2 x 0.5 cm of width sizes, each side of the
bioplastic was made wider. The wider part was placed into
the grip part of the tensile strength tools. Then, the tensile
strength tools stretched the bioplastic. The time began
when the bioplastic was stretched, and the time ended
when the sample was broken.
Bioplastic degradation test. A degradation test of
manufactured bioplastic was performed following the
procedure of soil burial test [17]. The bioplastic was cut
into 2 x 2 cm”® sizes and weighed. Then, it was buried in
the soil at a 5 cm depth. The soil was watered every 3-4
days for 15 days to keep the humidity of the soil. Then, the
bioplastic was taken from the soil, washed, and dried in
an oven at 50 °C until dry. Then, it was weighted until a
constant value resulted. The percentage of degradation
was calculated following Eq. (2):

Mi-Ma

1
while Mi was the initial mass of the bioplastic before the

Degradation (%) = x100% (2)

degradation test, and Ma was the final mass of the
bioplastic after the biodegradation test.

m RESULTS AND DISCUSSION
Cellulose and Nanocellulose Pinewood

The extraction of cellulose from pinewood waste
was done by the acid pre-treatment and alkaline process.
The acid pre-treatment process provides 97.16% of dark
brown powder. This step eliminates hemicellulose and
non-cellulosic components such as wax, chlorophyll, and
other acidic soluble compounds. Additionally, it is also
used to increase the surface area of cellulose [40].

(d)
Fig 1. Pictures: (a) Pinewood waste, (b) Pinewood waste powder, (c) Acid pre-treatment result, (d) Cellulose, (e)

Nanocellulose

Meanwhile, the alkaline process is the step to
delignification, i.e., removing lignin from cellulose. The
delignification process uses sodium hydroxide and
hydrogen peroxide as reagents to accelerate the breaking
down of the bonds between lignin and cellulose [25].
The yield from this step was 61.86%, and white powder
was isolated (Fig. 1). Fig. 1(a) and 1(b) show the
appearance of pine wood waste before and after turning.
An acid pre-treatment process was carried out by
reacting pinewood powder with sodium hypochlorite
and acetic acid. This step changes the color of pinewood
powder to dark brown (Fig. 1(c)). The delignification
process was completed by stirring the pinewood
resulting from acid pre-treatment with sodium
This
produces white cellulose (Fig. 1(d)). Further acid

hydroxide and hydrogen peroxide. process
hydrolysis of cellulose with hydrochloric acid 10%

assisted by wultrasonication provide a white
nanocellulose. It has a softer form (Fig. 1(e)). Previous
research stated that nanocrystalline cellulose could be
obtained by an acid hydrolysis process using
hydrochloric acid [28]. Cheng et al. stated that after
30 min of ultrasonication for nanocellulose extraction,
the cellulose particles break into smaller fibrils and
produce fibrils with a dimension of 100 nm [41].
Nanocellulose was reported to have functional
properties such as high degradability, low toxicity,
biocompatibility, and excellent mechanical strength. It
was also easily adapted into polymeric matrices and
blended easily, thus producing cost-effective and

durable materials [32,42]. A further study stated that

(c)

(e)
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nanocellulose could be used as a reinforcing filler in
bioplastic fabrication and improve the tensile strength
and elastic modulus of a bioplastic produced [31].

Fourier Transform Infrared (FTIR) Analysis of
Cellulose and Nanocellulose

The FTIR spectra of pinewood, cellulose, and
nanocellulose were measured to examine the changes in
the functional groups composed in the sample. The FTIR
result of pinewood waste, cellulose, and nanocellulose was
explained in Table 2. From Table 2, there was the
absorption of O-H stretching at a wavenumber of
3387.25, 3398.66, and 3345.89 cm™' in pinewood waste,
cellulose, and nanocellulose. Then, the absorption of C-
H stretching vibration was found at 2898.06, 2900.91, and
2899.49 cm™'. However, the absorption of C=0 stretching
and vibration of C=C were only found in pinewood waste
atawavenumber of 1732.85 and 1510.36 cm™!, which were
assigned as hemicellulose and lignin. Similar findings
were also reported by Popescu et al. and Sukmawan et al.
that C=0 and C=C groups assigned as hemicellulose and
lignin could be found at a wavenumber at 1700 and
1510 cm™! [43-44].

X-Ray Diffraction (XRD) Analysis of Cellulose and
Nanocellulose

X-Ray Diffraction (XRD) is a technique used to assess
the degree of crystallinity in various materials. Among the
wood components, only cellulose has a crystallinity phase,
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and the other polymer has a non-crystalline phase [43].
The X-Ray diffractogram is explained in Fig. 2. The XRD
analysis of cellulose and nanocellulose was recorded at
20 = 22.5° and the peaks for cellulose and nanocellulose
characteristics with grid plane 200 [45].

Table 3 describes the crystallinity index of cellulose
and nanocellulose, resulting in a crystallinity index of
58.49% for cellulose and 60.32% for nanocellulose at 26
degrees of 22.59° and 22.62°. The crystallinity of
nanocellulose is higher than cellulose, which implies that
the acid hydrolysis process on cellulose reduces the
amorphous phase of cellulose and increases the
crystalline phase [46].

N Nanocellulose from Pinewood Cellulose
WM M'nm.m "y

Wllulose from Pinewood Waste

T T T T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
20 (degree)

Fig 2. X-Ray diffractograms pattern of cellulose and
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o
1

200

04

nanocellulose from pinewood waste

Table 2. The FTIR result of pinewood waste, cellulose, and nanocellulose

Wavenumber (cm™)

Functional group

Pinewood Cellulose Nanocellulose
3387.25 3398.66 3345.89 O-H stretching
2898.06 2900.91 2899.49 C-H stretching
1732.85 - - Hemicellulose, C=O stretching
1640.14 1644.42 1647.27 Water absorption, O-H bonding
1510.36 - - Lignin, C=C
- 1427.64 1429.06 CH, bending from carboxylate

1374.87 1372.02 1372.02 C-0O-C cellulose amorph and crystalline
1317.82 1317.82 1319.25 Cellulose, C-O-C
1059.68 1062.53 1062.53 C-O stretching in glycoside bond

897.09 898.51 898.51 C-O stretching
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Table 3. Crystallinity index of cellulose and nanocellulose

Cellulose Nanocellulose
Peak (20) 22.59° 22.62°
Crystallinity index (%) 58.49 60.32

Scanning Electron Microscope (SEM) of Cellulose
and Nanocellulose

SEM is an important instrument for determining the
morphological behavior of the bioplastic surface [17]. The
surface morphological images of cellulose and
nanocellulose are shown in Fig. 3. The result indicates that
both cellulose and nanocellulose have a crystalline shape.
Both are different in size. The diameter and length of
cellulose and nanocellulose were calculated with Image]J
software [47]. The cellulose has a larger size than the
nanocellulose (Fig. 3). The diameter and length of
101.65 and 17321 nm (Table 4),
respectively. Meanwhile, nanocellulose has a diameter

and a length of 16.36 and 29.44 nm, respectively. The

cellulose were

PVA/NC/Orange peel extract

Fig 3. orphological of (a) Cellulose (1000><),(b) Nnocellulose (500

PVAJ/NCI/Citric Acid

breakdown process of a polymeric chain of cellulose by
acidic hydrolysis combined with an ultrasonication
strategy forms the cellulose into a smaller size. Some
research also reported an increase in the surface area of
cellulose [47-48].

Bioplastic Film's Appearance

The bioplastic made from orange peel waste extract
had a slightly yellow color, while the bioplastic made with
the addition of citric acid gave a transparent and glossy
surface (Fig. 4). Meanwhile, the appearance of bioplastic
produced without the addition of citric acid or orange
peel waste extract has a transparent and doff surface.

Table 4. The particle size of cellulose and nanocellulose

Dimension
Sample -
Diameter (nm) Length (nm)
Cellulose 101.65 173.21
Nanocellulose 16.36 29.44

PVAINC

Fig 4. Degradable bioplastics
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Fourier Transform Infrared (FTIR) Analysis of
Bioplastics

The result of FTIR analysis shows that stretching
vibration of the hydroxyl (O-H) group of bioplastics with
the addition of citric acid and orange peel waste extract
gives absorption band at 3274.58 and 3271.73 cm’,
whereas bioplastic without the addition of both has a
hydroxyl group (O-H) stretching band at 3271.73 cm™.
Meanwhile, the bending vibration H-O-CO composed of
bioplastic prepared with the addition of citric acid and
orange peel waste extract appears at 1650.13 and
1645.85 cm™, respectively. The shift of bending vibration
to a lower value implies that bioplastic with citric acid and
orange peel waste extract has a new atmosphere. And it is
predicted that this shifting (from 1651.55 to 1650.13 cm™
and 1645.85 cm™) indicates a hydrogen bond interaction
between functional groups in each component [49].
Furthermore, the C-O group stretching vibration in C-
O-H from all bioplastics showed a peak of 1036.86 cm ™.

The only peak that comes from C=O stretching
vibration (1712.88 cm™) was given from bioplastic with
the addition of citric acid. It indicates a free carbonyl
group in the bioplastic does not interact (Fig. 5).

133

Additionally, bioplastic without the addition of citric
acid and orange peel extract changes the intensity of
hydroxyl group stretching vibration. It is detected at
wave number 3271.73 cm™'. Besides, C-H stretching
vibration from the alkyl group was recorded at
2939.42 cm™. This finding has similar results to Hussein
et al. and Popescu et al. [38,43]. The illustration of the
interaction between nanocellulose and citric acid is
described in Fig. 6(a), and the illustration reaction
between nanocellulose and orange peel extract is
described in Fig. 6(b).

Scanning Electron Microscope (SEM) Analysis of
Bioplastics

The
microstructure of the films are revealed by SEM analysis
[50]. Fig. 7(a) shows the smooth surfaces of bioplastic
with citric acid. However, there is a part of nanocellulose
that does not blend perfectly. While in Fig. 7(b), the
surfaces of bioplastic with the addition of orange peel

surface  morphology and internal

extract seem smoother than those using citric acid, and
the cross-section SEM analysis (al) looks more pore
than the bioplastic with the addition of orange peel
extract (b1). Itis proven by another paper report that the

——PVAI/NC
—— PVA/NC/Citric Acid
—— PVA/NC/Orange Peel Waste Extract

1651.55
1330.66

1036.86

1712.881650.1
1327.80

1036.86

1645.85
1329.23

1036.86

300 4
250
_ 3271.73
S
< 200
[}
(%]
c
8
£ 1507 2040.85
c
]
[
100 3274.58
50 - 2940.85
327173
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4000 3500 3000 2500
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Fig 5. FTIR spectra of biodegradable plastics pinewood nanocellulose based, bioplastic without citric acid and orange
peel waste extract (blue line), bioplastic with citric acid (red line), bioplastic with orange peel waste extract (black line)
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Fig 6. The illustration reaction of bioplastic pinewood nanocellulose based using citric acid (a) and orange peel waste

extract (b)

Fig 7. (a) Bioplastic with citric acid (15000x), (al) Cross-section of bioplastic with citric acid (2000%), (b) Bioplastic
with orange peel extract (15000%), (b1) Cross-section of bioplastic with orange peel extract (2000%)

addition of plant extract showed a smoother surface of
bioplastic. this smoother surface is

indicated by the strong hydrogen between the other
components [17,51].

Furthermore,

Mechanical Properties Analysis of Bioplastics

The mechanical properties studied were elastic
modulus, tensile strength, and percentage elongation at

break. The material stiffness is defined by EM or elastic
modulus, the resistance to elongation at break is
represented by tensile strength, and the capacity for
stretching is represented by & [52]. From Table 5, the
elastic modulus of bioplastic without the addition of
citric acid and orange peel waste extract is lower than
bioplastic that fabricates with citric acid and orange peel
waste extract. The tensile strength and elastic modulus of

Alyaa Farrah Dibha et al.



Indones. J. Chem., 2023, 23 (1), 127 - 139

135

Table 5. Elastic modulus (EM), tensile strength (TS), percentage of elongation at break (EB) of bioplastic

Samples EM (kPa) TS (kPa) %¢

PVA/NC/Orange peel waste extract 42.71 1708.54  40.00
PVA/NC/Citric acid 36.12 1203.85  33.33
PVA/NC 31.71 317.11 10.00

bioplastic with the addition of orange peel waste extract
have the highest value at 1708.54 and 40.86 kPa. The
elongation at break of bioplastics with the addition of
citric acid and orange peel extract was 33.33% and
42.71%, respectively. It proved that orange peel extract
makes bioplastic stiffer than when it uses citric acid. A
similar finding was reported by Marsi et al. that the
addition of orange peel powder increases the mechanical
properties of bioplastic [15]. Another report on the use of
plant extract also increases the mechanical properties and
provides a smooth surface morphology of bioplastic. It is
due to the amount of hydrogen bonding interaction
between the components [17].

Fig. 8 shows the tensile strength curve of the bioplastic
with and without the addition of citric acid and orange
peel waste extract. From the tensile strength curve, the
fabrication of bioplastics without the addition of citric acid
and orange peel waste extract had the lowest tensile strength
values and the lowest breaking time for the resulting
bioplastics. Furthermore, the fabrication of bioplastics
with the addition of orange peel waste extract has a higher
tensile strength value and the highest breaking time.

Degradability Test Result of Bioplastics

The degradability studies of bioplastics were
obtained from the biodegradability test using the soil
burial method. The soil-buried bioplastics were collected
at 15 days to measure the degradation. After the bioplastic
was taken out from the soil, bioplastics were washed with

Day 0 Day 15

PVA/NC/Orange peel waste extract

Day 0

PVA/NC/Citric acid

water to remove the soil residue and dried in an oven at
50 °C for 2 h. The results showed a weight loss of the
bioplastics in 15 days. Fig. 9 shows the biodegradability
analysis of bioplastic without citric acid and orange peel
waste extract, bioplastic with citric acid, and bioplastic
with orange peel waste extract, and it shows bioplastic
can degrade well in soil. From Table 6, the degradation
result of bioplastic without citric acid and orange peel
waste extract had the highest result at 86.27%.
Furthermore, the degradation result of bioplastic with
citric acid at 77.27%, and the degradation result of
bioplastic with orange peel waste extract at 78.44%.

[—— PVA/NC
|—— PVA/NC/Citric Acid

1800 [—— PVA/NC/Orange Peel Extract

1600

1400
w
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Fig 8. Tensile strength curves of bioplastic without the
addition of citric acid and orange peel waste extract (blue
line), bioplastic with citric acid (red line), and bioplastic
with orange peel waste extract (black line)
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Fig 9. Biodegradation analysis on days 0 and 15
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Table 6. Degradation percentage of bioplastic

% Degradation

Sample after 15 days
PVA/NC/Orange peel waste extract 78.44
PVA/NC/Citric acid 77.27
PVA/NC 86.27

The results of the degradation analysis of bioplastics
without the addition of citric acid and orange peel waste
extract had the highest degradation results, while bioplastics
without the addition of citric acid and orange peel waste
extract had a large rate of degradation analysis of the PVA
and nanocellulose by the water is due to the leaching
process of PVA and nanocellulose by the water. It caused
the hydroxyl groups in PVA to have higher water sorption
and solubility in water [49]. Furthermore, the bioplastic
with the addition of citric acid and extract had a slower
degradability result due to the antimicrobial effect of citric
acid and extract [53]. The results of the analysis of the
degradation of bioplastics with citric acid and orange peel
extract had a lower value than the degradation analysis of
bioplastics without the addition of citric acid and orange
peel waste extract. The degradation of bioplastic with
orange peel extract had a higher result than the bioplastic
with citric acid. It is because the orange peel waste extract
act as a biodegradation component that can give a higher
oxygen permeability to microorganism [15].

m CONCLUSION

Pinewood waste has an important application.
Cellulose and nanocellulose can be extracted from it and
used as an environmentally friendly bioplastic material. In
this study, pinewood waste was bleached using the
alkaline bleaching method to obtain cellulose, and
nanocellulose was isolated after hydrolysis assisted by
ultrasonication. Nanocellulose is used as a filler material
with PVA to produce bioplastics. The integration of PVA,
nanocellulose, and orange peel waste extract increases the
tensile strength, modulus of elasticity, and elongation at
the break of bioplastics compared to bioplastics without
the addition of citric acid and orange peel waste extract.
Tensile strength, modulus of elasticity, and elongation at
break prove that bioplastic with the addition of orange
peel extract has the highest performance. The addition of

orange peel waste extract also creates the degradability
of bioplastics slower than that without the addition of it.
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Abstract: Effects of stacking orientation, element substitution, and interlayer distance
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principles calculations. The results predicted that the stacking orientation does not take a
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converts the system from semiconductor to metallic. A bandgap opening originating in a
Dirac band of graphene is found to be governed by the interface distance between
graphene and MoS; layers.
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= INTRODUCTION

Graphene, a stable two-dimensional (2D) material
[ 1 '2] >
significant attention both in experimental and theoretical

with a honeycomb structure has attracted
studies for decades [3]. Graphene has excellent properties
in ultra-high intrinsic mobility and large electrical
conductivity [4], making graphene have many potential
applications in electronic devices, transparent electrodes,
and spintronics devices [1,5]. The low intrinsic spin-orbit
coupling (SOC) strength in graphene further provides an
advantage in spin transports [6]. However, the absence of
bandgap in graphene limits graphene usage in electronics
due to its poor on/off ratio [7]. Although many efforts on
the bandgap opening have been carried out previously in
various ways, such as doping [8-10], creating multilayer
graphene [11], and constructing bilayer graphene that
demonstrates an electrically gate-controlled,
continuously tunable bandgap of up to 250 meV [12],
applying an field [5], and
heterostructures [7,13-16], the understanding of the

electric forming
electronic structure of graphene, e.g., focusing the
bandgap opening, is crucial for making graphene
applicable in a broader area.

Transition-metal dichalcogenide (TMD) is a
desired group of materials due to their outstanding
properties in potential utilization, such as for electronic
devices, optoelectronic devices [17], gas sensing [18] and
energy storage [19]. MoS;,, as a member of TMD, shows
intriguing mechanical and electrical properties [20].
Unlike graphene, two-dimensional MoS, is an excellent
semiconductor with a 1.8 eV bandgap. Meanwhile, the
bulk system has a 1.2 eV indirect bandgap [21-22]. It
further notes that TMD possesses a strong intrinsic SOC
of tens of meV compared to graphene [23]. A direct
bandgap in two-dimensional MoS, could be a solution for
bandgap opening on graphene and become the motivation
to combine both materials as a heterostructure.

For vyears, keen interest has been given to
heterostructure materials [15,24-27]. A number of the
previous studies show exemplary implementations for a
heterostructure of graphene and TMD, for example,
graphene/MoS,, applied to supercapacitors, gas sensors,
spintronic devices, and electrochemical detectors of

Morin [28-29]. Heterostructures of the others,
graphene/MoSe, and graphene/WTe,, are potential
materials in the optoelectronic field [30-31],
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graphene/MoTe, and graphene/WSe; are also beneficial
in photodetector devices [32-33], and graphene/WS, is a
prospective  material for nanoelectronics and
optoelectronic devices [34-35].

In the present work, we have systematically
performed density functional theory (DFT) calculations
to clarify the effects of the electronic structure of
graphene/MoS, on stacking, element substitution, and
interlayer distance. We find that stacking orientation is
not significantly affecting the electronic structures, which
contrasts with how element substitution and interlayer
distance successfully tune the electronic structures. The
findings are essential to navigating the tuning of
electronic properties of graphene/MoS, heterostructure

since they directly impact practical applications.
m COMPUTATIONAL DETAILS

First-principles calculations using the full-potential
linearized augmented plane-wave (FLAPW) method that
treats a single slab geometry [36-37] were carried out to
investigate the electronic structures of graphene/MoS,.
(GGA) was
employed as exchange correlation [38] and to account for

Generalized gradient approximation
long-range dispersion correction, and the DFT-D2
method was introduced [39]. The core states were treated
fully relativistically, and the valence states were treated
semi-relativistically, where spin-orbit coupling was
incorporated using the second variational method [40].
The LAPW basis with a cutoff of |k+G| < 5.0 Bohr-1 and
muffin-tin (MT) sphere radii of 2.6 Bohr for Mo, 1.9 Bohr
for S, Se, and Te, and 1.2 Bohr for C were used, and lattice
harmonics with angular momenta up to 1 = 8 for Mo and
S, and 6 for C were employed to expand the charge
density, potential, and wavefunctions. A 15 x 15 k-point
mesh was used for self-consistent field (SCF) calculations.
Atomic force calculations fully optimized all the
heterostructures.

As for models, graphene/MoS, heterostructures
with two different later-stacking orientations, namely, Cs
stacking for C atoms stacked on the top of S atoms and
Cuo stacking for C atoms stacked on the top of Mo atoms,
as illustrated in Fig. 1. These stacking orientations were
considered based on the previous study which analyzed

the most stable stacking for bilayer MoS, [41]. The
structural periodicity in graphene and MoS; layers sets
with two ratios, 1:1 and 4:3, i.e., the 1:1 heterostructure
consists of 1 x 1 cell of both graphene and MoS; while
the 4:3 heterostructure is 4 x 4 of graphene and 3 x 3 of
MoS,. For the element substitution, then, three
graphene/TMD consisting  of
graphene/MoS,, graphene/MoSe,, and graphene/MoTe,,

heterostructures,

respectively, were considered. Finally, the dependence of
interlayer distance between graphene and MoS; in the
heterostructure was analyzed by varying the distance
from 2.6 to 3.6 A.

m  RESULTS AND DISCUSSION
Effect of Stacking Orientation

We first confirmed that the calculated lattice
constants of single monolayers of graphene and MoS,
are 3.16 and 2.46 A, respectively, which agree with the
previous works [42]. Fig. 1 displays the optimized 1:1
and 4:3 heterostructures of graphene/MoS; for the C;
and Cy, stackings. In the 1:1 heterostructure, for both C;
and Cy, stackings, the bond lengths of C-C in the
graphene layer and Mo-Mo atoms in the MoS; layer are
1.73 and 3.09 A, respectively, and the interlayer distances
between graphene and MoS; layers are 3.38 A. Even in
the 4:3 heterostructure, the interlayer distances in the Cs

(a) 9 o (b)

o’ o

°/ \° ‘l © Mo
Yy ALY o

J”"”ﬁ 2009

o .9_; i i\.,;o

0 00 6900 O

Fig 1. Top view of arrangements of graphene/MoS,
heterostructure: (a) 1:1 heterostructure with Cs stacking,
(b) 1:1 heterostructure with Cy, stacking, (c) 4:3
with Cs and (d) 4:3
heterostructure with Cy, stacking. Purple, yellow, and

heterostructure stacking,

brown balls represent Mo, S, and C atoms, respectively
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and Cy, stackings are 4.47 and 3.50 A, respectively, and
the present results correspond to the previous works [43-
44]. Despite the change in the stacking orientations, the
structural properties remain the same.

Fig. 2 shows the calculated band structures and
(DOSs) of the 1:1 and 4:3
heterostructures in the Cs and Cy, stackings. The identical

densities of states
feature of the Dirac cone in the band structures and DOSs
can be seen in each heterostructure regardless of the
stackings. The bandgap at K in both stackings is
distinguishable, as shown in the figure, where the
bandgaps of the Cs and Cy, stackings are 19 and 8.5 meV.
The total energy in the Cy, stacking for the 1:1
heterostructure is slightly lower than that in the C; one by
only 0.872 meV/cell. It occurs in the 4:3 heterostructure,
where the total energy of Cy, stacking is lower than that
on the C, by 0.54 meV/cell.

Fig. 3 shows the charge density plot for Cy, and Cs
stacking orientation for an optimized 1:1 structure. To
identify the presence of charge transfer between layers, we
calculated the total charge for each atom for MoS, and
graphene as a unit cell and the total charge for MoS,-
graphene as a heterostructure and compared the values,

DOS (slates/eV)
3

2!

Energy (eV)

DOS (states/eV)

Fig 3. Calculated band structures and DOSs of graphene/MoS, heterostructures
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which later showed no differences.

The physical origin of the bandgap that emerged in
the graphene/MoS; is due to the hybridization between
the graphene and MoS; layers, where weak interaction
bonds the layers, proven by no charge transfer between
both layers. Thus, the stacking orientation does not
affect their electronic structures qualitatively, as both
have identical band structure and does not change the
character of the material. However, stacking orientation
changes the band structure quantitatively as the band
gap differs from each other. This result also corresponds
to the previous study, which studied the 5:4 and 4:4
heterostructures [45].

(@) Wed ¢ €&» ¢ — graphene [b’; graphene

MoS,

Fig 2. Charge density for optimized 1:1 structure (a) Cyo
stacking orientation and (b) Cs stacking orientation. The
yellow color shows positive charges
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arrangements: (a) 1:1 structure with Cs stacking orientation, (b) 1:1 heterostructure with Cy, stacking orientation, (c)
4:3 structure with C; stacking orientation, and (d) 4:3 structure with Cy, stacking orientation. The insets show a

bandgap at K in each structure
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Effect of Element Substitution

We next present the results for three different
heterostructures, graphene/MoS,, graphene/MoSe,, and
graphene/MoTe,, to examine the effect of element
substitution. As for the graphene/MoS,, we chose the Cy,
stacking with the lowest total energy. The calculated
for the three
heterostructures are given in Table 1, and the band
structures are shown in Fig. 4. From the calculated band

interlayer distances and bandgaps

structures, we observe that the bandgap in the Dirac cone
at K of each system variates in nominal values. The
graphene/MoTe, show a metallic characteristic. Enlarged
pictures along the G-M-K-G direction show that the
Dirac cone for the graphene/MoTe; is shifting toward the
valence bands.

The calculated optimized interlayer distances for the
three heterostructures are given in Table 1. The three
heterostructures have different values of the optimized
interlayer distances, where the graphene/MoS, has the
most significant distance of 3.38 A compared to those in
the graphene/MoSe, (3.28 A) and graphene/MoTe,
(3.19 A). Alongside the optimized interlayer distance, the
calculated bandgaps located on the Dirac cone in
graphene are also given in Table 1. Meanwhile, the
graphene/MoS; has the lowest bandgap of 8.5 meV, while
graphene/MoSe; increases to 15 meV due to the interlayer
reduction. For the graphene/MoTe,, where the interlayer

@ | ®

o
o
\

0.02

0.01

Energy (eV)
o
2
Energy (eV)

i=1

Energy (eV)
Energy (eV)

distance further decreases, the system becomes metallic,
and the energy state of the Dirac cone shifts to 0.8 eV
below the Fermi level.

For further analysis, we calculated the projected
density of states (PDOS) as shown in Fig. 5. Based on
these graphs, we can see that the orbitals which have
significant contributions to valence and conduction
bands are d orbitals attributed in Mo.

Table 1. Calculated interlayer distance (d) and bandgap
(AE) of optimized graphene/MoS,, graphene/MoSe,,
and graphene/MoTe; heterostructure

Elements d(A) AE (meV)
graphene/MoS, 3.38 8.5
graphene/MoSe, 3.28 15
(a) 3 (b) g = ©)3g=
= s ool S5 !
3 i | gl
W % 1F | = g >
8 | & 8 S
8 8 | §
2 |0 — 8 * <
(] v =3 .
o | ol == . g -1 /_’_;
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o 5 = s i a S s
p--—'n‘z p & =4 o —
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Fig4. Calculated PDOS of (a) graphene/MoS,, (b)
graphene/MoSe,, and (c) graphene/MoTe,. Different
color of plotting shows different orbital. Blue and purple
represent the s and p orbital for C, S, Se and Te atoms,
and red represents the d orbital for Mo atoms

(e) 048

0.5

Energy (eV)

Energy (eV)

TR ST

Fig 5. Calculated electronic structures of graphene/TMD heterostructures: (a) graphene/MoS,, (b) graphene/MoSe,,
and (c) graphene/MoTe;. Enlarged figures of Dirac bands are shown at the top of the figures. Zero energy sets to the
top of the valence band in (a) and (b), and that in (c) sets to Fermi level
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Fig 7. The calculated band gap of 1:1 graphene/MoS;
heterostructure as a function of interlayer distance. The

dashed grey vertical line portrays the optimized interlayer
distance of the system at 3.38 A with a band gap of
8.5 meV

Effect of Interlayer Distance

In a comprehensive analysis of interlayer distance,
binding energy (Es) between the graphene and MoS,
layers was calculated by Ez = Eyc — (Em + Eg), where Eyyc,
Em, and Eg are the total energies for the graphene/MoS,,
monolayer MoS,, and monolayer graphene, respectively.
The results are shown in Fig. 6. At an optimized interlayer
distance of 3.38 A, the calculated Egp reaches its lowest
value of -22 meV, which corresponds with the previous
work [46].

The dependence of interlayer distance on the
bandgap at the K point in the graphene/MoS; is shown in

Indones. J. Chem., 2023, 23 (1), 140 - 147

Fig. 7, where the interlayer distance varies from 2.6 to
3.6 A. As seen in the figure, at the optimum state of
3.38 A of interlayer distance, the bandgap is 8.5 meV.
The band gap is found to decrease when the interlayer
distance increases gradually. Thus, widening interlayer
distance between graphene and MoS; layers diminishes
the orbital hybridization between the layers, leading to a
pure graphene-like electronic structure with no
bandgap.

m CONCLUSION

We performed a first-principles calculation to
investigate the effects of the electronic structures of
graphene/MoS; heterostructure on stacking orientation,
element substitution, and interlayer distance bonded
through weak van der Waals interaction. We find that
the electronic structures of graphene/MoS, are unlikely
to be affected by stacking orientation. On the other
hand, element substitution modifies the electronic
properties, transforming the system to a metal
characteristic. At last, the bandgap opening originating
from the Dirac band in the graphene/MoS, may be tuned
by the interlayer distance modification.
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This supplementary data is a part of a paper entitled “Synthesis, Characterization, and Theoretical Study of a
New Organotellurium Ligands Containing Amino Group”.

The spectra details (FT-IR and MS) of the prepared organotellurium compounds

(4-Amino-[1,1'-biphenyl]-3-yl)mercury(II) chloride (A): -
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3-(Tribromo-A*-tellanyl)-[1,1'-biphenyl]-4-amine (B): -
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3,3'-(Dibromo-A*-tellanediyl)bis([1,1'-biphenyl]-4-amine) (C): -
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3,3"-tellurobis([1,1'-biphenyl]-4-amine) (D): -
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3,3"-ditellanediyl bis([1,1'-biphenyl]-4-amine) (E): -
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Fig 26. Molecular orbital (HOMO) of compound E

Fig S27. Molecular orbital (LUMO) of compound E

Table S1. The most important fissions of the compound A

Molecular ion m/z

Molecular ion m/z
[CleloNHgC1]+ 404
[C12H1IN]* 169

[CiHsHgCl]* 365

[Ci.H0]* 154
[CsHsHgCl]* 277
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Table S2. The most important fissions of the compound B

Molecular ion m/z  Molecular ion m/z
[C,HoBrsNTe]* 535 [C,H;NTe]* 196
[TeHBr]* 202 [C,H.Br,NTe]* 456
[CiiH, 1 Br;Te]* 510 [CpH;N]* 169

Table S3. The most important fissions of the compound C

Molecular ion m/z Molecular ion m/z
[C24H,0N,Br, Te]* 623  [CyHsBr,Te]* 593
[C,HoBrTe]* 360 [ChuHigTe]* 434
[CosHoBr,NTe]* 608 [C;HjcTe]* 281

Table S4. The most important fissions of the compound D

Molecular ion m/z Molecular ion m/z
[CoaHoN,Te]" 464 [CyH,NTel]" 415
[CLHNT* 169 [Cy,HsNTe]* 364
[CoyH9NTe]* 449  [Ce¢He]* 77

Table S5. The most important fissions of the compound E

Molecular ion m/z Molecular ion m/z
[CosHy N, Te,]* 591 [CypHyNTe,]* 552
[CHN]* 169 [Ci,H(NTel]* 296
[CosHoNTe,]* 576  [C¢H;N]* 93
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Abstract: The aim of the current study is to prepare organomercury and
organotellurium compounds containing amino groups such as [1,1-biphenyl]-4-amine
and their derivatives by a mercuriation reaction. The research includes the preparation
of a new organotellurium compound based on [1,1-biphenyl]-4-amine. C;;H;,uNHgCI (A)
was obtained by mercuriation reaction to [1,1-biphenyl]-4-amine by mercuric acetate
and lithium chloride. C;;HoBrsNTe (B), CyHyN:Br,Te (C), CyHyN,Te (D), and
C2:HxN:Te, (E) were prepared by different reactions to get the corresponding compounds.
All the prepared ligands were characterized by using infrared spectroscopy and mass
spectroscopy. DFT has been obtained by the basis set 3-21G to investigate the molecular
structure of the new prepared organotellurium compounds. HOMO and LUMO surfaces,
geometrical structure, and energy gap have been obtained throughout the geometry
optimization. Finally, the electron affinity, electronegativity, electrophilicity, ionization
potential, and lower case of organotellurium compounds have been calculated and
discussed. The result of the chemical analysis showed that it agreed with the proposed
chemical structures, and a theoretical study using DFT has concluded that more stability
of the prepared organotellurium compounds.

Keywords: organotellurium; 4-amino biphenyl; ditelluride; organyl tellurium
dibromide

= INTRODUCTION

Tellurium belongs to the family of chalcogens in the

applications in both inorganic and organic chemistry [3-
4]. Tellurium is derived from the Latin word tellus,
which means earth, and was discovered by the scientist,

sixth group of the periodic table, which is the oxygen
group itself. It is a metalloid with atomic number 52 and
has five known oxidation states -1, -2, +2, +4, and +6 [1].
Tellurium is a toxic element, but it has existed in the
human diet, where it is used in some side metabolic
processes [2]. The low natural abundance of the element
tellurium has partly been reflected in the scant interest
attached to it. Based on old studies, the structures and
reactions of tellurium compounds can be extrapolated by
studying the behavior of analogs of other lighter
chalcogens such as Sulfur and Selenium. In fact, recent
results and well-established observations clearly show
that this assumption or concept is invalid; the emerging
importance of the unique properties of tellurium
compounds from a variety of their known and potential

Reichenstein, in 1782 from ores extracted from the gold
regions of Transylvania [5-6]. For the element tellurium,
there are a number of stable isotopes, of which there are
eight stable isotopes (Te-120, Te-122, Te-123, Te-124,
Te-125, Te-126, Te-128, and Te-130) in addition to
twenty-one synthetic isotopes that take the cluster shape
in their structures [7-8]. Despite the relative abundance
of tellurium in the human body, nevertheless, the diverse
activities of tellurium agents in both cancerous and
normal cells are important, though highly complex [2,9].
The element tellurium is similar to selenium in terms of
its structural formula, but it has a more distinct metallic
character than selenium. It has an anisotropic crystalline
structure consisting of long helical chains of atoms
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arranged symmetrically, each atom having four bonds
with its nearest neighbors in adjacent chains [10].
Tellurium is a great significant element for research
purposes in the modern era of its entry into the
[11-12].
compounds are also used in the field of the plastics and

manufacture of nano-devices Tellurium
rubber industry to add hardness to electronic industries,
optics, and the ceramics industry. Also, it is utilized in
petroleum refining and petrochemical industries. Other
uses of tellurium are in the manufacture of crackers and
fireworks as an explosive material [13-15].

In this work, we synthesized a new organometallic
compound type organomercury and organotellurium
namely (4-amino-[1,1'-biphenyl]-3-yl)mercury(II) chloride
hereinafter referred to as compound A, 3-(tribromo-\*-
tellanyl)-[1,1'-biphenyl]-4-amine hereinafter referred to
as compound B, 3,3'-(dibromo-A*-tellanediyl)bis([1,1'-
biphenyl]-4-amine) hereinafter referred to as compound
C, 3,3"-tellurobis([1,1'-biphenyl]-4-amine) hereinafter
referred to as compound D, and 3,3"-ditellanediyl
bis([1,1'-biphenyl]-4-amine) hereinafter referred to as
then the
organotellurium compound (B-E) has been investigated

compound E, molecular structure of
theoretically by the DFT with a good agreement of

theoretical results.

m EXPERIMENTAL SECTION
Materials

The chemicals used in this study included ethanol

absolute, bromine, sodium metal, lithium chloride
(Sigma-Aldrich), glacial acetic acid, mercuric acetate,
(Fluka),

tellurium  powder

dioxane chloroform,

(BDH),

hydrazine hydrate,
potassium  hydroxide,

hydrochloric acid (HGB).
Instrumentation

Infra-red spectra were recorded with KBr disks
utilizing an FTIR spectrophotometer Shimadzu model
8400 S in reach 4000-250 cm™'. The mass spectra were
performed using a HAT-8200 analyzer at the ionizing
potential of 70 eV (Central Laboratory, University of
Tehran, Iran). The melting point was measured using the
Melting point SMP 31 model.

Procedure

Synthesis of (4-amino-[1,1'-biphenyl]-3-yl)mercury(ll)
chloride (A)

Firstly, 8.3 g (0.05 mol) of 4-amino biphenyl was
dissolved in 50 mL of absolute ethanol, then added to it
15.7 g (0.05 mol) of mercury acetate dissolved in 50 mL
of absolute ethanol, and the mixture was refluxed for 12 h
with the follow-up of the reaction via thin-layer
chromatography TLC. After the reaction was completed,
2.5 g (0.06 mol) of lithium chloride was added, and the
reaction was continued again for 1 h then the solution
was filtered. White crystals were formed on the filter
paper and then washed via hot ethanol several times to
get rid of the remains of unwanted materials. The weight
of produced compound was 15.3 g, the yield was 77%,
and the melting point of the compound was measured
after completely drying was 170-172 °C.

FT-IR using KBr: v(C-H) Aromatic = 3055 cm™, v(C-N)
Aromatic = 1310 cm™, v(C=C) Aromatic = 1612 cm™},
v(NH,) = (3327 cm™}, 3408 cm™).

Mass spectra: The MS calculated for A C;H,(\NHgCI
(404.26) was found to be as follows: M*+1 (405); MS/MS
(m/z): 365, 317, 277, 236, 169, 154, 144, 78.

These data were shown in Scheme 1 and S1, Table 1, 2
and S1, Fig. S1, S2 and S3.

Synthesis of 3-(tribromo-A*-tellanyl)-[1,1'-biphenyl]-
4-amine (B)

Add 16 g of compound A with 18 g (0.04 mol) of
TeBrs and both materials in their solid state after
grinding them well (the reaction here was at a ratio of 1:1
mole, then add 400 mL of glacial acetic acid. The mixture
was refluxed for 15h, and the reaction progress was
followed up by TLC to assure the completion of the
reaction. In the first hours of the reaction, the color of
the solution turns brown, and after the end of the
heating period, we filter the solution under hot
conditions. The filtered mixture then has left to cool
down, where we notice the formation of dark brown
crystals that are the compound 3-(tribromo-A*-tellanyl)-
[1,1'-biphenyl]-4-amine to be prepared; separated by
normal filtration. The precipitate was washed on a filter
paper with hot ethanol, and the precipitate was dried and
collected. The weight of produced compound was 13 g,
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Scheme 1. Synthesis of organotellurium compounds A-E

and the yield was 60%. The dissociation of the compound
was at a degree 161-163 °C.

FT-IR using KBr: v(C-H) Aromatic = 3121 cm™, v(C-N)
Aromatic = 1256 cm™!, v(C=C) Aromatic = 1596 cm™,
v(NH,) = (3486 cm™, 3576 cm™), v(C-Te) = 481 cm},
v(Br-Te) = 689 cm™.

Mass spectra: The MS calculated for B Ci,H;oBr;NTe
(535.53) was found to be as follows: M*+1 (536); MS/MS
(m/z): 510, 456, 484, 375, 202, 196, 169.

These data were shown in Scheme 1 and S2, Table 1, 2 and
S2, Fig. $4, S5 and Sé.

Synthesis of 3,3'-(dibromo- A “-tellanediyl)bis([1,1'-
biphenyl]-4-amine) (C)

Five grams (0.013 mol) of A with 2.7 g (0.006 mol)
of TeBr, were mixed, and both materials in their solid
state after grinding them well (the reaction here is 2:1
mole). Then 50 mL of dry dioxane was added, and after
the process of re-escalation for 2h, we filtered the
mixture while it was hot and left the filtrate to cool down
to room temperature. It has noticed the separation of
white crystals resembling glass fragments which is the
complex (HgCIBr.dioxan), and we get rid of them by
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Table 1. Physical data for organotellurium compounds

Compound Molecular formula M.Wt Color m.p. (°C)  Yield (%)
A CH,ClHgN 404.26 white 170-172 77
B Ci.HoBrsNTe 535.53 dark brown 161-163 60
C CasHaoBroN,Te 623.85 pale yellow 182-184 50
D CaHyN,Te 464.04 pale green 208-210 42
E C.sHyN,Te 591.64 orange 214-216 32

Table 2. Main absorption bands in the infrared spectra of the prepared compounds

Compound C-Haromatic (cm™) C=C(cm™) N-H,(cm™) Te-Br(cm™) C-N(cm™) Te-c(cm™)
A 3055 1612 3408, 3327 1310
B 3121 1596 3486, 3573 689 1256 481
C 3033 1609 3582, 3523 692 1284 455
D 3032 1480 3298, 3442 - 1261 499
E 3045 1564 3478, 3567 - 1258 478

151

normal filtration, then adding the filtrate in batches to
300 mL of ice-distilled water in a beaker with continuous
stirring, where we have crystals with the pale color yellow
is isolated by filtering. The precipitate was washed on the
filter paper with distilled water several times, and the
precipitate was dried; the resulting weight is 4 g, and the
yield was 50%. The dissociation of the compound at a
degree 182-184 °C.

FT-IR using KBr: v(C-H) Aromatic = 3033 cm™, v(C-N)
= 1284 cm™!, v(C=C) Aromatic = 1609 cm™, v(NH,) =
(3582 cm™, 3523 cm™), v(C-Te) = 455 cm™!, v(Br-Te) =
692 cm™.

Mass spectra: The MS calculated for C Cy;HyN,Br,Te
(623.85) was found to be as follows: M*+2 (625); MS/MS
(m/z): 608, 593, 484, 434, 360, 281, 154.

These data were shown in Scheme 1 and S3, Table 1, 2,
and S3, Fig. S7, S8 and S9.

Synthesis of 3,3"-tellurobis([1,1'-biphenyl]-4-amine) (D)

From the previously prepared composite,
compound C, 1 g was dissolved in a beaker and then
added 20 mL of ethanol, then some drops of (0.1 mol,
5mL) of aqueous hydrazine diluted in 5 mL of ethanol
were added until the vapors disappear. Pale green crystals
were formed and isolated by filtration. The precipitate is
washed with hot ethanol on the filter paper and dried,
where the resulting weight was 0.3 g, and the yield was
46%. The dissociation of the compound at a degree 208-
210 °C.

FT-IR using KBr: v(C-H) Aromatic = 3032 cm™, v(C-
N) Aromatic = 1261 cm™, v(C=C) Aromatic = 1480 cm},
v(NH,) = (3298 cm™}, 3442 cm™), v(C-Te) =499 cm™.
Mass spectra: The MS calculated for D CyHyN,Te
(464.02) was found to be as follows: M*+2 (466); MS/MS
(m/z): 449, 415, 364, 296, 169, 154, 78.

These data were shown in Scheme 1 and S4, Table 1, 2
and S4. Fig. S10, S11 and S12.

Synthesis of 3,3"-ditellanediyl bis([1,1'-biphenyl]-4-
amine) (E)
From

the
compound B, 1 g was put in a beaker, then added 20 mL

previously prepared composite,
of ethanol until got completely dissolved in the solvent
after heating. Some drop 5mL (0.1 mol) of aqueous
hydrazine diluted in 5 mL of ethanol were added until
the fumes disappeared where orange crystals are formed
that are isolated by filtration. The precipitate was washed
with hot ethanol on a filter paper. The resulting weight
was 0.32 g, and the yield was 32%. The dissociation of
the compound was at a degree 214-216 °C.

FT-IR using KBr: v(C-H) Aromatic = 3045 cm™, v(C-
N) = 1258 cm™, v(C=C) Aromatic = 1564 cm™, v(NH,)
= (3478 cm™, 3567 cm™), v(C-Te) =478 cm™.

Mass spectra: The MS calculated for E C,HN:Te,
(591.64) was found to be as follows: M*+1 (592); MS/MS
(m/z): 576, 552, 504, 478, 296, 169, 93.

These data were shown in Scheme 1 and S5, Table 1, 2
and S5, Fig. S13, S14 and S15.
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m  RESULTS AND DISCUSSION

This current study included the preparation of the
organic tellurium compounds such as ArTeBrs, Ar,;TeBr,,
Ar,Te, and Ar,Te,, where Ar is the organic compound (4-
amino biphenyl), which represents the organic part in the
prepared organic tellurium compounds, Scheme 1.

IR spectra of the compounds under study displayed
standard features in specific regions and characteristic
bands in the other areas explained in Table 2. In all the
compounds under study, the aromatic C-H bond
appeared in the range 3032-3121 cm™" [16-21]. The clear
band in the range of 1480-1612 cm™" was attributed to the
aliphatic bond C=C [16-21]. A clear double package also
appeared in all the compounds prepared, belonging to the
NH, group within the range 3298-3573 cm™" [16-20]. The
appearance of a weak to medium intensity band in the
fingerprint area for the two compounds B and C are 689
and 691 cm™ straight, belonging to the Br-Te bond
[17,22-25]. All compounds except A showed a weak to
medium intensity band within the range 481-499 cm™
belonging to the Te-C bond [17-21], while those spectra
which showed bands at 1256-1310 cm™ are due to the
amplitude oscillation of the C-N bond [26-27].

The mass spectrum gives clear evidence about the
formula of the proposed compounds by noting the value
of the molecular ion, the parent band, which refers to the
total molecular weight of the compound, in addition to
the baseband with high abundance, which indicates the
high stability of the fragmented molecule, and that the
presence of other bands gives us an idea of the structural
formula and the possibility of ions that depend on the
rules of fragmentation [28-32]. (Explained in Table 2 and
S1-S5, Scheme S1-S5, and Fig. S1-§15).

Computational Study

The molecular structure for the organotellurium
compounds was investigated using optimization plus
frequency at the ground state level. In addition, density
functional theory has been applied to optimize the
organotellurium compounds with Gaussian 09 software
program [33-39].

Density Functional Theory (DFT)

It is one of the methods used in the study of
molecular structures, electronic properties, and lines the
circumference and surfaces of individual atoms and
molecules, and this method is widely used in science
materials and Solid-State Physics. DFT theory deals with
electron density rather than the wave function. That is,
the electron density depends only on the spatial
coordinates without regard to how it is located electrons
in the system [32]. DFT is one of the most important
methods; it is used in theoretical physics and chemistry,
and with it, we can determine the properties of multiple
system particles (total system energy, electron density of
orbitals, physical, and optical parameters for matter),
which is one of the most widely used methods in
quantitative calculations because of the possibility of it
applied to a variety of systems at a low cost and high
speed [34-35].

Electronic Properties

HOMO and LUMO are terms used to refer to the
position of molecular orbitals in terms of it is occupied
with electrons, as HOMO is the highest molecular
orbital occupied by electrons, and LUMO represents the
lowest unoccupied molecular orbital with electrons (see
Fig. S16-S27). Uses the energy difference between these
two boundary orbits in knowing the stability and
stability of the elements in addition to the color that they
show in solutions (energy gap). The energy gap is the
amount of energy needed for an electron to move from
its valence level to its conductivity level through this
value (energy gap). We can know what elements or
materials are if it is a conductor, an insulator, or a
semiconductor, where the energy gap can be calculated
by difference. The energy between the lowest energy
level and the highest energy level [36-37], represents the
energy difference between the lower virtual energy and
the higher total energy levels (see Table 3).

E; = ELumo — Enomo [38] (1)
The HOMO and LUMO energies are explained in Table
3. The HOMO energy of prepared compounds
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Table 3. The electronic states of the organotellurium

compounds
Compound Enomo (V) Erumo (eV)  Eg (eV)
RTeBr; (B) 5.4011 2.9767 2.4244
R,TeBr; (C) 4.3454 2.6230 1.7224
R,Te (D) 4.4814 3.3876 1.0938
R,Te, (E) 4.9821 25522 2.4299

were arranged [34-38] as follows:

C>D>E>B

while the LUMO energies were arranged as the following

[34-38]:

E>C>B>D

Therefore, the highest energy gap was observed by
compound E, while the lowest value was observed by
compound D (see Table 3).

Electronegativity and Electrophilicity

Electronegativity is defined as the ability of an atom
to attract electrons towards itself in a chemical
compound, where fluorine is the most negative electrolyte
element. Electronegativity increases with increasing
numbers of atomic elements. In addition, electronic
affinity can be defined as the susceptibility of a neutral
atom. In the gaseous state, it can gain one electron and
release energy; the atomic number becomes more difficult
to add an electron. Electronegativity and electronic
affinity can be calculated respectively from the two

relationships (2) and (3) [38-39] as shown in Table 4.

E +E
X = HOMO2 LUMO (2)
2
W:X_ (3)
2n

In Table 4, the electronegativity of organotellurium
compounds under study was arranged as the following:
D>B>C>E
but compound E had the greatest electrophilicity, whereas
compound D had the least such as the following
arrangement:

E>C>B>D

Ionization potential and electron affinity ionization
energy are defined as the amount of energy required to
remove an electron from an atom of a particular element.
It is neutral in its gaseous state; for example, a hydrogen

atom has one ionization energy in the outer shell because
it has one electron, while atoms that contain more than
an electron in their last shell have ionization energy for
each electron, while electronic affinity can be defined as
it is the amount of energy released when an atom gains
an electron equal to the energy required to remove an
electron from a negative ion. For example, atoms have
seven electrons in the outer shell. It has a strong
electronegativity, and it is opposite, if the atoms have a
closed shell, then they have an attraction weak
electronic, and according to Koopman's theory, the
following Eq. (4) and (5) [18,28,37-38] can express the
ionization potential and electron affinity, as shown in
Table 5.
LP=-Eyomo (4)
E.A=E;ymo (5)
The information in Table 5 shows the ionization
potentials and electron affinity values in (eV) for
compounds B, C, D, and E. According to Koopman's
theory, the results of ionization potentials and electron
affinity, in turn, depend on the energies in the valence
band and conduction distance preserver; accordingly,
the prepared tellurium compounds can be arranged as
the following (according to the increase in their
ionization potential) [18,37]:
D>B>C>E

Table 4. Electronegativity and electrophilicity of the
organotellurium compounds

Compound Electronegativity (X) Electrophilicity (W)
(eV) (eV)

RTeBr; (B) 4.1889 7.2209

R,TeBr; (C) 3.4842 7.0538

R,Te (D) 3.9345 14.0730

R;Te, (E) 3.7671 5.8399

Table 5. Ionization potential and electron affinity of the
organotellurium compounds

Compound Ionization Electron affinity
potential (I.P) (eV) (E.A) (eV)

RTeBr; (B) 5.40 2.97

R,TeBr, (C) 434 2.62

R,Te (D) 4.48 3.38

R,Te; (E) 4.98 2.55
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Hardness Softness Acid Base

Chemical hardness is a very useful concept in
chemistry and physics, knowing the resistance or
deformation of atoms, molecules, or ions [40]. Based on
this concept, was classified Lewis acids and bases were
both hard and soft, and this principle was described by
Pearson. A base can be defined as soft is the donor atom
that is highly polarizable and has a low negative
electronegativity. It is easily oxidized and bound to empty
lower orbitals. As for the solid base, the donor atom is low
polarizability, has high negative electronegativity, is easily
oxidized, and is associated with empty orbitals with high
energy, soft acid can be defined as the accepting atom with
a positive charge. It is low, large, and polarizable. As for
the solid acid, the receiving atom is the same high positive
charge, small size, and non-polarizable. This principle
includes a description of the behavior of molecules or
atoms as acids and bases in chemistry. The soft base and
the hard base represent the donors, but the soft acid the
solid acid represents the acceptors. The following Eq. (6)
and (7) can express the hardness and softness.

LP-W.P
== (6)

1
6= E (7)
n refers to chemical hardness, and o refers to chemical
softness, from Table 6. The compound D was harder than
compounds B, C, and E, respectively, indicating that
compound D will behave as a hard base [40-42].
D>C>E>B

In addition, and from the information provided in
Table 6, compound D appears softer than other
compounds, while compound B behaves as a soft base.
Therefore, organo-tellurium compounds are classified as
donors or acceptors.

Table 6. Chemical hardness and chemical softness of the
organotellurium compounds

Chemical hardness Chemical softness

Compound

Q) (0)
RTeBr; (B) 1.215 0.4115
R,TeBr, (C) 0.86 0.581
R,Te (D) 0.55 0.9090
R,Te, (E) 1.216 0.4116

m CONCLUSION

In the present study, compounds A, B, C, D, and E
were obtained in a 32-77% yield. All the prepared
compounds were characterized by the mass spectrum
and FTIR. Findings from this study were in concordance
with previous research findings, confirming the
correctness of the proposed structures for all the
prepared compounds.

As for the theoretical study, it can be obtained that
the DFT used in this study is an interest method, and the
B3LYP functional is suitable for studying the electronic
properties of these structures. The density functional
theory method has been used for geometry optimization
and the electronic properties of all prepared compounds
by using B3LYP functional.

The total energies of the donor-acceptor system
show that this structure is more stable. The results
obtained in this work may help to select a type of bridge
to interact with the donor and acceptor to calculate the
physical properties of the donor-bridge-acceptor.
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Abstract: The presence of emerging pollutants like pharmaceutical compounds in the
environment is currently an issue of concern. Pharmaceutical compounds often escape
conventional treatment systems and are persistent in the receiving environment; thus, the
advanced oxidation processes could complement existing treatment methods to
completely remove pharmaceuticals from contaminated water bodies. This work
investigated the removal of metronidazole by ultra-violet light catalyzed by zinc oxide
nanoparticles supported on acha waste. The synthesized zinc oxide nanoparticles, acha
waste, and zinc oxide nanoparticles/acha waste composite were characterized by electron
microscopy (SEM and TEM), Fourier transforms infrared spectrometry (FTIR) and X-
ray diffractometry (XRD). Experimental results revealed that the UV light combined with
zinc oxide nanoparticles and/or acha waste was more effective for metronidazole removal
in combination than UV alone. The degradation of the metronidazole by UV light only,
UV/nano-ZnO, and UV/nano-ZnO/acha waste systems follow the pseudo-first-order
kinetic model. The addition of a catalyst to the UV reactor enhanced the degradation of
metronidazole (5 mg/L) from 41.0 up to 86.1%. The outcome of this research showed that
UV light in the presence of nanometal oxides and composites is an efficient technique for
the removal of pharmaceuticals from an aqueous solution.

Keywords: metronidazole; zinc oxide nanoparticles; acha waste; UV light; photocatalysis

INTRODUCTION on plants, animals, soil, groundwater resources, aquatic

Pharmaceutical industries are major sectors that
contribute to an increase in the presence of toxic
pollutants and hazardous chemicals in the environment
[1-2]. Due to the high production of pharmaceuticals
resulting from its growing demand, there is an increase in
the generation of pharmaceutical wastewater (PWW).
PWW, when not properly regulated and treated before
disposal into the environment, can cause adverse effects

organisms, and humans present in the environment.
The degree of toxicity depends on the type of
pharmaceutical product involved. PWW contains a high
amount of various organic pollutants, COD, BOD, and
suspended solids with varying colors [3]. PWW can be
formed through i) improper treatment of waste obtained
from the production process of the pharmaceuticals, ii)
hospital because of the
pharmaceuticals used in the treatment of patients, iii)

effluents numerous
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human and animal excretions when treated with
pharmaceutical products, and iv) unused drugs disposed
into the environment. Metronidazole (MNZ), a common
synthetic pharmaceutical antibiotic, is used in destroying
or inhibiting the growth of bacteria caused by
microorganisms such as Giardia lamblia, Trichomonas
vaginalis, Entamoeba histolytica, and Clostridium difficile
[4]. MNZ is used majorly in treating vagina infections,
gastrointestinal infections, pelvic inflammatory disease,
rosacea, and pneumonia [5]. The use of MNZ can cause
certain side effects such as diarrhea, nausea, abdominal
pain [5], vomiting, constipation, loss of appetite, and
rashes [6]. Most times, these side effects occur when MNZ
is taken alongside alcohol or food whose constituents can
agitate the effects [7]. MNZ is usually administered orally
through the mouth, intravenously by the use of injection
into the vein and is also available for use in the form of
cream [8]. Due to its non-biodegradability, MNZ can bio-
accumulate in the environment, survive in the aquatic
environment for longer periods [9] and can therefore
result in the presence of antibiotic resistant bacteria in the
environment [10]. The chemical structure and some
important properties of MNZ are presented in Table 1.
Various conventional methods, which include the
physical (sedimentation, coagulation, flocculation, and
filtration),

degrading pollutants) and

biological (use of microorganisms in

chemical (disinfection,
neutralization, adsorption, ion exchange) methods, have
been used in the removal of MNZ from wastewater.

However, they are not efficient enough since PWW

contains a high concentration of toxic, organic and
hazardous pollutants. A more convenient, effective and
efficient method for PWW treatment is the advanced
(AOPs). AOP,
technique sometimes referred to as the tertiary

oxidation processes a promising
treatment of wastewater, involves reactions of pollutants
with hydroxyl radicals to remove organic and inorganic
pollutants in wastewater [11].

The treatment of wastewater via photocatalysis
allows the creation of electron-hole pairs by the catalyst,
which leads to the generation of free radicals. The
hydroxyl radical generated helps in converting toxicants
pollutants present in the wastewater to non-dangerous
and less harmful substances [12]; the organic pollutants
present are converted into CO, and H,O. Farzadkia et al.
[13] studied the degradation of MNZ in an aqueous
solution by nano-ZnO/UV photocatalytic process. In
their study, the effects of some operational parameters
such as pH, time, nano-dosage, and power of radiation
on the degradation efficiency of MNZ wastewater using
zinc oxide nanoparticles as a photocatalyst were
investigated. Results showed that the removal of MNZ
and chemical oxygen demand (COD) has a direct
correlation with the power of the UV-A lamp and
irradiation time. Also, in the experiment carried out,
96.55% degradation was achieved. Fang et al. [14]
researched the effective removal of MNZ from water by
nanoscale zero-valent iron (nZVI) particles. In their
study, it was reported that the removal of MNZ by nZVI
followed pseudo-first order kinetics, and the removal is

Table 1. Chemical structure and properties of metronidazole

Chemical structure

(2-methyl-5-nitroimidazole-1-ethanol)

Soluble in water (10 mg/mL at 20 °C); ethanol (5 mg/mL);

methanol, chloroform, and ether (< 0.5 mg/mL); DMSO
(34 mg/mL at 25 °C); and dilute acids

IUPAC name

Molar mass 171.156 g/mol
Melting point 159 to 163 °C
Color yellow, white
Solubility

Synonym Flagyl
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influenced by several factors such as nZVI dosage, initial
MNZ concentration and initial solution pH. The authors
reported that the MNZ solution at 80 mg/L was removed
rapidly by nZVI in 5 min, at an initial solution of pH 5.60
and catalyst dosage of 0.1 g/L. Farzadkia et al. [15]
investigated the degradation of aqueous MNZ with
illuminated TiO,-NPs at different catalyst dosages, time,
pH, initial MNZ concentration, and light intensity. In
their study, it was observed that maximum removal of
MNZ occurs at near neutral pH, the rate of removal
decreases by dosage increase, and increase in initial MNZ
concentration. Moreover, the authors reported that the
reaction rate constant (keps) decreased from 0.0513 to
0.0072 min', and the value of electrical energy per order
(Eo) increased from 93.57 to 666.67 (kWh/m?) with an
increasing initial MNZ concentration from 40 to 120 mg/L.

Acha, commonly referred to as “fonio” is a species
of the grass family and one of the ancient African crops
[16]. It has other common names such as “hungry rice”
(English), “fonyo” (Fulani), and “fini” (Bambara). Acha is
mainly of two species, white fonio (Digitaria exilis) and
black fonio (Digitaria iburua). Of the two species, the
white fonio is commonly used and is grown particularly
on the upland Plateau of Central Nigeria as well as its
neighboring regions, with the black specie limited to the
Jos-Bauchi Plateau of Nigeria [17]. The acha grains serve
as a great source of food as they are used as rice, made into
porridge and couscous, for bread and beer making
process. Moreover, acha has great usefulness as a source
of starch after it has undergone various processes, with
acha chaff as waste resulting from acha processing. The
use of acha waste in environmental remediation will
provide a better means of utilizing the waste than
disposing it into the environment, thereby reducing
pollution, which can cause damage to the ecosystem. It
also reduces cost when compared to the high cost of other
chemicals used in wastewater treatment, and it helps in
improving economic stability by use of other simpler
methods in effecting a change in the environment.

The objective of this study is to investigate the
removal of MNZ from an aqueous solution using ultra-
violet (UV) light in the presence of catalysts (zinc oxide
nanoparticles, acha waste (agricultural waste), and zinc

oxide nanoparticles/acha waste composite). Operating
parameters such as the effect of time, catalyst dosage,
initial MNZ concentration and solution pH were
considered in the course of the investigation.

m EXPERIMENTAL SECTION
Materials

Winnowed acha grains were collected from a local
market in Jos, Plateau State. MNZ and sodium
hydroxide pellets (98% pure) were purchased from
Sigma Aldrich, whereas zinc chloride (97% pure) was
purchased from Loba Chemie Pvt. Ltd., India. The stock
solution of MNZ was prepared by dissolving a suitable
amount of MNZ in 1 L of deionized water in a standard
volumetric flask. Serial dilution of the stock was used to
prepare the working solutions.

Instrumentation

The surface morphological study of zinc oxide
nanoparticles and zinc oxide nanoparticles/acha waste
composite was carried out using TESCAN MIRA3 and
JSM-7600F SEM, respectively. The sample was observed
at 7000-9000x magnification with an accelerating
voltage of 15Kv [19]. TEM analysis of the zinc oxide
nanoparticles was by Tecnai G2 20, and the FTIR spectra
of the nanoparticles and composite were obtained using
Attenuated Total (UATR)
Infrared spectrometer Perkin Elmer Spectrum 2

Universal Reflectance
recorded over 400-4000 cm™ range. To capture the
diffraction patterns of the samples, an X-ray
diffractometer (D8 Advance, BRUCER AXS, Karlsruhe,
Germany) operating at Bragg angle (20) in the range of
(3-40 °C) with scan step (0.035°), step time (0.5 s), and
generator settings (40 Kv, 40 mA) was used [20].

Procedure

Extraction of acha starch and separation of chaff
The winnowed acha grain was stepped into water
for 6 h, after which the solution was discarded. The
swollen grain was washed with water and blended using
a domestic milling machine. The slurry (a mixture of
starch and chaff) obtained was suspended in water (5 L)
and was adjusted to pH 8 using NaOH (0.1 M). The
starch slurry was sieved until the starch had been
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separated from the chaff. Thereafter, the chaff (acha
waste) was air-dried for 24 h and further dried in the oven
for 48 h at 100 °C.

Preparation of nano zinc oxide/acha waste composite

The method by Ayanda et al. [18] was used in the
synthesis of zinc oxide nanoparticles (Fig. 1) and to
prepare the composite, 0.5 g of zinc oxide nanoparticles
was mixed thoroughly with 5 g of the acha chaff before the
material was air and oven dried at 100 °C.

Photolysis

During this experiment, photolytic treatment (ultra-
violet light only) of aqueous MNZ was observed under the
effect of time, pH and concentration. For the effect of time
on the degradation of MNZ, aqueous MNZ (20 mL) was
placed in a beaker, and a UV lamp with a wavelength of
254 nm was placed above the reactor containing the
solution, 14 cm is the distance between the UV lamp and
the aqueous MNZ. The time intervals investigated were
10, 20, 30, 40, and 60 min. To investigate the effect of pH,
varying pH range (2-10) was used. MNZ concentrations
of 5,2.5,1.25,0.625, and 0.3125 mg/L at pH 2 and time of
60 min were utilized during the investigation of the effect
of initial MNZ concentration.

ZnCl; solution @90 °C | | NaOH solution
Milky white colloid solution
Stirringfor2h
| Filtration l

.

[ Draying @ 160°C I

v

I Calcination @ 500°C |

ZnO-NPs
Fig1. Flowchart for the synthesis of zinc oxide

nanoparticles

Photocatalysis

Photocatalysis was also considered at a wavelength
of 254 nm; moreover, the effect of time, catalyst dosage,
pH, and concentration were examined. Zinc oxide
nanoparticles and zinc oxide nanoparticles/acha waste
composite were used as catalysts. For the effect of time,
20 mL of aqueous MNZ containing catalyst (0.02 g) was
placed in a beaker, and the UV lamp was placed above
the reactor containing the solution. The time intervals
investigated were between 10-60 min. The effect of the
amount of catalyst dosage on the degradation of MNZ
was achieved by placing 20 mL of aqueous MNZ in a
beaker containing 0.02-0.1 g of the catalyst for 60 min.
To investigate the effect of pH, the experiment was
conducted by varying the pH from 2 to 10. Lastly, the
effect of MNZ concentration on the
photocatalytic degradation of MNZ was achieved using
MNZ at concentrations of 5, 2.5, 1.25, 0.625, and
0.3125 mg/L, the pH of the solution was kept at 2 and a
contact time of 60 min.

initial

After the completion of each experiment, samples
were taken (filtered in the case of photocatalysis) and
BIOBASE  BK-UV1900BC
spectrophotometer at a wavelength of 320 nm [21]. The

analyzed using a

percentage degradation was calculated using Eq. (1).
MNZ, - MNZ;
MNZ,
where MNZ, and MNZ; are the initial and final

concentrations of MNZ (mg/L), respectively.

m RESULTS AND DISCUSSION
The Results of FTIR and XRD

% Degradation = x100 (1)

The FTIR bands observed in the spectra of zinc
oxide nanoparticles and zinc oxide nanoparticles/acha
waste composite are presented in Table 2. The peaks
observed at 469.11 and 460.84 cm™ correspond to the
Zn-O group [22]. A strong and broad band observed at
3448.94 cm™' corresponds to the O-H stretching mode
of hydroxyl groups [23], and this indicates the
contribution of water molecules. The FTIR band at
2927 cm™ could be assigned to aliphatic vCH, symmetric
frequency and may be due to the presence of ethanol in
the acha waste. The band at 1644.13 cm™' may be due to
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Table 2. Absorption bands of zinc oxide nanoparticles, acha waste and zinc oxide nanoparticles/acha waste composite

Zinc oxide

Zinc oxide nanoparticles/acha

S/IN ] ~ Acha waste ) -
nanoparticles (cm™) waste composite (cm™)
1 469.11 3448.94 3448.94
2 460.84 2927.70 2927.70
3 1644.13 1644.13
4 1155.57 1155.57
5 1080.35 1080.35
6 1019.76 1019.76
7 713.86 713.86
8 469.11

the double bonds (-C=C-), carbonyl bonds (-C=0)
groups stretching vibration and may be related to the
aromatic ring deformation associated with polyphenol
compounds. The FTIR bands at 1155.57, 1080.35, and
1019.76 cm™ may be linked to sugar moiety attached to
polyphenols; moreover, they may be related to the
aromatic -OH group vibration and symmetry stretching
of —C-C-. The band at 713.86 cm™ may be related to
aromatic ring vibration [24]. The presence of all the FTIR
bands associated with zinc oxide nanoparticles and acha
waste in the zinc oxide nanoparticles/acha waste
composite indicated that the two precursors interacted.
The XRD patterns provided having 26 values with
strong diffraction peaks appear at 10.9°, 15.2°, 24.3°, 37.8°,
and 57.6° (Fig. 2(a)) and 10.8°, 27.9°, 22.2°, 33°, 37.8°, and
57.6° (Fig. 2(b)). The XRD pattern indicated that the zinc
oxide nanoparticles are crystalline, having a wurtzite

crystalline structure with a hexagonal phase, and no
characteristic diffraction peaks other than zinc oxide
nanoparticles were observed [25]. The zinc oxide
nanoparticles/acha waste composite tends to be
amorphous after the addition of zinc oxide nanoparticles
and acha waste, as depicted in Fig. 2(b).

The SEM and TEM Results

The SEM and TEM of zinc oxide nanoparticles in
Fig.3(a) and 3(b) showed that the zinc oxide
nanoparticles are agglomerated, and there’s no complete
separation between them. The TEM micrograph also
confirmed the presence of multiple hexagonal structures
in mass. This result may be due to weak physical force
holding the particles together [26]. Fig. 3(c) shows that
the composite material has an irregular, non-smooth
surface with more large size pores [20].
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Fig 2. XRD patterns of zinc oxide nanoparticles (a) and zinc oxide nanoparticles/acha waste composite (b)
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Fig 3. SEM (a) and TEM (b) micrographs of zinc oxide nanoparticles, and SEM of zinc oxide nanoparticles/acha waste
composite (c)

Degradation of Aqueous Metronidazole percentage degradation increases and improves with
Effect of time of exposure time. For the photolysis (UV only), the percentage

Fig. 4 shows the effect of time on the degradation of ~ degradation increases from 30.2 + 0.2 to 64.0 £ 0.2%. The
the MNZ solution. The figure indicated that the UV/nano-ZnOand UV/nano-ZnO/acha waste systems
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Fig 4. Effect of contact time on the degradation of metronidazole using UV, UV/nano-ZnO and UV/nano-ZnO/acha

waste systems

resulted in 35.7 £ 0.3 to 74.7 £ 0.3% and 59.7 + 0.2 to 86.1
+ 0.2%, respectively. The highest degradation efficiency
with photocatalysis (UV/nano-ZnO and UV/nano-
ZnO/acha waste), when compared to UV light only, might
be due to the synergistic effect between the UV light, zinc
oxide nanoparticles and acha waste. The result obtained is
similar to previous studies on the degradation of
amoxicillin, ampicillin and cloxacillin antibiotics by
Moradmand Jalali and Dezhampanah [27].

Effect of initial MNZ concentration
The effect of initial MNZ concentration on the

— & — UV only

120 4
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photolytic and photocatalytic degradation of MNZ
solution is presented in Fig. 5. The figure showed that the
percentage degradation of MNZ decreases as the initial
concentration of MNZ increases from 0.3125 to 5.0 mg/L.
For UV only, 3.47 + 0.2% of MNZ was degraded at
5.0 mg/L MNZ initial concentration, whereas an MNZ
solution of 0.3125mg/L resulted in 74.1+0.2%
degradation. The UV/nano-ZnO and UV/nano-
ZnO/acha waste systems resulted in 54.7 £ 0.1 — 81.4 +
0.1% and 73.9 £ 0.2 to 98.9 + 0.2%, respectively, when the
concentration of MNZ was varied from 5.0 to 0.3125 mg/L.
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Fig 5. Effect of initial concentration on the degradation of metronidazole using UV, UV/nano-ZnO and UV/nano-

ZnO/acha waste systems
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The results obtained are similar to the work reported
by Farzadkia et al. [15]. The authors reported that the
photocatalytic degradation of MNZ with illuminated
TiO; nanoparticles decreased with increasing initial MNZ
concentration. The reason for this observation was
presumed to be i) the surface of the catalyst might be
occupied by MNZ as the initial MNZ concentration
increases, ii) more degradation intermediates can be
accumulated on the catalyst surface, causing a negative
effect in the utilization of hydroxyl radicals or positive
holes in the valence band of the catalyst surface, and iii)
inner filtration effect which causes a decrease of photon
reaching the catalyst surface.

Effect of solution pH

Fig. 6 shows the effect of pH on the degradation of
the MNZ solution. The percentage degradation of MNZ
by UV light increases from 1.33+0.1% in the basic
medium to 76.27 + 0.1% in the acidic medium. Therefore,
the degradation of the MNZ solution could be said to be
favored in the acidic medium over the basic medium. The
point of zero charges (pH,..) of zinc oxide nanoparticles
was estimated at about 8.3-9.0 [28-29]. This implies that
at pH values below the pH,., the surface of zinc oxide
nanoparticles has a net positive charge, whereas, at pH
greater than the pH,., the surface of zinc oxide
nanoparticles has a net negative charge. Thus, at low pH
value, the surfaces of zinc oxide nanoparticles were highly
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protonated and became positively charged so that the
MNZ anion was electrostatically attracted towards the
catalyst surface.

Similarly, the same trends were observed for the
UV/nano-ZnO and UV/nano-ZnO/acha waste systems.
The percent degradation decreased from 70.9 + 0.2 to
10.9 £ 0.2% as the pH of the solution was increased from
2 to 10 during UV/nano-ZnO degradation of 5 mg/L
MNZ solution. The UV/nano-ZnO/acha waste MNZ
treatment system resulted to a reduction in the percent
degradation from 76.9 + 0.2 to 18.4 + 0.2% as the pH of
the solution was increased from pH 2 to 10. Farzadkia et
al. [15] obtained the highest degradation efficiency of
MNZ at neutral pH (pH 7) with the lowest degradation
at pH 11; moreover, the removal efficiency of MNZ by
Asgharzadeh et al. [30] increased as the pH increased
from 3 to 7; nevertheless, the efficiency decreased with
further increase in pH value from 9 to 11. Thus, the
trend observed in this study could be explained by the
variation of charges on MNZ (pKa = 2.55) as well as on
the surface of the catalyst at different solution pH.

Effect of catalyst dosages

Fig. 7 shows the effect of catalyst dosages (0.02-
0.1 g) on the photocatalytic degradation of MNZ at a pH
of 2, observed for 60 min. The degradation efficiency
decreased as the nano dosage increased from 0.02-0.1 g.
The decrease in the degradation efficiencies of MNZ might

—o— UV/nano-ZnO/acha waste

1.5 25 35 45

55

6.5
pH

Fig 6. Effect of pH on the degradation of metronidazole using UV, UV/nano-ZnO and UV/nano-ZnO/acha waste

systems
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Fig 7. Effect of catalyst dosages on the degradation of metronidazole using UV/nano-ZnO and UV/nano-ZnO/acha

waste systems

have resulted from increased blockage of the incident UV
light with increasing catalyst dosages. Sheikhsamany et al.
[31] and Farzadkia et al. [15] observed similar results.

Kinetics of Degradation

Applying the data of the effect of time of exposure,
the degradation of MNZ solution by UV light only,
UV/nano-Zn0O, and UV/nano-ZnO/acha waste treatment
systems follow the pseudo-first-order kinetics with
respect to the concentration of MNZ in the solution (Eq.
(2)). The integration of Eq. (2) gives Eq. (3).

n| MNZo |y, (3)
MNZ,

where, MNZ, is the initial MNZ concentration of the
solution in mg/L and MNZ, is the concentration of MNZ
at time t, the rate constant (k) was obtained from the
slope of the plot of In MNZ,/MNZ, versus time (t).
According to Fig. 8, the rate constant (k) and the
R? values for MNZ degradation are presented in Table 3.
The high R® values obtained for the three treatment
methods are an indication that the degradation of MNZ
conforms to the pseudo-first-order kinetic model. The

dMNZ .
r= =kMNZ (2)  rate constants showed that the UV treatment system is not
t
25 1 AUVonly ©UV/mnano-ZnO ©oUV/nano-ZnO/acha waste
2 o y=0022x +0.7727
R? =0.9307
] 15 4
g . -o ¥=0.0194x +0.2493
3 T R? =0.9817
P
s 1 —h
£ o L ey y =0.0144x + 0.1795
£ - B R? = 0.9812
P
05 (C '____ AT
-4
0 . r . + r r .
0 10 20 30 40 50 60 70
Time (min)

Fig 8. The kinetic plot of the degradation of metronidazole in UV, UV/nano-ZnO and UV/nano-ZnO/acha waste

systems
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Table 3. Metronidazole degradation kinetic constants

Treatment technique Kinetic constant (min™!) R?

UV only 0.0144 0.9812
UV/nano-ZnO 0.0194 0.9817
UV/nano-ZnO/acha waste system 0.0220 0.9307

Table 4. Comparison of the photocatalytic degradation of metronidazole

Photocatalytic methods Efficiency (%) References
UV/TiO, 99.5 [15]
UV/TiO, 86.1 [32]
UV/ZnO 60.3 [32]
UV/Fe;0,4/TiO,/biochar 80.0 [29]
UV/nanoCoFe,0,@methycellulose 85.3 [33]

UV/ Ag-ZnO/graphite 88.5 [34]
Solar/ Ag-ZnO/graphite 97.3 [34]
UV/TiO,-P25 + PbS 95.0 [35]

uv 64.0 [35]
UV/nano-ZnO 74.7 Present study
UV/nano-ZnO/acha waste 86.1 Present study

as effective as the treatment systems involving the
catalysts. The UV treatment catalyzed with zinc oxide
nanoparticles is 1.3 times faster in comparison to UV
only, whereas the use of nano-ZnO/acha waste is 1.5 times
faster. The fast reaction rate with nano-ZnO/acha waste
highlights its excellent removal of the MNZ from aqueous
solution, owing to a synergistic influence of UV, zinc
oxide nanoparticles and acha waste. The removal
efficiency of MNZ in the present study compared with
other photocatalytic treatment methods is presented in
Table 4. The table indicated that the photocatalytic
degradation of MNZ by zinc oxide nanoparticles
supported on acha waste shows satisfactory performance.

m CONCLUSION

This study employs the use of UV light, a promising
technique in the field of AOPs, to degrade MNZ using zinc
oxide nanoparticles and nano-ZnO/acha waste composite
as photocatalysts. The percentage degradation of MNZ
obtained using UV light combined with nano-ZnO is
approximately 2 times faster when compared to the use of
UV light only, whereas, the introduction of the nano-ZnO/
acha waste composite also enhanced the photocatalytic
ability, thereby allowing more degradation of MNZ
wastewater to occur. Generally, experimental results have

proven that the UV/nano-ZnO and UV/nano-ZnO/acha
waste treatment systems had better performance for the
degradation of MNZ wastewater than UV alone.
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Abstract: Rubber fruit shells-derived carbon (RC) modified with magnetite (MRC) and
triethoxyphenylsilane (TEPS) (SRC) made from rubber fruit shells were used to adsorb
crystal violet (CV) dye effectively. The RC was successfully modified by magnetite and
TEPS, according to the characterization of the adsorbent utilizing Fourier transform
infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and scanning electron microscopy-
energy-dispersive X-ray (SEM-EDX) showed that the RC was successfully modified by
magnetite and TEPS. Several adsorption process parameters were investigated, and the
ideal results were obtained with an adsorbent dose of 0.1 g, pH 10, contact time of 15 min,
and initial concentration of CV 250 mg L™'. The MRC and SRC adsorption capacities are
71.43 and 69.93 mg g, respectively. The adsorption kinetics followed a pseudo-second-
order model with MRC and SRC rate constants of 3.40 and 0.83 g mg™" min™’, respectively.
The Freundlich adsorption isotherm is suitable for CV dye adsorption using MRC and
SRC with Ky values are 1.36 and 1.76 mgg' L mg™' which gives R? 0.943 and 0.932,
respectively. These findings showed that the modified RC with magnetite and TEPS
effectively removes the CV dye solution through the adsorption process.

Keywords: magnetite rubber fruit shells-derived carbon; silane rubber fruit shells-
derived carbon; adsorption; crystal violet; rubber fruit shells

m INTRODUCTION

used in the textile industry. Crystal violet (CV) is
triphenylmethane and one of the cationic dyes used in

Environmental issues, especially in Indonesia, are
still a problem that needs attention. Various residual
pollutants from human activities interfere with the life
processes of living things, especially water pollution.
Water is said to be polluted when it cannot be used
according to its function. Water pollution commonly
found can be in the form of dyes, herbicides, heavy metals,
and other contaminants that accumulate in the
environment [1].

One of the most common industrial pollutants is the
textile industry. The textile industry produces a lot of dye
waste in the environment. Dyes used in the textile
industry are classified into three categories, namely
cationic, anionic, and non-ionic dyes [2-3]. Cationic dyes
are hazardous compared to others and are most widely

various industries, such as pharmaceuticals, paper,
textiles, and printer inks [4]. CV, if getting in the water
even with just a minor concentration of 1 ppm, can
reduce the penetration of sunlight and interfere with the
photosynthesis process [5]. If CV enters the human body
a certain amount, it can cause various diseases such as
respiratory problems, eye, and skin irritation, increased
heart rate, blindness, and mutagenesis [6]. Considering
the impact caused by the presence of CV dye can be
harmful to humans, several steps to reduce or even
eliminate CV dye waste have been carried out, such as
chemical degradation, adsorption, coagulation,
filtration membrane, ion exchange, and photocatalysis
[6-11].
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Adsorption is the cheapest method, easy to do, and
proven effective in removing various contaminants, such
as dyes, in the aquatic environment [12]. Several
adsorbents used to remove CV dyes include organoclay
(bentonite-alginate), agricultural waste (pine bark),
organic polymers (chitosan composite), biomass (algae),
and carbon materials [13-16]. The carbon material is one
of the most commonly used adsorbents for the process of
adsorption because of its abundant source, good stability,
and wide application [17]. In this study, the carbon used
came from rubber fruit shells. The rubber fruit shells-
derived carbon (RC) was modified using magnetite to
overcome the lack of effectiveness of RC. The scientific
community has keenly interested in magnetite
nanoparticles because of their unique features. Since
magnetite has a large surface area and many active surface
sites, it has a high capacity for adsorption [18]. The benefit
of using magnetic particles is that they may be retrieved
by an external magnetic field relatively fast and reused
without losing the active site [19-20]. The magnetite-
coated material is environmentally safe because it does
not produce contaminated substances such as suspended
solids. In addition, it enhances the process of removing
dyes from the solution [21-22].

The rubber fruit shells-derived carbon magnetite
(MRC) has magnetic properties and a more significant
molecular weight than ordinary RC, so the filtration
process runs more effectively. It is recyclable and doesn't
contribute to further environmental issues [23]. Besides, it
was modified using magnetite, and modification of RC
was also carried out using a triethoxyphenylsilane (TEPS)
coupling agent [24]. Silane coupling agent, a silicon-based
substance, can improve chemical bonding at the interface
of organic and inorganic materials. The silane coupling
agent has an R-Si-X; structure, where R is an
organofunctional group and X is an alkoxy. TEPS is one
of the coupling agents that can be applied as a coating to
the surface of solid materials because it has two distinct
active groups that are linked to silica atoms in the
molecule TEPS has a phenyl group that can bind organic
materials and an ethoxy group that can bind inorganic
materials, which increases the potential of CV dyes to
adsorb [24-25].

Therefore, MRC will interact with CV dyes because
it has an active group from Fe;O, other than the pores of
the RC. The rubber fruit shells-derived carbon silane
(SRC) will interact with CV dyes by the phenyl and
hydroxyl groups that SRC has. MRC and SRC
adsorbents obtained were tested for their ability to CV,
covering several parameters, including adsorbent dose,
the influence of pH, the influence of contact time, and
the concentration of adsorbate. The adsorption kinetics
was calculated by converting the data from the contact
time parameters into pseudo-first-order and pseudo-
second-order equations. The Langmuir and Freundlich
equations were used to determine the adsorption
isotherm.

m EXPERIMENTAL SECTION
Materials

Some materials used in this study were CV,
FeSO,-7H,0, FeCl;-6H,O, NaNO;, HCl, NaOH, ethanol,
triethoxyphenylsilane (TEPS) and buffer solution from
Merck (Darmstadt Germany). Rubber fruit shells were
obtained from East Lampung Regency.

Instrumentation

The adsorbent material was characterized by X-ray
diffraction (XRD) (LabX XRD-6000 Shimadzu) to
recognize the magnetite’s phase after modification,
scanning electron microscope-energy-dispersive X-ray
(SEM-EDX) (Zeiss EVO MA 10) to discover the surface
structure of adsorbents, and FTIR (IRPrestige-21) is
used to determine the functional groups of adsorbents.
The CV concentration in the solution was determined
using UV-Vis Spectrophotometer (Agilent Cary 100).

Procedure

Preparation of RC

Eleven kilograms of rubber fruit shells were
cleaned and dried in the sun. Furthermore, it is burned
in a drum made of an iron plate with a diameter + 58 cm
and height of 93 cm for approximately 6 h to obtain an
RC weighing 3 kg. The RC obtained from carbonization
is then pulverized by grinding and sifted through a 100-
mesh sieve.
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Modification of RC using magnetite coating

The MRC was obtained by putting 6.5 g of RC in
300 mL of distilled water and heating it to 70 °C. Then,
iron salt consisting of 7.6g FeCl;-6H,O and 39g
FeSO,-7H,0 was diffused in 300 mL of distilled water. The
mixture was then stirred for 30 min while adding 100 mL
of 5M NaOH dropwise. The obtained residue was
separated and neutralized to pH 6. Afterward, it was dried
at 100 °C for 3 h [26].

Modification of RC using silane agent TEPS

A total of 4g of RC was mixed with 200 mL of
ethanol. Next, 0.4 mL of triethoxyphenylsilane (TEPS)
was put into the mixture and hereafter stirred using a
magnetic stirrer for 7h at 70 °C in a water bath. The
resulting SRC was separated and cleansed using ethanol
and dried at 60 °C for 1 h [24].

A total of 0.1 g MRC and SRC were put into 20 mL
0.1 M NaNO;, respectively. A pH range of 3 to 12 was used
for the initial pH. The pH was adjusted by adding 0.1 M
HCIl and NaOH. Then, the pH was maintained by the
addition of a buffer solution. The mixture was stirred
using a shaker for 24 h. After that, the final pH was
observed and measured using a pH meter [27].

Adsorption experiment

CV adsorption by MRC and SRC was carried out by
batch method using several parameters such as adsorbent
dose (0.1-0.5 g), solution pH (3-12), contact time (15—
120 min), and CV dye concentration (10-250 mg L™"). For
each experiment, a certain amount of MRC and SRC were
added to 20 mL CV solution with an initial concentration
at the appropriate pH value. 0.1 M NaOH and HCI were

used to alter the initial pH solution. At a steady speed of
100 rpm, the mixture was agitated in an orbital shaker.
CV residues were analyzed on Amx 590 nm using
Spectrophotometer UV-Vis. The CV dye adsorption
percentage and adsorption capacity were calculated by
Eq. (1) and (2), respectively:

C,—-C
Adsorption(%) =—2—2%x100 (1)
CO
C.—-C.)v
q=—( o Ce) (2)
w

where w (g) is the amount of adsorbent, v (L) is the
volume of the solution, q (mg g') is the amount of CV
dye adsorbed per unit mass, C, and C. (mg L") are the
initial CV concentration and CV concentration after the
adsorption, respectively.

m RESULTS AND DISCUSSION
Adsorbent Characterization

The MRC modification was carried out through a
magnetite coating process using FeCl:-6H,O, and
FeSO,-7H,0 mixed to form Fe;O,, which then coats the
RC surface. The SRC modification was carried out
through the silanization process using a silane coupling
agent, namely TEPS. TEPS has two active groups,
namely the phenyl group, which can bind organic
materials and ethoxy to bind inorganic materials [24].

FTIR characterized the obtained MRC and SRC
adsorbents to identify the functional groups, XRD to
identify magnetite crystals and SEM-EDX to recognize
the RC surface pattern and analyze its constituent
elements. Fig. 2 shows a hydroxyl group (OH) as seen by
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Fig 1. Scheme of RC surface modification using magnetite and silane agent
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the peaks at wavenumber 3433 cm™, and Fe-O is
indicated by absorption at wavenumber 586 cm™' which
indicates that Fe;O, has coated RC [24].

Peaks at 2368, 1620 and 1604 cm™" correspond to C-
H vibration and the C=C group. Peaks at 1435 and
1527 cm™ correspond to an aromatic C=C group [28-30].
In addition, the presence of Si-O-Si is indicated by the
absorption at wavenumber 1049 cm™ which indicates the
RC has been coated with TEPS [13].

The XRD pattern (Fig. 3) on the RC shows a broad
asymmetric peak at 20 20-45°, which is characteristic of
amorphous carbon. Based on Fig. 3, MRC shows sharp

3448

1620 1527 586

2368
3433

Transmittance (%)

1435

1604
2368

3433

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm'1)

Fig 2. FTIR spectra of RC, MRC, and SRC

peaks compared to RC at 20 35.46, 43.04, 57.22, and
62.58° [31]. The asymmetrical RC peaks turn into sharp
peaks in the XRD MRC pattern, indicating that RC has
been coated with magnetite so that the peaks appear with
sharp intensity. The SRC diffraction pattern at 20 20-30°
showed broad peaks, indicating the presence of
amorphous silica formed on RC’s surface. Amorphous
silica was obtained by hydrolysis of TEPS [24].

The morphology of MRC can be seen in Fig. 4(b).
The MRC surface looks rougher than the RC surface.
Magnetite grains have entirely coated the RC surface.
EDX data support this. The elemental compositions of

—— MRC
——SRC
——RC

Intensity (a.u.)
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C, O, and Fe are 65.97, 30.95, and 3.08%, respectively.

In addition, the pore diameter of MRC is around
2.05-6.45 um, smaller than the diameter of RC, which has
a pore diameter of around 3.52-9.38 um. This finding
indicates that Fe;O, has been perfectly attached to the RC
surface. The particles of Fe;O, coat the entire carbon
surface, including the carbon pores, so the carbon pores
become narrower, resulting in a smaller carbon pore
diameter.

The surface morphology of SRC in Fig. 4(c) shows
the presence of small white particles of silica from TEPS
modification and stick to the RC pores. Because of the
lack of oxygenated surface from RC, TEPS does not

Indones. J. Chem., 2023, 23 (1), 170 - 183

entirely cover the RC pores. The results of the EDX
analysis (Fig. 5) showed the elemental compositions of
C, O, and Si were 90.43, 9.45, and 0.13%, respectively.
From the EDX data, it can be seen that TEPS has coated
the RC surface.

Adsorption Study

Adsorbent dosage

The adsorbent dose can affect the adsorption
ability. Fig. 7(a) shows the adsorption percentage
depending on the adsorbent dose. Based on Fig. 7(a), the
adsorption efficiency decreased while the adsorbent
dose increased. This phenomenon is because adsorption
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Fig 5. EDX Spectra of (a) RC, (b) MRC and (c) SRC
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will occur more quickly as the adsorbent’s mass increases.
Because of the superficial adsorption, the contact between
the adsorbent and adsorbate happens quickly on the
adsorbent’s surface [32]. The decrease in adsorption
efficiency can be due to a decrease in the surface area of
the adsorbent so that the adsorbent has reached saturation
on its surface. In addition, it can also be caused by
overlapping and agglomeration of the large number of
adsorbents contained in the adsorbate solution [33]. The
optimum mass of the adsorbent in absorbing the CV
solution was 0.1 g, with a percent absorption of 92.10%
against MRC and 89.59% against SRC.

Influence of pH

The influence of pH depends on the surface charge
of the adsorbent and the pH of the adsorbate solution. To
determine the surface charge on the adsorbent can be
determined by pHy.c. pHy.. is obtained from the difference
between the initial pH and the final pH. The surface
charge of the adsorbent whose value is close to zero is the
optimum zeta potential value of the adsorbent. The
surface charge of the adsorbent will be positive if the pH
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is below pH,,c and negative if the pH is above pHy... The
higher the adsorbent surface charge, the lower the pH,,.
value or close to zero [34]. The pH,. values obtained on
the MRC and SRC adsorbents were optimum at pH 8
and had a negative surface charge, so they would be good
at absorbing positively charged adsorbates (Fig. 6).

As shown in Fig. 7(b), the effect of pH on the CV is
insignificant; from pH 4 to 12, the efficiency tends to
fluctuate pH 12 at MRC gave the highest adsorption
percentage, but the CV solution became saturated. Thus,
the optimum pH obtained is pH 10 for both MRC and
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SRC, with absorption percentages of 82.15 and 90.37%,
respectively. The adsorption percentage obtained
indicates that the pH of the solution affects the CV
adsorption process, where the results obtained from the
SRC adsorbent are better than MRC. This result can occur
due to the presence of two active groups in the SRC, which
in alkaline conditions gives a more optimal contribution.

At pH 10, the adsorption process worked because it
followed the previously obtained pH,.. at pH 8, and the
adsorbent had a negative surface charge so that it could
interact with a CV which is a cationic dye. Due to
competition between CV molecules and H* ions on the
surface of the adsorbent at pH < 7, the adsorption process
is not ideal, and a repulsion reaction will occur between
the adsorbate and adsorbent [12].

The amount of H' ions on the adsorbent’s surface
will decrease in alkaline conditions (pH > 7) so that the
adsorbent effectively adsorbs the adsorbate. The more
negative the surface charge on the adsorbent, the more
electrostatic interactions between the adsorbent and
adsorbate will increase. At an increasingly alkaline pH
(pH > 10), there is an increase in the concentration of
OH-, which will cause precipitation in the solution, and
the adsorption ability will be inhibited [35].

Influence of contact time and the kinetic studies

The effect of contact time is essential for defining the
appropriate duration for the interaction between
adsorbent and adsorbate so that the highest adsorption
efficiency may be achieved. Contact time varies from 15
to 120 min. Based on Fig. 7(c), the highest adsorption
percentages obtained by MRC and SRC were 91.51 and
90.36%, respectively. Where the results obtained were
more remarkable than CV adsorption carried out using
Raw Parthenium hysterophorus and Raw Saccharum
munja, which gave the respective adsorption percentages
of 84.2 and 86% [36]. The percentage result of adsorption
using MRC adsorbent is slightly larger than SRC
adsorbent, but the difference is not too significant.

The contact time of 15min gave the highest
efficiency for MRC and SRC adsorbents, which means the
adsorption process is faster. This result can occur because
of the empty and available part of the surface (active site)

from the adsorbent that can interact with CV dyes. The
brief contact time suggests that MRC or SRC with a CV
is a physical interaction [37]. The decrease in adsorption
efficiency if the contact time is longer can be due to the
unavailability or limited availability of active sites on the
adsorbent [38]. Thus, the influence of contact time gives
a result of 15 min for MRC and SRC to adsorb the CV
solution with high efficiency.

The kinetics throughout the adsorption process
was computed utilizing the contact time data gathered
for this study. Pseudo-first-order and pseudo-second-
order kinetics are determined using Eq. (3) and (4),

respectively:
In(qe —q¢) = In(qe Kyt (3)
1 (4)

U (kyqe?) e

where q; and q. (mg g™') represent the total adsorption
capacity of CV at time t and equilibrium ki, and k,
represent the first-order and second-order rate
constants of adsorption, respectively.

The Eq. (3) for pseudo-first-order kinetics is
plotted on a graph of In(q. - q¢) versus time (t) as shown
in Fig. 8(a), a straight line is formed with a direction
tangent of k; and an intersection point on the y axis of
In(qe). The value of k; can be determined using linear
regression. While Eq. (4) is represented in the t/q, versus
t graph as shown in Fig. 8(b), a straight line is produced
with a direction tangent of 1/q. and an intersection point
on the y-axis of 1/k.q.’. As a result, it is possible to
determine the value of the constant k..

In Table 1, kinetic information, adsorption rate
constants, and regression coefficients are shown. The
results demonstrated that CV adsorption by MRC and
SRC had a pseudo-second-order kinetic model because
the correlation coefficient (R?) value was closer to 1, as
we can see in Table 1. R* value on MRC 0.991 and SRC
0.982 [35]. The kinetic model obtained in this study is
The same as several studies using carbon material as an
adsorbent in the adsorption of CV [12,38-39].

If it is seen from the rate constant on the adsorbent,
SRC is faster than MRC, inversely proportional to the
percentage of adsorption obtained. These different rates
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Fig 8. (a) Pseudo-first-order and (b) pseudo-second-order kinetics for adsorption of CV dye on MRC and SRC

Table 1. Kinetic parameters for CV adsorption on MRC and SRC

Pseudo-first-order

Pseudo-second-order

Adsorbent
SOTDEnts k; (min™) (107) R? k; (g mg™ min™) R?
MRC 0.034 0.301 3.403 0.991
SRC 0.029 0.230 0.827 0.982

can be due to the presence of two active groups in SRC,
namely (-OH) hydroxyl and (-C¢Hs) phenyl, so that it can
carry out the adsorption process faster than MRC, which
has an active group (-OH) in interacting with the active
part of the dye, (N*) and the benzene ring. The fast
adsorption time that lasts can affect the percentage of CV
adsorption by the adsorbent.

Influence of Concentration
Isotherm

and Adsorption

The influence of CV adsorption concentration by
MRC and SRC was carried out with various
concentrations of 10, 25, 50, 75, 100, 150, 200, and 250 mg
L™'. The initial concentration used is plotted against the
adsorption capacity (q) obtained, which can be seen in
Fig. 7(d). The increase in initial concentration enhances
the adsorption capacity of CV from 2.14 to 47.01 mg g™
for MRC adsorbent and from 2.27 to 54.63 mg g' for SRC
adsorbent. This increment is due to the adsorbent's high
affinity, which enables the active site to adsorb the
adsorbate better [12].

According to the statistics on adsorption capacity,
MRC has a smaller adsorption capacity than SRC
adsorbent. This fact can be explained due to the
narrowing of the pores of the magnetite coating so that
the surface’s active site of the RC becomes slightly

reduced. MRC and SRC adsorbents can remove the CV
dyes in the solution.

The result data of the influence of concentration
were then analyzed using the Langmuir Eq. (5) and
Freundlich adsorption isotherm pattern Eq. (6).

1 1 1

e — (5)
9e quLCe 9m

logq. =logKp +ilogCe (6)

where C. (mgL™) is the equilibrium concentration of
CV in solution, q. (mg g) is the equilibrium adsorption
capacity, qm is the adsorption capacity of a single layer,
K. (L mg™) is the equilibrium constant incorporating
the binding site affinity, K¢ ((mg g™')(L mg™")") is the
adsorption capacity factor, and n is the adsorption
intensity factor which has a value between 1 to 10 [35].

The linear plot equation C/m against C. yields a
straight line with 1/qm Ky as the slope and 1/qn as the
intercept, which can be seen in Fig. 9(a). Hence, it may
be used to determine K, and qn from the Langmuir
equation. The linear plot of log q. versus log C. yields a
straight line with 1/n as a slope and log K¢ as an
intercept, shown in Fig. 9(b). Therefore, the value of n
and K can be determined.

The Langmuir isotherm model assumes that there
area certain number of active sites on the adsorbent's
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Fig 9. Adsorption isotherm of CV dye on MRC and SRC based on (a) Langmuir and (b) Freundlich

surface that are proportional to the surface area, the
adsorbent surface is uniform, and the adsorption process
is monolayer [40-41]. When the active site of a surface has
been filled with adsorbate, there will be no additional
adsorption at that site [42]. Thus, the maximum
saturation point of adsorption on the adsorbent surface
will be reached [43]. As a result, the occurrence of the
adsorption process is known as monolayer adsorption.
Freundlich's isotherm model is an empirical formula that
is used to illustrate a heterogeneous system which is
conveyed through Eq. (6) [44].

The Freundlich isotherm pattern tends to be
followed in the adsorption of CV by MRC and SRC, as
shown in Table 2. The Freundlich isotherm pattern of the
adsorbent has a higher R* value than the Langmuir
isotherm pattern, which is closer to 1. This fact

demonstrates that the adsorption occurs on a CV
because not all of the adsorbent's active surfaces can do
so; as a result, the adsorption that takes place is
heterogeneous. The development of a multilayer on the
surface of the adsorbent distinguishes the heterogeneous
adsorption process [45].

The formation of layers on the surface of the
adsorbent is caused by physical interactions that occur
in the ongoing adsorption process [12]. Physical
interactions that occur in CV adsorption by MRC and
SRC can be in the form of electrostatic interactions
between the hydroxyl group from Fe;O, on MRC (Fig.
10(a)) and the hydroxyl group on SRC to the (N*) group
on the CV as well as - bond interactions between
phenyl group on SRC to benzene ring on CV (Fig. 10(b))
[46-47].

Table 2. Isotherm parameters for adsorption of CV onto MRC and SRC

Langmuir Freundlich
Adsorbents
m(mgg™’) K. (Lmg™) R’ n K (mg g™)(L mg™)"'") R’
MRC 71.429 0.025 0.428 1.093 1.362 0.943
SRC 69.930 0.049 0.549 1.026 1.761 0.932

Table 3. Comparison of MRC and SRC with other adsorbents used in CV removal

Adsorbent Qm (mg g™) References
Rice husk activated carbon 11.18 [48]
AC-Fe,0;.NPLs 16.50 [49]
ACL/Fe;0, magnetic nanocomposite 35.31 [39]
AC (Common Reed) 38.50 [50]
AC derived from Golbasi lignite 60.8-65.8 [51]
Chitosan AC 12.50 [16]
rGO/Fe;04 NCs 62.00 [52]
MRC (Rubber Fruit shell) 71.43 This Work
SRC (Rubber Fruit shell) 69.93 This Work
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If the adsorption capacity of the modified RC with
magnetite and silane agents is compared with several
adsorbents used to remove CV in solution (Table 3), it can
be stated that MRC and SRC are effective adsorbents in
absorbing CV. Thus, it can be stated that RC modification
with magnetite coating and silane agent has increased the
number of active adsorption sites on MRC and SRC. Our
results align with the research reported by Alizadeh et al.
[53], who used Azolla. Fig leaves modified magnetite
nanoparticles as adsorbents in absorbing CV, and Jiao et

al. [54] used a hydrophobic clinoptilolite-modified
silane coupling agent as a CV adsorption adsorbent.

m CONCLUSION

In this research, modified RC with magnetite
(MRC) and TEPS coupling agent (SRC) has been made,
which is used as an effective and inexpensive adsorbent
for CV dye solution. The adsorption capacity of MRC
and SRC is influenced by several parameters, including
adsorbent dose (0.1 g), pH (10), contact time (15 min),
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and initial CV concentration (250 mg L"), with excellent
results. The adsorption capacity obtained at MRC was
71.43, and SRC was 69.93 mg g'. The rate of adsorption
kinetics tends to follow pseudo-second-order kinetics.
The Freundlich isotherm is suitable for this adsorption
compared to the Langmuir model, indicating that the
adsorption that occurs is multilayer with physical
interactions. MRC and SRC can be effective adsorbents to
remove CV dye solution.
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Abstract: The objectives of this study were to synthesize zeolite/NPK coated with Cu-
alginate-PVA-glutaraldehyde as a material for slow-release fertilizers and to study the
effect of various Cu concentrations in the coating material on the resistance of the
zeolite/NPK fertilizer and to study the release rate reaction in citric acid. The study began
with the synthesis of the zeolite/NPK fertilizer and the Cu-alginate-PVA-glutaraldehyde
coating materials with variations of Cu concentration of 0.0; 0.2; 0.4; 0.6; 0.8; and 1.0 M.
The Zeolite/NPK fertilizer and the coated NPK fertilizer were characterized by XRD and
FTIR. The determination of the released N and P was conducted using a UV-Visible
spectrophotometer, while released K and Cu was analyzed using AAS. XRD showed that
the composite had a crystalline structure. The FTIR spectra showed characteristic cross-
linking interactions between PVA-glutaraldehyde and Cu-alginate. A study of the release
kinetics of zeolite/ NPK coated with Cu-alginate-PVA-glutaraldehyde showed that
increasing Cu concentration to 0.4 M decreased the amount of nutrition released, and the
release process followed the pseudo-second-order kinetics. The release rate constants of
N,P,K and Cu in the citric acid medium on zeolite/NPK coated with Cu 0.4 M were

8.49x 107, 17.48 x 1073, 21.73 x 1073, and 8.57 x 107 mg g* h™’, respectively.

Keywords: alginate; cross-link; Cu; glutaraldehyde; PVA

= INTRODUCTION

Plants need an adequate amount of nutrition to
grow. There are two kinds of nutrients for plants:
macronutrients and micronutrients. The former are those
which are required in relatively large amounts: carbon,
hydrogen, oxygen, nitrogen, phosphorus, calcium, sulfur,
potassium and magnesium. The micronutrients are those
required in small amounts, such as chlorine, iron,
manganese, boron, zinc, copper, molybdenum, sodium
and selenium [1]. Even though micronutrients are not
necessarily needed in a huge amount, they have an equal
role in the growth of plants. Copper (Cu) is a type of
micronutrient that is crucially needed though in a small
amount. One of the functions of Cu is to activate some of
the enzymes involved in lignin synthesis. Cu is also very
crucial for photosynthesis, respiration, and also helps the
metabolism of carbohydrates and protein. Lack of Cu in
plants can cause withered-looking young leaves, which

will die eventually, and it can also cause the branches to
turn brown and eventually die [2].

Nutrients needed by plants can be fulfilled by
providing fertilizers, an important material in plant
growth. Commercial NPK (Nitrogen Phosphorus
Kalium) fertilizers in the market have a disadvantage, in
that they are easily soluble in water, so they can pollute
the environment. Besides that, commercial fertilizers
have reduced efficiency and need to be frequently
applied to optimize nutrient intake [3]. Zeolite is used as
an additive in slow-release fertilizers. Zeolites added to
fertilizers give double results when applied to soil:
provide long lasting action of the fertilizer (prolongation
effect) and prevent nutrient leaching [4]. One of the
methods to reduce the rate of release of nutrients in
fertilizers is by using slow-release or controlled
fertilizers. Slow-release fertilizers are fertilizers that have
low solubility and can provide a gradual supply of
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nutrients over a long period of time, thereby increasing
the efficiency of nutrient uptake by plants and reducing
their loss due to the leaching process [5-7]. One type of
slow-release fertilizer is coated fertilizers [8].

The constituent materials in slow-release fertilizers
consist of two components, namely carrier material or
support material and minerals needed by plants [9].
Zeolite is a support material used in agriculture because it
is environmentally friendly, relatively stable to acids and
easy to obtain. In the manufacture of fertilizers, zeolite is
often used as carrier material and ballast or filler material.
Sustainable development of agricultural products could
also be assisted by zeolite as a slow-release fertilizer and to
control pests [10]. NPK is a nutrient needed by plants to
grow and can be mixed with zeolite with the help of starch
as an adhesive material. The interaction between zeolite
and NPK is a physical interaction that can cause NPK to
be easily released by water, so zeolite/NPK fertilizers
require coating materials to control or slow down the
nutrient release rate from the fertilizers [11].

The synthesis of slow-release fertilizers has
undergone many developments. Sodium alginate can be
used as a coating material for fertilizers to produce slow-
release fertilizers. The alginate-gelatin hydrogel can be a
slow-release nutrient to plant an environmentally friendly
fertilizer [12]. Sodium alginate can be cross-linked with
divalent and trivalent metals such as Ca(II), and Fe(III)
[13-14]. Alginate and Cu(II) as a divalent metal ion create
intermolecular bonds forming a nonplanar geometry
[15]. These cross-links can decrease the solubility of
alginate membranes in water [16]. The CuSOy solution
was also used as a cross-linking agent because Cu(II) ions
belong to the group of essential micronutrients [17]. In
the presence of divalent metal cations such as Cu,
alginates can form gels where cross-linking occurs due to
the presence of chelating complexes between divalent ions
and carboxylate anions of the G-G block. The cross-link
interaction between alginate and Cu metal will increase
the binding strength and stability of the fertilizer
composite [18]. The CMC/PVA blend film may be a
potential coating material for the application in the
control-release fertilizer [19]. In addition to alginate,
polyvinyl alcohol (PVA) can also form cross-links with

glutaraldehyde so that it can release K slowly from
chitosan/PVA composites [20]. These studies show that
the fertilizers synthesized using a single cross-linker
have good resistance and are able to release nutrients
slowly.

Based on the previous research, a study was
conducted on slow-release fertilizers that have better
resistance by using a double cross-linker. In this
Cu-alginate-PVA-
glutaraldehyde-coated zeolite/NPK was carried out as a

research, the synthesis of

slow-release fertilizer material, where Cu and

glutaraldehyde act as cross-linkers.

m EXPERIMENTAL SECTION
Materials

Natural zeolite was taken from Klaten, and
technical-grade sodium alginate was obtained from
Sigma-Aldrich. Urea (commercial quality), SP36
quality), KCI (commercial quality),
technical-grade PVA, glutaraldehyde, copper sulfate
pentahydrate  (CuSO,5H;0), ethanol 95%, p-
dimethylamino benzaldehyde (PDAB), vanadic acid,
ammonium molybdate, concentrated HNOs;, and citric

(commercial

acid were purchased from Sigma-Aldrich. Other
materials include filter paper, double distilled water, and
distilled water.

Instrumentation

The release of K and Cu nutrients test was carried
out using atomic absorption spectroscopy (Perkin Elmer
3110), and the release of N and P nutrients was carried
out using a UV-Vis spectrophotometer (Thermo
201). The
characterized using an infrared spectrophotometer
(Shimadzu FTIR Prestige 21) and
diffractometer (PANalytical X'pert Pro).

Scientific  Evolution samples  were

an X-ray

Procedure

Preparation of zeolite/NPK fertilizer

The Zeolite/NPK fertilizer was made by mixing
316 g of previously sieved natural zeolite (200 mesh)
with 100 g urea, 30 g KCl, and 30 g SP36. As much as
10 g of starch was weighed, dissolved in 100 mL of hot
water, and stirred until thickened. The starch solution
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prepared was mixed in the previous mixture, then the
mixture was stirred until evenly distributed, and the
resulting mixture was formed into granules with a mass
that is made as similar in size as possible. The zeolite/NPK
granules were then dried.

Preparation of Cu-alginate-PVA-glutaraldehyde
coating solution with variations in Cu concentration
A total of 10 mL of 5% w/v PVA solution (5 mixed
systems) was mixed with 10 mL of 2% w/v alginate
systems), then
homogeneous. The five mixed systems were then added
with 10 mL of 1.25 v/v glutaraldehyde and stirred until
homogeneous. Furthermore, 10 mL of CuSO, solution

solution (5 mixed stirred  until

were added into five mixed systems with a concentration
of 0.00; 0.20; 0.40; 0.60; 0.80; and 1.00 M. The dried
zeolite/NPK fertilizer was then soaked in the five mixed
systems for 30 min. Furthermore, the zeolite/NPK
fertilizer which had been coated with a mixture of
alginate-PV A-glutaraldehyde with various concentrations
of CuSO,, was dried at room temperature.

Characterization of zeolite/NPK and zeolite/NPK
fertilizers coated with Cu-alginate-PVA-glutaraldehyde

The composite sample to be analyzed was first
grounded to form a powder. Characterization was carried
out using FTIR and XRD with the powder sample
method.

Swelling test on the release of NPK and Cu from the
zeolite/NPK fertilizer coated with Cu-alginate-PVA-
glutaraldehyde in citric acid media

Each composite sample in a dry state was weighed
and put in a container and was then added with 20 mL of
0.33 M citric acid solution. The citric acid solution was
used because it has similar pH as the soil. On the 7 day,
each sample that was soaked in citric acid was taken and
weighed again. The swelling percentage can be obtained
by calculating the difference (Eq. (1)) between the mass of
the composite in a wet state (Ww) and the mass of the
composite in a dry state (W,) and then dividing it by the
mass of the composite in a dry state.
0y - We =W

W, (1)
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Test of the release of NPK and Cu from zeolite/NPK
fertilizer coated with Cu-alginate-PVA-glutaraldehyde
in citric acid media

A total of 0.20 g of each composite sample was put
in a container and added with 20 mL of 0.33 M citric acid
solution. The fertilizer immersion in the solution was
allowed to sit, and 1 mL was taken for analysis of N, P,
K, and Cu at intervals 3, 6, 12, 24, 48, 72, 96, 120, 144,
168, 192, 216, 240, 264, 288, 312, and 336 h. The filtrate
containing N and P was then diluted, and a complexified
solution was added and analyzed using a UV-Vis
spectrophotometer, while the filtrate containing K and
Cu was then diluted and analyzed using atomic
absorption spectroscopy (AAS). The filtrate containing
P was complexed with molybdovanadate and measured
using a UV-Vis spectrophotometer at 400 nm, while the
filtrate containing N was complexed with PDAB and
measured using a UV-Vis spectrophotometer at 410 nm.

m  RESULTS AND DISCUSSION
XRD Spectroscopy

Zeolite/NPK fertilizers, alginate-PVA-
glutaraldehyde-coated zeolite/NPK fertilizers, and Cu-
alginate-PV A-glutaraldehyde-coated zeolite/NPK
fertilizers were characterized using XRD and FTIR
spectroscopy. Characterization using XRD spectroscopy
was carried out to obtain information related to the
crystallinity of zeolite/NPK fertilizer coated with Cu-
alginate-PVA-glutaraldehyde as a result of the synthesis
and the minerals contained in it. The crystallinity of a
material indicates the regularity of the bonds in it.
Crystallinity increases along with the increasing bond
regularity. The sharper (pointer) diffraction peaks
indicate the more crystalline the material, meaning that
the regularity of the bonds within the material is also
getting higher.

Fig. 1 shows the comparison of X-ray diffractograms
between natural zeolite, Na-alginate, PVA, zeolite/NPK,
zeolite/NPK alginate-PVA-glutaraldehyde, and
zeolite/NPK Cu-alginate-PV A-glutaraldehyde with a Cu
concentration of 0.4 M. The choice of X-ray diffractogram
with variations in Cu concentration of 0.4 M was made
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Fig 1. XRD diffractogram (a) natural zeolite, (b) zeolite/NPK, (c) PVA, (d) alginate, (e) zeolite/NPK alginate-PVA-
glutaraldehyde, and (f) zeolite/NPK Cu (0.4 M)-alginate-PV A-glutaraldehyde

because at that concentration, the nutrient release was
best, it had the slowest nutrient release compared to other
concentration variations and also the smallest
development value. This will be explained in detail in the
expected that the Cu

concentration of 0.4 M might be able to represent all

next sub-chapter. It was
samples using other variations of Cu.

The results
diffraction of natural zeolite-based material showed
several sharp peaks at 20 = 26.5°, which identified the
presence of quartz minerals according to JCPDS 05-0490,
sharp peaks at 20 = 9.676; 13.02; and 20.6° indicate the
presence of clinoptilolite minerals according to JCPDS
25-1349, and sharp peaks at 20 =15.17; 22.15; 26.21;
27.57; and 30.67° indicate the presence of mineral
mordenite in accordance with JCPDS 11-0155. The

results of the characterization of the alginate base material

of characterization using X-ray

showed that there were three peaks of alginate
characteristics at 260 = 19.06; 28.93; and 32.08°. The three
peaks have a high intensity which indicates the formation
of very strong hydrogen bond interactions in the
guluronate and mannuronic units in alginate through

intermolecular interactions. The hydrogen bonds
formed between the carboxyl and hydroxyl groups in the
alginate structure. The results of the comparison of the
zeolite/NPK fertilizer composite diffractogram with the
natural zeolite diffractogram provide information that
the same peak appears as the zeolite peak at 20 = 25.68;
28.60; and 27.73° which indicates the presence of the
Overall, zeolite/NPK fertilizer

produced sharp diffractogram peaks, indicating that the

mineral mordenite.

zeolite/NPK fertilizer was crystalline.

The results of the comparison of the diffractogram
of zeolite/NPK alginate-PVA-glutaraldehyde fertilizer
with the diffractogram of natural zeolite and alginate
provide information on peaks at 20 = 25.84° and 27.87°
that indicate the presence of mordenite minerals from
zeolite, and there is a low-intensity peak at 20 = 32.12°
which is the typical peak of alginate. The presence of
more zeolite in the composite material allows the zeolite
to cover the alginate so that the crystalline peaks of the
alginate mineral are not clearly visible. Polyvinyl alcohol
is an amorphous material, but in this composite, the
presence of amorphous PVA did not reduce the
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crystallinity of the fertilizer. It is possible because there is
a cross-link between PV A and glutaraldehyde which can
improve the chemical properties of the material so that

The
diffractogram of alginate-PVA-glutaraldehyde-coated

the fertilizer material remains crystalline.
zeolite/NPK fertilizer showed sharp peaks, which
indicates that the addition of coating material in the form
of alginate-PVA-glutaraldehyde to zeolite/NPK fertilizer
did not change the crystalline nature of the fertilizer.
Furthermore, the diffractogram of zeolite/NPK
alginate-PV A-glutaraldehyde fertilizer was compared with
that of zeolite/NPK Cu-alginate-PVA-glutaraldehyde
fertilizer with variations in Cu concentration of 0.4 M. It
can be seen that the diffractograms of the two composites
were relatively the same, indicating that the addition of
Cu in the composite did not decrease the crystallinity of
the fertilizer which means that the regularity of the bonds
in the material did not decrease due to the addition of Cu.
This can happen because Cu itself has crystalline
properties, so the addition of Cu in the composite does
not damage the crystallinity of zeolite/NPK fertilizers.
Fig. 2 shows the comparison of the zeolite/NPK

diffractogram of Cu-alginate-PVA-glutaraldehyde with

Intensity (a.u.)

peee

variations in Cu concentration 0.2; 0.4; 0.6; 0.8; and
1.0 M. Increasing the concentration of Cu in the coating
material did not change the crystallinity of the fertilizer
material even though Cu was crystalline. This is because
the Cu in the composite acts as an alginate cross-linker
in the coating material and does not directly interact
with the zeolite/NPK fertilizers, so the crystallinity of the
fertilizer does not increase significantly. In addition, the
addition of a relatively small concentration of Cu in the
composite system also resulted in the intensity of the
diffractogram tending to remain constant even though
Cu with varying concentrations was added.

FTIR Spectroscopy

The goal of the characterization using FTIR
spectroscopy is to determine the presence of functional
groups contained in the starting material, which
includes natural zeolite, PVA, and alginate, as well as
interactions/bonds between polymer chains of PVA,
alginate and glutaraldehyde in the coating material for
zeolite/NPK fertilizers which are interpreted into
absorption peaks in the FTIR spectra. The absorption
peak that indicates the interaction between PVA and

*

Clinoptilolite
** Modernite
*** Quartz

10 20

30 40 50

Fig 2. XRD diffractogram of zeolite/NPK Cu-alginate-PVA-glutaraldehyde with various concentrations of Cu;

(a) 0.20 M, (b) 0.4 M, (c) 0.6 M, (d) 0.8 M, and (e) 1.0 M
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glutaraldehyde is visible, as well as the absorption peak
that indicates the interaction between Cu and alginate, in
which this interaction indicates that the double cross-
linking process had been successful.

Fig. 3 shows the FTIR spectra of natural zeolite,
showing a wide absorption at 3448 cm™, indicating the
presence of hydrogen bonds from water [21]. The peak at
the wavenumber of 1435 cm™ indicates the presence of H-
O-H bending vibrations. The peak characteristic of the
zeolite is shown at the wavenumber of 1049 cm™, which
is a characteristic of the asymmetric stretching vibration
of Si-O-Al, and 462 cm™, which is the bending vibration
of §i-O/Al-O.

The FTIR spectra of alginate showed strong
absorption at the wavenumber of 1620 cm™, which is a
characteristic of the asymmetric stretching vibration of
the COO™ group and a weak absorption peak at 1419 cm™,
which is an indication of the COO™~ symmetric stretching
vibration. The FTIR spectra of PVA showed that there
were several peaks that appeared at wavenumbers of 1435,
1635, and 3448 cm™. The absorption peak at wavenumber
3448 cm™ is considered as the stretching vibration of the

®

hydroxyl group (OH") originating from the hydroxyl
group of the PVA chain and the hydroxyl group from
water. The FTIR spectra of the zeolite/NPK fertilizer
showed an absorption peak at wavenumber 3371 cm™
which indicated the presence of N-H stretching
vibrations in urea. At wavenumber 1666 cm™, there is a
peak indicating the presence of C=0 bonds in urea, and
at wavenumber 1458 cm™', there is a peak indicating the
presence of C-N vibrations from urea. An absorption
peak is also formed at 786 cm™', which is a characteristic
of the P-O symmetric stretching vibration. The peak that
shows the characteristics of the zeolite is still visible at
the wavenumber of 1165 cm™, which is the asymmetry
range of Si-O-Si/Al-O-Al. The absorption peak at
wavenumber 3448 cm™ indicates the presence of
hydroxyl groups from PVA and water that are also still
visible.

In the FTIR spectra of the alginate-PVA-
glutaraldehyde-coated zeolite/NPK fertilizer, there is a
sharp absorption peak at wavenumber 1049 cm™. This
indicates that there are other vibrations besides the
asymmetric stretching vibration of Si-O(Si) or Si-O(Al);

3448

3448

Transmittance (a.u.)

___.\,\\/—f —

1458 786
16664520 578

1620 1419

(a) 3a4g 3371
3448 1049 462
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Wavenumber (cm_1)
Fig 3. FTIR spectra (a) natural zeolite, (b) zeolite/NPK, (c) PVA, (d) alginate, (e) zeolite/NPK alginate-PVA-
glutaraldehyde, and (f) zeolite/NPK Cu (0.4 M)-alginate-PV A-glutaraldehyde
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it is the presence of C-O ether bonds produced by the
cross-linking process of PVA and glutaraldehyde so that
at this wavenumber, it produces a sharper peak than the
peak in the zeolite/NPK fertilizer without alginate-PVA-
glutaraldehyde coating. The appearance of a sharp peak at
the wavenumber of 1049 cm™ also indicates that the
cross-linking process occurred in the zeolite/NPK
fertilizer coating. In addition, the characteristic peaks of
the zeolite/NPK fertilizer were also clearly visible in the
alginate-PVA zeolite/NPK
fertilizer, which indicated that the cross-linking process in

glutaraldehyde-coated

the coating material did not interfere with the interaction
of compounds in the initial composite.

Furthermore, the FTIR spectra of zeolite/NPK
fertilizer coated with alginate-PVA-glutaraldehyde were
compared with the FTIR spectra of zeolite/NPK fertilizer
coated with Cu-alginate-PVA-glutaraldehyde with a Cu
concentration of 0.4 M. Spectra from the sample with the
addition of 0.4 M Cu concentration was selected because
it was the best composite which has a late release of
nutrients proven by the nutrient release test. Overall, it
can be seen that there is a new absorption peak due to the

addition of Cu at wavenumber 579 cm™. The absorption
peak indicates the formation of Cu-O bonds from cross-
linking between Cu and alginate. The characteristic
alginate-PV A-glutaraldehyde-coated
zeolite/NPK fertilizer were also seen in the composites
with the addition of Cu.

Fig. 4 shows that the addition of Cu will decrease

peaks of the

the peak intensity of the characteristic C=O in urea at a
wavenumber of 1666 cm™ and the peak characteristic of
COO™ belonging to alginate at a wavenumber of
1620 cm™. This is possible because Cu, which has a
positive charge, will interact with the carbonyl group of
urea and the carboxyl group of alginate. The interaction
between Cu and the two groups will increase the bond
length between the groups themselves. The elongation of
the bond that occurs has an impact on the weakening of
the bonds in both C=0 in urea and COO" in alginate.
When more Cu is added, the number of C=0 bonds in
urea and COO" in alginate will decrease because they
have formed new bonds with Cu. This causes a decrease
in the intensity of the absorption peak as seen in the FTIR
spectra above.
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Fig 4. FTIR spectra of zeolite/NPK Cu-alginate-PV A-glutaraldehyde with various concentrations of Cu; (a) 0.20 M,

(b) 0.4 M, (c) 0.6 M, (d) 0.8 M), and (e) 1.0 M
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Determination of the optimum conditions for the
Cu-alginate-PVA-glutaraldehyde-coated  zeolite/NPK
composite with a Cu concentration of 0.4 M was based on
the results of the minimum data release occurring at that
particular concentration. In addition, it can be seen that
under these optimum conditions, there is a characteristic
wavenumber belonging to the Cu-O cross-link bond in the
Cu-alginate, which initially shifted from 578 to 579 cm™.
The shift in the wavenumber towards a larger direction
indicates that the bond distance was getting shorter,
resulting in a stronger Cu-O bond. When the addition of
Cu is above 0.4 M, the Cu-O absorption peak reappears at
the wavenumber of 578 cm™. From the data obtained, it
can be concluded that the strongest alginate-Cu cross-
linked bond occurred at the addition of 0.4 M Cu.

Swelling Properties

In this study, some of the active sites of alginate bind
to PVA and some are cross-linked by Cu. PVA and
alginate form hydrogen bonds, while alginate and Cu
form cross-links in the form of an egg box, making it
stronger than alginate-PVA. The higher the concentration
of Cu added, the more cross-linked alginate will form.
This causes the bond between PVA and alginate to be
reduced. The reduced interaction between PVA and
alginate will also disrupt the PVA-glutaraldehyde cross-
link bond, which causes the composite system to not be

0.40 -

0.30 <

Qw

0.20 1

0.10 1

0.00

optimally protected, causing water from the
environment to enter the composite easily. In this sub-
chapter, the effect of variations in Cu concentration on
the swelling of the zeolite/NPK fertilizer composites is
discussed. The swelling test was carried out by
measuring the change in mass of the Cu-alginate-PVA-
glutaraldehyde-coated zeolite/NPK fertilizer in a dry
state and after experiencing swelling for a certain time.
The swelling test was carried out on zeolite/NPK
fertilizer coated with Cu-alginate-PV A-glutaraldehyde
with variations of Cu 0.00; 0.20; 0.40; 0.60; 0.80; and
1.00 M. Swelling measurements were carried out on the
7" day of immersion of the fertilizer in 0.33 M citric acid.
The results of swelling measurements are presented in
Fig. 5.

Fig. 5 shows that the increase in Cu concentration
reduces the swelling rate of the zeolite/NPK fertilizer
composite up to the Cu concentration of 0.40 M. At Cu
concentrations of 0.00; 0.20; and 0.40 there was a
decrease in the swelling rate. Furthermore, when more
Cu was added to the composite, the swelling increased,
as seen in Cu concentration of 0.60; 0.80; and 1.00 M; in
which the swelling number rose consecutively. This
indicates that the bond between Cu-alginate-PVA-
glutaraldehyde is optimum when the Cu concentration
was 0.40 M. Cu concentration of above 0.40 M caused
the bond between Cu and alginate to increase, thereby

0.00 0.20 0.40

0.60 0.80 1.00

Concentration of Cu (M)

Fig 5. Effect of variations in glutaraldehyde concentration on swelling of zeolite/NPK fertilizer composites on day 7
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reducing the interaction between PVA and alginate,
which causes the bond between PVA-glutaraldehyde to
the composite to also weaken, increasing the swelling
value. Greater swelling allows water to enter the
composite more easily and will accelerate the rate of
release of the NPK and Cu nutrients in zeolite/NPK
fertilizers. Thus, the addition of Cu above 0.40 M will
make the application of the double cross-linker not
optimum in which the aqueous solution from the
environment will enter the composite system more easily.

Study of the Effect of Variations in Cu
Concentration in Cu-Alginate-PVA-Glutaraldehyde
Coating Materials on N Release from Zeolite/NPK
Fertilizers

Fig. 6 shows the release of N from the Cu-alginate-
PVA-glutaraldehyde-coated zeolite/NPK composite in
the citric acid system through two mechanisms: the fast
mechanism and the slow mechanism, according to the
results of Sukma's research [22]. The slow mechanism is
shown in the relatively gentle slope of the graph from the
6" to the 144™ h. Meanwhile, the fast mechanism is shown
on the fairly steep slope from the 144™ to the 336™ h. This
indicates that the release of N from the composite after
144 h experienced a significant increase which could be
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caused by the weakening of the cross-link system in the
coating material. The weak cross-linking between PVA-
glutaraldehyde and Cu-alginate can cause a decrease in
the density of the composite so that the release of the
nutrients in it also increases.

Variations in Cu concentration affect the amount
of N released in the composite. Zeolite/NPK fertilizer
without coating material released 15.04 mg/0.20 g of N
fertilizer at the 3" h, then the N release was constant at
the 12" h by releasing 16.02 mg/0.20 g of N fertilizer.
The zeolite/NPK fertilizer coated with alginate-PVA-
glutaraldehyde released 15.95 mg/0.20 g of N fertilizer
after 120 h and afterwards remained constant. In zeolite/
NPK coated with Cu-alginate-PV A-glutaraldehyde with
a Cu concentration of 0.2 M, the release of N at 312 h
was 15.67 mg/0.20 g of fertilizer. In zeolite/NPK coated
with Cu-alginate-PVA-glutaraldehyde with a Cu
concentration of 0.4 M, the release of N at 336 h was
12.98 mg/0.20 g of fertilizer. In zeolite/NPK coated with
Cu-alginate-PVA-glutaraldehyde  with  the Cu
concentration of 0.6 M, the release of N at 336 h was
15.50 mg/0.20 g of fertilizer. The Cu-alginate-PVA-
glutaraldehyde-coated  zeolite/NPK with a Cu
concentration of 0.8 M at 336 h released 15.95 mg/0.20 g

—+— zeolite/NPK coated alginate-PVA-
glutaraldehyde

—&— zeolte/NPK coated Cu-alginate-PVA-
glutaraldehyde (Cu 0.2 M)

—a— zeolte/NPK coated Cu-alginate-PVA-
glutaraldehyde (Cu 0.4 M)

—#— Zeolite/NPK coated Cu-alginate-PVA-
glutaraldehyde (Cu 06 M)

—a#— zeolte/NPK coated Cu-alginate-PVA-
glutaraldehyde (Cu 0.8 M)

—o— zeolite/NPK coated Cu-alginate-PVA-
glutaraldehyde (Cu 1.0 M)

4.0 -
2.0 -
0.0 T T r
0 100 200 300
Time (h)

400

Fig 6. Graph of effect of Cu concentration on N release in zeolite/NPK fertilizer coated with Cu-alginate-PVA-

glutaraldehyde in 0.33 M citric acid system for 14 d
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of N fertilizer. Furthermore, in Cu-alginate-PVA-
zeolite/NPK  with Cu
concentration of 1.0 M, the release of N at 312h was

glutaraldehyde-coated a
15.95 mg/0.20 g of N fertilizer, and afterwards remained
constant. From the data obtained, it can be deduced that
the minimum N release occurred in the composite with
the addition of 0.4 M Cu. This indicated that the cross-
link bond in the composite was strongest at the addition
of 0.4 M Cu.

The N release kinetics followed the pseudo-second-
order reaction kinetics with a value of R* closest to 1
(Table 1). Meanwhile, the results of the calculation of the
N release rate constant from the composite are shown in
Table 2. Based on the rate constant data (k) in Table 2, it
is shown that the N release rate slows down with the
addition of Cu concentration of 0.4 M, then the N release
rate increased again at Cu concentrations above 0.4 M,
causing the double cross-link system not to run optimally
so that the release of nutrients will also increase. This
indicates that the interaction between Cu-alginate-PVA-
glutaraldehyde was optimum at the addition of 0.4 M Cu
to produce a slow-release of nutrients. In addition, at the
Cu concentration of 0.4 M, the application of double
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cross-linker went well so that a strong and tight
composite system was obtained, which can be seen from
the low swelling value and the lowest release rate,
causing the release of nutrients in fertilizers to run
slowly at this concentration.

Study of the Effect of Variations in Cu
Concentration in Cu-Alginate-PVA-Glutaraldehyde
Coating Materials on P Release from Zeolite/NPK
Fertilizers

The graph of P release from zeolite/NPK fertilizer
coated with Cu-alginate-PVA-glutaraldehyde is shown
in Fig. 7. The Cu concentration of 0.4 M in the coating
material increased the cross-linking between Cu and
alginate without reducing the interaction between
alginate-PVA, resulting in a zeolite/NPK coating
material which has optimum coating resistance and
strength. The Cu concentration above 0.4 M in the Cu-
alginate-PVA-glutaraldehyde coating material caused
the Cu-alginate interaction to increase, and the
interaction between PVA and alginate to decrease. The
reduced interaction between PV A and alginate caused the
PV A-glutaraldehyde cross-link bond to also be disrupted

Table 1. The results of the calculation of the value of R? on the kinetics of N release from zeolite/NPK fertilizer

composites coated with Cu-alginate-PVA-glutaraldehyde variations in Cu content

Cu concentration

R2

(M) First-order Second-order Third-order Pseudo-first-order Pseudo-second-order
0.0 0.91 0.75 0.53 0.95 0.99
0.2 0.96 0.98 0.79 0.93 0.99
0.4 0.95 0.97 0.98 0.95 0.99
0.6 0.93 0.95 0.95 0.93 0.99
0.8 0.99 0.98 0.98 0.99 0.99
1.0 0.98 0.97 0.94 0.98 0.99

Table 2. The value of the N release rate constant with
glutaraldehyde-coated zeolite/NPK composites

variations in Cu concentration from Cu-alginate-PVA-

Pseudo-second-order

Cu concentration (M)

R? k(mgg'h™)
0.0 0.99 21.73 x 107?
0.2 0.99 11.75% 107
0.4 0.99 8.49x 107
0.6 0.99 9.27 x 107
0.8 0.99 9.45x%x 107
1.0 0.99 10.86 x 10~?
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Fig 7. Graph of effect of Cu concentration on P release in zeolite/NPK fertilizer coated with Cu-alginate-PVA-

glutaraldehyde in 0.33 M citric acid system for 14 d

so the double cross-linker composite system is not
optimal. The non-optimal double cross-linker system will
certainly have an impact on the faster release of nutrients
compared to the optimum double cross-linker composite.
Disruption of the bond between PVA-glutaraldehyde
causes solutions from the environment to enter the
system more easily so that the P nutrients in the
zeolite/NPK fertilizer will diffuse out more easily, and the
release of nutrients will be faster.

From Fig. 7, it is shown that variations in Cu
concentration affect the amount of P released in the
composite. The lowest P release occurred in the
zeolite/NPK fertilizer coated with Cu-alginate-PVA-
glutaraldehyde with a Cu concentration of 0.4 M. This

indicates that the cross-linking process is optimum
when adding 0.4 M Cu to the zeolite/NPK coating
material, both for the cross-links between PVA and
glutaraldehyde and the cross-links between Cu and
alginate. Further observations can be made by
calculating the kinetics of P release from Cu-alginate-
PV A-glutaraldehyde-coated zeolite/NPK fertilizers.

The P release kinetics followed the pseudo-second-
order reaction kinetics with R? values closest to 1 (Table
3). Table 4 shows the results of the calculation of the P
release rate constant from the composite.

Based on the constant rate data (k) in Table 4, it is
shown that with the increasing Cu concentration in the
coating material, the value of the P release constant rate

Table 3. Calculation of the value of R? on the kinetics of P release from zeolite/NPK fertilizer composites coated with

Cu-alginate-PV A-glutaraldehyde variations in Cu content

RZ
Cu concentration (M) First-order Second-order Third-order Pseudo-first-order Pseudo-second-order
0.0 0.97 0.98 0.95 0.93 0.99
0.2 0.91 0.98 0.96 0.94 0.99
0.4 0.99 0.99 0.96 0.95 0.99
0.6 0.99 0.95 0.94 0.92 0.99
0.8 0.98 0.98 0.96 0.94 0.99
1.0 0.96 0.97 0.95 0.93 0.99
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Table 4. P release constant rate value with the variation of Cu concentration from Cu-alginate-PV A-glutaraldehyde-

coated zeolite/NPK composite

Pseudo-second-order

Cu concentration (M)

R? k(mgg'h™)
0.0 0.99 29.08 x 10°?
0.2 0.99 2234 %107
0.4 0.99 17.48 x 10~?
0.6 0.99 49.62 x 107
0.8 0.99 29.04 x 107
1.0 0.99 33.21x 107

in the composite fluctuates, starting with a decrease in the
rate and followed by an increase. Overall, the P release rate
was minimum when Cu with a concentration of 0.4 M was
added. From the data obtained, it can be concluded that
the lowest P release rate was found in the addition of 0.4
M Cu, which indicates that the double cross-link bond
between PVA-glutaraldehyde and Cu-alginate was
optimum at the Cu concentration of 0.4 M, meaning it
had the best ability to withstand the release of P compared
to the other Cu concentrations.

Study of the Effect of Variations in Cu Concentration

in Cu-Alginate-PVA Glutaraldehyde Coating Material
on K Release from Zeolite/NPK Fertilizers

The graph of K release from alginate-PVA-
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glutaraldehyde-coated zeolite/NPK fertilizer is shown in
Fig. 8. Fig. 8 shows that variations in Cu concentration
affect the amount of K released in the composite. With
the addition of variations of Cu concentrations of up to
0.4 M, the release of K experienced a slowdown. In the
Cu concentration of 0.6 M, K release increased again to
1.08 mg/0.20 g fertilizer at the 6™ h and 3.26 mg/0.20 g
fertilizer on the 14™ d. At Cu concentrations of 0.8 and
1.0 M, the release of K increased again by 1.12 and
1.16 mg/0.20 g at the 6™ h, and 3.74 and 3.83 mg/0.20 g
of fertilizer on the 14™ d or 336™ h The slowest release of K
occurred at Cu concentration of 0.4 M, where the double
cross-link interaction between PV A-glutaraldehyde Cu-
alginate was optimum, resulting in a composite with the

—a— zeolite/NPK coated alginate-PVA-
glutaraldehyde

—#— zeolite/NPK coated Cu-aiginate-PVA-
glutaraldehyde (Cu 0.2 M)

—a— zeolite/NPK coated Cu-alginate-PVA-
glutaraldehyde (Cu0.4 M)

—— zeolite/NPK coated Cu-alginate-PVA-
glutaraldehyde (Cu0.6 M)

—u— zeolite/NPK coated Cu-alginate-PVA-
glutaraldehyde (Cu0.8 M)

—o— zeolite/NPK coated Cu-alginate-PVA-
glutaraldehyde (Cu 1.0 M)

Time (h)
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Fig 8. Graph of effect of Cu concentration on K release in zeolite/NPK fertilizer coated with Cu-alginate-PVA-

glutaraldehyde in 0.33 M citric acid system for 14 d
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best coating material, which caused the release of K to be
minimum. Further observations were made by calculating
K release kinetics and K release efficiency from the
zeolite/NPK fertilizer coated with Cu-alginate-PVA-
glutaraldehyde.

Based on the results of the plot of concentration data
in a certain time set, it was discovered that the rate of K
release follows the pseudo-second-order reaction kinetics
with the R? value closest to 1 (Table 5). The results of the
calculation of the K release of the constant rate from the
composite are shown in Table 6.

Based on the constant rate data (k) in Table 5, it is
shown that the addition of 0.4 M Cu had the lowest K
release rate compared to the other Cu concentrations.
This indicates that the interaction between Cu-alginate-
PVA-glutaraldehyde is optimum at the addition of Cu
0.4 M, resulting in a slow-release of nutrients.

The release of N, P, and K, in general, shows a
similar trend with the optimum condition represented by
Cu 0.4 M. This can be proven by the FTIR spectra, in
which the double-cross-linker bond between PVA-
glutaraldehyde and Cu-alginate was optimum at 0.4 M.

Cu-alginate was optimal with a shift in wavenumber
indicating a stronger bond, along with the PVA-
glutaraldehyde bond which was still good. The addition
of a higher concentration of Cu weakened the PVA-
alginate bond causing the PVA-glutaraldehyde cross-
link bond to also decrease, and the double cross-linker
system to not be optimal and release more nutrients.

Study of the Effect of Variations in Cu
Concentration in Cu-Alginate-PVA-Glutaraldehyde
Coating Materials on Cu Release from Zeolite/NPK
Fertilizers

Fig. 9 shows that the Cu released from the
composite decreased along with the increasing Cu
concentration up to a concentration of 0.4 M.
Afterwards, the Cu release increased again with the
addition of Cu 0.6, 0.8, and 1.0 M.

The slow mechanism is shown in the relatively
gentle slope of the graph from the 6" to the 144" h.
Meanwhile, the fast mechanism is shown in the steeper
slope of the graph from the 144™ to the 336™ h. This
indicates that the release of Cu from the composite after

144 h experienced a significant increase which could be

Table 5. Calculation of the value of R* on the kinetics of K release from zeolite/NPK fertilizer composites coated

with Cu-alginate-PV A-glutaraldehyde variations in Cu content

RZ

Cu concentration (M)

First-order Second-order Third-order Pseudo-first-order Pseudo-second-order
0.0 0.97 0.99 0.99 0.97 0.99
0.2 0.94 0.96 0.97 0.94 0.99
0.4 0.72 0.78 0.84 0.72 0.99
0.6 0.98 0.96 0.98 0.97 0.99
0.8 0.99 0.99 0.99 0.99 0.99
1.0 0.99 0.99 0.99 0.99 0.99

Table 6. K release constant rate value with the variation of Cu concentrationfrom alginate-PV A-glutaraldehyde-

coated zeolite/NPK composite

Pseudo-second-order

Cu concentration (M)

R? k(mgg”'h™)
0.0 0.99 46.52 x 107
0.2 0.99 36.24 x 1073
0.4 0.99 21.73x 107
0.6 0.99 63.63 x 107
0.8 0.99 54.79 x 107
1.0 0.99 51.43 %107
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Fig 9. Graph of effect of Cu concentration on Cu release in zeolite/NPK fertilizer coated with Cu-alginate-PVA-

glutaraldehyde in 0.33 M citric acid system for 14 d

caused by the weakening of the cross-linking system in the
coating material. From the data obtained, it can be
deduced that the minimum Cu release occurred in the
composite with the addition of Cu 0.4 M. This indicated
that the cross-link bond in the composite was strongest at
the addition of Cu 0.4 M. Further observations were made
by calculating the release kinetics of Cu and efficiency of
Cu release from the zeolite/NPK fertilizer coated with Cu-

alginate-PV A-glutaraldehyde.

The kinetics of Cu release followed the pseudo-
second-order reaction kinetics with the R? value closest
to 1 (Table 7). In contrast, the results of the calculation
of the Cu release rate constant from the composite are
shown in Table 8.

Based on the rate constant data (k) in Table 8, it is
shown that the Cu release rate slows down with the

Table 7. Calculation of the value of R* on the kinetics of Cu release from zeolite/NPK fertilizer composites coated with

Cu-alginate-PV A-glutaraldehyde variations in Cu content

R2
Cu concentration (M) First-order Second-order Third-order Pseudo-first-order Pseudo-second-order
0.2 0.94 0.96 0.98 0.94 0.99
0.4 0.77 0.97 0.98 0.95 0.99
0.6 0.94 0.98 0.99 0.94 0.99
0.8 0.97 0.99 0.98 0.97 0.99
1.0 0.99 0.96 0.87 0.99 0.99

Table 8. The value of Cu constant release rate with the
glutaraldehyde-coated zeolite/NPK composite

variation of Cu concentration from Cu-alginate-PVA-

Pseudo-second-order

Cu concentration (M)

R? k(mgg'h™)
0.2 0.99 10.33 x 107*
0.4 0.99 8.57 x 107
0.6 0.99 13.61 x 10~?
0.8 0.99 17.44 x 107
1.0 0.99 19.72 x 107
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addition of 0.4 M Cu, then the Cu release rate increases
again at Cu concentrations above 0.4 M. This indicates
that the Cu-alginate-PVA-
glutaraldehyde was optimum at the addition of 0.4 M Cu

interaction  between
resulting in a slow-release of nutrients. In addition, at the
concentration of Cu 0.4 M, the application of a double
cross-linker went well so a strong and tight composite
system was obtained, which caused the release of
nutrients in the fertilizer to run slowly. The addition of Cu
concentration above 0.4 M increased the interaction
between Cu and alginate, reducing the number of PVA
and alginate bonds which resulted in the disruption of the
PV A-glutaraldehyde cross-link bond. The addition of Cu
above 0.4 M will make the double cross-linker system
unable to run optimally so the release of N, P, K, and Cu
nutrients in the fertilizer will also increase.

m CONCLUSION

Zeolite/NPK  coated with Cu-alginate-PVA-
glutaraldehyde as a double cross-linker slow-release
fertilizer has been successfully synthesized by the coating
method. The addition of Cu concentration up to 0.4 M in
the coating material increased the resistance in citric acid
and decreased the amount of N, P, K, and Cu released.
The release process of N, P, K, and Cu follows pseudo-
second-order release kinetics. The release rate constants
of N, P, K, and Cu were 8.49 x 1073, 17.48 x 1073,
21.73 x 107, and 8.57 x 10~ mg g' h™', respectively.
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This supplementary data is a part of a paper entitled “Steroids from Atactodea striata and Their Cytotoxic
Activity against MCF-7 Breast Cancer Cell Lines”.
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seashells distributed in Indonesia located in the Kei Islands, Southeast Maluku. During

Received: July 21, 2022 the course of our continuing search for biologically active substances from Indonesia
Accepted: November 14, 2022 seashells, seven steroids have been isolated from the n-hexane fraction of A. striata and
DOL: 10.22146/ijc.76438 they were identified as 7B-hydroxy-sitosterol (1), campesterol (2), [-sitosterol (3),

cholesterol (4), 5a,8a-epidioxycholest-6-en-3-f-ol (5), 7-keto-cholesterol (6), and 7a-
hydroxy-cholesterol (7). The structure was identified by spectroscopic methods including
2D NMR techniques, FTIR, HRTOFMS, and chemical shift comparison with previously
reported spectral data. Compounds 1-7 were evaluated for their cytotoxic effects against
MCEF-7 breast cancer cells and showed weak or no anticancer activity.
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= INTRODUCTION antioxidant and anti-inflammation agents against DPPH
and COX-1 with the ICs, values of 0.91 and 0.93 pg/mL
(DPPH), 1.16 and 1.19 pg/mL (COX-1), respectively [6].

The Atactodea striata, known as Mas Ngur shells

Sterol belongs to steroid group and is widely
distributed in plants, animals, and marines [1]. Marine is

known as a source of interesting secondary metabolites,

. . in I ia, fth hell longi
especially as a natural resource of sterols. Several studies in Indonesia, are one of the seashell groups belonging to

indicate that sterols, isolated from marine products, the mollusc phylum, geographically distributed in the

exhibit several bioactivities such as anti-inflammation, Indo-Pacific from East Africa, including Madagascar

antimicrobial, anti-HIV, and anticancer [2-5]. Several and the Red Sea, to eastern Polynesia, to northern Japan,
and also distributed in Indonesia located in the Kei
Islands, Southeast Maluku [7-8]. A. striata are small,

short-lived bivalves, have a high population, and are

sterols with various structures have been isolated from the
seashells of Villorita cyprinoides, which are two new
cholestane type (22E),(24'E)-24',24*"dihomocholesta-
5,22,24'-trien-3B-ol and (22E)-24'-homocholesta-5,22-
dien-(3f,24'B)-diol showed interesting bioactivity as

usually found in the intertidal zone along sandy beaches
[9]. Previously reported that secondary metabolites have
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been isolated from Mas Ngur Shells are vicenin-2 and
apigenin. Both vicenin-2 and apigenin showed potent
cytotoxic activity against breast cancer cells: MCEF-7,
MDA-MB-231, and Hs578T [10-12].

In our continuous search for biologically active
compounds from marine sources, we have isolated two
known stigmastane-type steroids (1-2), one known
campestane-type steroid (3), and four known cholestane-
type steroids (4-7) from the n-hexane fraction of A.
striata. Compounds 1-7 showed weak activity and no
cytotoxic activity against MCF-7 breast cancer cells
through in vitro assay. Here, we report the isolation and
structure elucidation of compounds 1-7 along with their
cytotoxic activity against MCF-7 breast cancer cells.

m EXPERIMENTAL SECTION
Materials

The meat of Atactodea striata was collected in Ohoi,
Kei Island, Southeast Maluku, Indonesia in June 2019.
The animal sample was identified and classified by Deep
Sea Research Center BRIN, with a voucher B-
1209/111/D1/2/2022.

Instrumentation

IR spectra were recorded by Perkin Elmer Spectrum
100 FTIR spectrometer (Shelton, Connecticut, USA)
using a NaCl plate. High-resolution mass spectra (HR-
TOFMS) were determined on a Waters Xevo Q-TOF
direct probe/MS system, utilizing ESI mode and
microchannel plates MCPs detector (Milford, MS, USA).
The NMR spectra were recorded on JEOL JNM-
ECX500R/S1 spectrometer (Tokyo, Japan) at 500 MHz for
'H and 125 MHz for ’C with TMS as an internal standard.
The column chromatography was conducted on silica gel
60 (70-230 and 230-400 mesh, Merck, Darmstadyt,
Germany). The TLC analysis was implemented with silica
GFass (Merck, 0.25 mm) and spot detection was obtained
by spraying with 10% H,SO, in EtOH, followed by heating
and irradiating under ultraviolet-visible light (A 254 and
365 nm).

Procedure

Extraction and isolation
Dried meat of Mas Ngur shells (A. striata) 1.2 kg was

extracted with ethanol (10 L) at room temperature for
3 d and then concentrated under vacuum to yield EtOH
(407.7 g). The
suspended in H,O and then partitioned with n-hexane,
EtOAc and n-BuOH.

The n-hexane fraction (168.8 g) was subjected to

extract concentrated extract was

vacuum liquid chromatography in silica gel 60 using a
gradient of elution of n-hexane-EtOAc-MeOH (10%
stepwise) to obtain eight fractions (A-H) combined
according to TLC profile. Fraction B (10.2g) was
chromatographed on a column of silica gel, eluted with
a gradient of elution of n-hexane-EtOAc-MeOH (10%
stepwise) to give thirteen subfractions (B1-B13) combined
based on TLC control. Fraction B3 and B4 were combined
(921.9 mg) and then chromatographed on a column of
silica gel, eluted with a gradient of eluent of n-hexane:
EtOAc (9:1) to obtain 1 (62.2 mg), n-hexane:EtOAc (7:3)
to obtain 2 (12.5 mg), n-hexane:EtOAc (8:2) to obtain 3
(14.7 mg), n-hexane:EtOAc (6:4) to obtain 4 (11.8 mg).
Fraction B7 (408.5mg) was separated using column
chromatography on silica gel (230-400 mesh) and eluted
using 1% gradient of elution of n-hexane:EtOAc to yield 5
(15.2 mg). Fractions B8 and B9 were combined (943.4 mg)
and then separated using column chromatography on
silica gel (230-400 mesh) eluted with n-hexane:DCM:
EtOAc (8:1:1) to give ten subfractions (B8.9a-j). Fractions
B8.9g-h were combined (23.1 mg) and then separated
using column chromatography on silica gel (230-
400 mesh) eluted with n-hexane:DCM:EtOAc (7:2:1) to
yield 6 (6.8 mg). Fractions C and D were combined
(8.1 g) then chromatographed on a column of silica gel
(70-230 mesh), eluted with a gradient of n-hexane-
EtOAc-MeOH (10% stepwise) to give ten subfractions
(CD1-10). Fraction CD4 (263.4 mg) was separated using
column chromatography on silica gel (230-400 mesh)
eluted using 1% gradient of elution of n-hexane:EtOAc
to give nine subfractions (CD4.a-i). Fraction CD4.i
(35 mg) was separated using column chromatography on
silica gel (230-400 mesh) eluted with n-hexane:acetone
(9:1) to obtain 7 (4.4 mg).

7B-Hydroxy-sitosterol (1). White solid, IR v 3409,
2853, 1458, 1084 cm™'; '"H-NMR (CDCl;, 500 MHz), 6y
(ppm): 1.18 (1H, m, H-1a), 1.89 (1H, m, H-1b), 1.85 (1H,
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m, H-2a), 1.56 (1H, m, H-2b), 3.53 (1H, m, H-3), 2.28
(2H, m, H-4), 5.35 (1H, d, ] = 3.5 Hz, H-6), 4.01 (1H, d, J
=3.5Hz, H-7),1.93 (1H, m, H-8), 0.98 (1H, m, H-9), 1.51
(1H, 2H, H-11), 1.19 (1H, m, H-12a), 2.03 (1H, m, H-12b),
1.00 (1H, m, H-14), 1.13 (1H, m, H-15a), 1.61 (1H, m, H-
15b), 1.35 (1H, m, H-16a), 1.86 (1H, m, H-16b), 1.10 (1H,
m, H-17), 0.68 (3H, s, CH;-18), 1.01 (3H, s, CH;-19), 1.37
(1H, m, H-20), 0.99 (3H, d, ] = 6.0 Hz, CH;-21), 1.04 (1H,
m, H-22), 1.20 (2H, m, H-23), 0.97 (1H, m, H-24a), 1.70
(1H, m, H-24b), 1.35 (1H, m, H-25),0.82 (3H, d, ] = 4.0 Hz,
CH;-26),0.79 (3H, d, J= 6.5 Hz, CH;-27), 1.27 (2H, m, H-
28), 0.83 (3H, t, ] = 6.5 Hz, CH;-29); “C-NMR (CDCl;,
125 MHz) see Table 1; HRTOF-MS (positive ion mode)
m/z431.3669 [M+H]*, (calculated C,0Hs,0,, m/z 431.3660).
B-Sitosterol (2). White amorphous solid, IR v 3409,
2853, 1459, 1084 cm™}; 'H-NMR (CDCls, 500 MHz) 8y
(ppm): 1.18 (1H, m, H-1a), 1.89 (1H, m, H-1b), 1.85 (1H,
m, H-2a), 1.56 (1H, m, H-2b), 3.53 (1H, m, H-3), 2.28
(2H, m, H-4), 5.35 (1H, d, ] = 3.5 Hz, H-6), 1.53 (2H, m,
H-7), 1.93 (1H, m, H-8), 0.98 (1H, m, H-9), 1.51 (2H, m,
H-11), 1.19 (1H, m, H-12a), 2.03 (1H, m, H-12b), 1.00
(1H, m, H-14), 1.13 (1H, m, H-15a), 1.61 (1H, m, H-15b),
1.35 (1H, m, H-16a), 1.86 (1H, m, H-16b), 1.10 (1H, m,
H-17), 0.68 (3H, s, CH;-18), 1.01 (3H, s, CH;-19), 1.37
(1H, m, H-20), 0.99 (3H, d, ] = 6.0 Hz, CH;-21), 1.04 (1H,
m, H-22a), 1.35 (1H, m, H-22b), 1.20 (2H, m, H-23), 0.97
(1H, m, H-24a), 1.70 (1H, m, H-24b), 1.35 (1H, m, H-25),
0.82 (3H, d, ] = 6.5 Hz, CH;-26), 0.79 (3H, d, ] = 6.5 Hz,
CH;-27),1.27 (2H, m, H-28), 0.83 (3H, t, ] = 6.5 Hz, CH:-
29); BC-NMR (CDCl;, 125 MHz) see Table 1; HRTOEF-
MS (positive ion mode) m/z 415.3744 [M+H]*, (calculated
CyHs,0, m/z 415.3790).

Campesterol (3). White waxy solid, IR Vm.x 3380, 2890,
1459, 1084 cm™'; '"H-NMR (CDCl;, 500 MHz) 8y (ppm):
1.15 (1H, m, H-1a), 1.89 (1H, m, H-1b), 1.85 (1H, m, H-
2a), 1.56 (1H, m, H-2b), 3.53 (1H, m, H-3), 2.28 (2H, m,
H-4),5.34 (1H, d,J=5.0 Hz, H-6), 1.53 (2H, m, H-7), 1.93
(1H, m, H-8), 0.98 (1H, m, H-9), 1.51 (2H, m, H-11), 1.19
(1H, m, H-12a), 2.03 (1H, m, H-12b), 1.00 (1H, m, H-14),
1.13 (1H, m, H-15a), 1.61 (1H, m, H-15b), 1.35 (1H, m,
H-16a), 1.86 (1H, m, H-16b), 1.10 (1H, m, H-17), 0.68
(3H, s, CHs-18), 1.00 (3H, s, CH;-19), 1.37 (1H, m, H-20),
0.92 (3H, d, J = 7.0 Hz, CH;-21), 1.04 (1H, m, H-22a), 1.35
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(1H, m, H-22b), 1.20 (2H, m, H-23), 0.97 (1H, m, H-24),
1.70 (1H, m, H-25), 0.82 (3H, d, ] = 6.5 Hz, CH;-26), 0.85
(3H, d, ] = 6.5 Hz, CH;-27), 0.84 (3H, d, J = 6.5 Hz, CH;-
28); BC-NMR (CDCls, 125 MHz) see Table 1; HRTOE-
MS (positive ion mode) m/z401.3744 [M+H],
(calculated CysHyO, m/z 401.3790).

Cholesterol (4). White amorphous solid, IR V. 3409,
2853, 1459, 1084 cm™'; '"H-NMR (CDCl;, 500 MHz) 84
(ppm): 1.15 (1H, m, H-1a), 1.83 (1H, m, H-1b), 1.81 (1H,
m, H-2a), 1.56 (1H, m, H-2b), 3.53 (1H, m, H-3), 2.28
(2H, m, H-4), 5.34 (1H, d, ] = 5.5 Hz, H-6), 1.58 (2H, m,
H-7),1.93 (1H, m, H-8), 1.93 (1H, m, H-9), 1.51 (2H, m,
H-11), 1.16 (1H, m, H-12a), 2.00 (1H, m, H-12b), 1.04
(1H, m, H-14), 1.13 (1H, m, H-15a), 1.77 (1H, m, H-
15b), 1.85 (2H, H-16), 1.10 (1H, m, H-17), 0.66 (3H, s,
CHs-18), 0.99 (3H, s, CH;-19), 1.36 (1H, m, H-20), 0.90
(3H, d, ] = 6.5 Hz, CH;-21), 1.06 (1H, m, H-22a), 1.32
(1H, m, H-22b), 1.25 (2H, m, H-23), 0.94 (2H, m, H-24),
1.80 (1H, m, H-25), 0.85 (3H, s, CH3-26), 0.83 (3H, s,
CH;-27);"C-NMR (CDCl;, 125 MHz) see Table 1;
HRTOF-MS (positive ion mode) m/z 387.3669 [M+H]*,
(calculated C,;H,,0, m/z 387.3680).
5a,8a-Epidioxycholest-6-en-3-B-ol (5). White solid,
IR Vmax 3383, 2866, 1459, 1070, 930 cm™}; 'H-NMR
(CDCls, 500 MHz) 8u (ppm): 1.95 (1H, m, H-1a), 1.68
(1H, m, H-1b), 1.51 (m, H-2a), 1.82 (1H, m, H-2b), 3.93
(1H, m, H-3), 1.90 (1H, m, H-4a), 2.10 (H-4b), 6.22 (1H,
d, J = 8.5 Hz, H-6), 6.49 (1H, d, ] = 8.5 Hz, H-7), 1.48
(1H, m, H-9), 1.01 (1H, m, H-11a), 1.60 (1H, m, H-11b),
1.20 (2H, m, H-12), 1.57 (1H, m, H-14), 1.21 (1H, m, H-
15a), 1.50 (1H, m, H-15b), 1.42 (2H, m, H-16), 1.95 (1H,
m, H-17), 0.78 (3H, s, CH;-18), 0.85 (3H, s, CH;-19),
1.32 (1H, m, H-20), 0.88 (3H, d, J = 6.5 Hz, CH;-21), 1.51
(2H, m, H-22), 1.25 (2H, m, H-23), 1.33 (2H, m, H-24),
1.49 (1H, m, H-25),0.85 (3H, d, ] = 6.5 Hz, CH3-26), 0.84
(3H, d, J= 6.5 Hz, CH;-27); *C-NMR (CDCls, 125 MHz)
see Table 1; HRTOF-MS (positive ion mode) 1/z439.3188
[M+Na]*, (calculated C,;H44O3Na, m/z 439.3188).
7-keto-cholesterol (6). White solid, IR vy 3430, 2853,
1674 cm™; "H-NMR (CDCl;, 500 MHz) 8y (ppm): 1.15
(1H, m, H-1a), 1.83 (1H, m, H-1b), 1.81 (1H, m, H-2a),
1.56 (1H, m, H-2b), 3.67 (1H, m, H-3), 2.50 (1H, m, H-
4a), 2.38 (1H, m, H-4b), 5.68 (1H, d, J = 2.0 Hz, H-6),
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2.23 (1H, dd, J = 10.5 and 8.5 Hz, H-8), 0.97 (1H, m, H-
9), 1.51 (2H, m, H-11), 1.16 (1H, m, H-12a), 2.00 (1H, m,
H-12b), 1.03 (1H, m, H-14), 1.13 (1H, m, H-15a), 1.76
(1H, m, H-15b), 1.33 (1H, m, H-16a), 1.85 (1H, m, H-
16b), 1.10 (1H, m, H-17), 0.67 (3H, s, CH,-18), 1.18 (3H,
s, CH;5-19), 1.35 (1H, m, H-20), 0.90 (3H, d, ] = 6.5 Hz,
CH;-21), 1.06 (1H, m, H-22a), 1.32 (1H, m, H-22b), 1.25
(2H, m, H-23), 0.95 (1H, m, H-24a), 1.80 (1H, m, H-24b),
1.37 (1H, m, H-25), 0.84 (3H, d, ] = 6.5 Hz, CH3-26), 0.86
(3H, d, ] = 6.5 Hz, CH;-27); *C-NMR (CDCls, 125 MHz)
see Table 1; HRTOF-MS (positive ion mode) m/z
401.3439 [M+H]*, (calculated C,;Hys50,, m/z 401.3420).
7a-Hydroxy-cholesterol (7). White solid, IR vm. 3430,
2850 cm™, 'TH-NMR (CDCl;, 500 MHz) 8y (ppm): 1.13
(1H, m, H-1a), 2.02 (1H, m, H-1b), 1.52 (1H, m, H-2a),
1.82 (1H, m, H-2b), 3.57 (1H, m, H-3), 2.33 (2H, m, H-4),
5.58 (1H, d, ] = 5.5 Hz, H-6), 3.83 (1H, m, H-7), 1.39 (1H,
m, H-8), 1.04 (1H, m, H-9), 1.51 (2H, m, H-11), 1.02 (2H,
m, H-12), 1.16 (1H, m, H-14a), 1.43 (1H, m, H-14b), 1.80
(1H, m, H-15a), 1.29 (1H, m, H-15b), 1.30 (2H, m, H-16)
1.41 (1H, m, H-17), 1.00 (3H, s, CH3-18), 0.66 (3H, s, CH:-
19), 1.35 (1H, m, H-20), 0.92 (3H, d, ] = 6.5 Hz, CH;-21),
1.05 (1H, m, H-22a), 1.86 (1H, m, H-22b), 1.15 (1H, m,
H-23a), 1.14 (1H, m, H-23b), 1.15 (2H, m, H-24), 1.44
(1H, m, H-25), 0.86 (3H, d, ] = 6.5 Hz, CH3-26), 0.84 (3H,
d, ] = 6.5 Hz, CH3-27); *C-NMR (CDCl;, 125 MHz) see
Table 1; HRTOF-MS (positive ion mode) m/z 403.1793
[M+H]", (calculated C,;H4,0,, m/z 403.1793).

Cytotoxic activity test by PrestoBlue assay
The cytotoxicity of all isolated compounds against
MCF-7 human breast cancer cells was measured using the

PrestoBlue cells viability assay [13]. The cells were
maintained in a Roswell Park Memorial Institute
(RPMI) medium supplemented with 10% (v/v) Fetal
Bovine Serum (FBS) and 1 puL/mL antibiotic. Cultures
were incubated at 37°C in a humidified atmosphere of
5% CO,. The cells were seeded in 96-well microliter
plates at 1.7 x 10* cells per well. After 24 h, compounds
1-7 were separately added to the wells. After 96 h, cell
viability was determined by measuring the metabolic
conversion of resazurin substrate into pink fluorescent
resorufin product resulting from the reduction in viable
cells. The PrestoBlue assay results were read using a
multimode reader at 570 nm. ICs, values were taken
from the plotted graph of the percentage of living cells
compared to control (%), receiving DMSO, versus the
tested concentration of compounds (ug/mL). The ICs
values mean concentration required for 50% growth
inhibition. PrestoBlue assay and analysis were run in
triplicate and averaged. The crude extract of ethanol
(407.7 g), n-hexane (168.8 g), EtOAc (1.7 g), and n-
butanol (42.2 g) were tested for their cytotoxic activity
against MCF-7 breast cancer cells and showed cytotoxic
activity with ICsy values of were 450.90, 176.02, 580.32
and 5,088.12 ug/mL, respectively.

m RESULTS AND DISCUSSION

The n-hexane extract of A. striata was separated
and purified using the column chromatography method
repeatedly, to obtain compounds 1-7 (Fig. 1).

Compound 1 was obtained as a white solid with the
yield of mass 62.2 mg (6.74%) of B3-4 fraction (921.9 mg).

Fig 1. Structures of steroids 1-7
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Result of HRTOF-MS spectra (Fig. S1), obtained the
molecular weight of 1 [M+H]* m/z 431.3669 (calculated
m/z 431.3680) C2H500;
indicating five degrees of unsaturation, consisting of 1

with molecular formula
double bound and tetracyclic ring system. The FTIR
spectrum of 1 (Fig. S2) showed the absorption of the
hydroxyl group (3409 cm™), CH sp’ (2853 cm™ and
1458 cm™) and C-O stretching (1084 cm™). The 'H-NMR
spectrum of 1 (Fig. S3) showed the presence of two
tertiary methyl groups at u 0.68 (s, CHs-18) and 1.01 (s,
CHs-19), three secondary methyl groups at 0.79 (d, J = 6.5,
CHs-27), 0.82 (d, J = 6.5, CH;-26) and 0.99 (d, ] = 6.0,
CH;-21), one primary methyl group at 0.83 (t, ] = 6.5,
CH35-29) indicating the presence of sitosterol groups [14],
ten methylene protons sp’ and also seven methine protons,
two oxygenated methine protons at 8y 3.53 (m, H-3), 4.01
(d, J = 3.5, H-7), and one olefinic methine at 8y 5.35 (d, J
= 3.5, H-6). The “C (Fig. S4) and DEPT 135° (Fig. S5)
NMR spectrum of compound 1 showed 29 signals of
carbons, presence of six methyl carbons sp’ at . 12.0 (C-
29),12.1(C-18),18.9 (C-21),19.1 (C-27),19.5 (C-19), and
20.0 (C-26), ten methylene carbons sp’, seven methine
carbons, two oxygenated methine carbons at 6. 71.9 (C-
3); 75.0 (C-7), one olefinic methine carbon at §. 121.9 (C-
6), two quaternary carbons sp’ at 8. 36.6 (C-10), 45.8 (C-
13) and one quaternary carbon olefinic at §. 140.9 (C-5).
The HMBC correlation of 1 (Fig. S7) showed the
correlation of H-3 (8y 3.53) to C-4 (8. 42.4), C-2 (8. 31.8),
and C-1 (8. 37.4), correlation of H-6 (84 5.35) to C-8 (6.
31.8), C-10 (8. 36.6) and C-4 (. 42.4), correlation between
H-21 (81 0.99) to C-17 (8. 56.1), C-20 (&, 36.3), and C-22
(8. 34.0), correlation of H-25 (8 1.70) with C-26 (8. 20.0)
and C-27 (8. 19.1), correlation between H-29 (6 0.83) to
C-28 (8. 23.2) and C-24 (42.5), correlation of H-18 (dn
0.68) to C-12 (8. 39.9) and C-13 (45.9), H-19 (8x 1.01) to
C-10 (8. 36.6) and C-11 (21.2) showed the characteristic
of tetracyclic of stigmastane-type steroid. The presence of
hydroxyl group at C-7 showed by correlation of H-7 (8u
4.01) to C-8 (8. 31.8), C-6 (8. 121.9) and C-5 (4. 140.9).
The cross peak of "H-'"H-COSY (Fig. S8) spectra observed
that H1/H2/H3/H4 and H6/H7/HS, indicate that hydroxy
group at C-3 and C-7 also confirm that double bond at C-
5/C-6, observed that H25/H24/H28/H29 confirm that
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primary methyl group at C-29, HI17/20/21 and
H26/H25/H27 indicated that secondary methyl group at
C-21, C-26, and C-27. A comparison with the previous
NMR data of 1 with B-sitosterol [15] revealed that the
structures of the two compounds were very similar,
except for C-7, the P oriented of hydroxyl at C-7
confirmed with the literature [16]; thus, compound 1
was identified as 7P-hydroxy-sitosterol.

Compound 2 was obtained as a white solid, with the
yield of the mass 14.7 mg (1.59%) from B3-4 fraction
(921.9 mg). The result of HRTOF-MS spectra (Fig. S9)
obtained molecular weight of 2 [M+H]* m/z 415.3744,
(calculated m/z415.3790), with molecular formula
C2Hs00, which required five degrees of unsaturation
consisting of 1 double bound and tetracyclic ring system.
The FTIR spectrum of 2 (Fig. S10) showed the
absorption of the hydroxyl group (3409 cm™), CH sp’
(2870 and 1459 cm™), and C-O stretching (1084 cm™).
The 'H, C, and DEPT 135° NMR spectrum of 3 (Fig.
$11-S13) similar with 1, the main difference was that 2
was not substituted with hydroxyl at C-7, proved by the
absence of an oxygenated methine (. 75.0) replaced by
methylene carbon sp® (8. 32.0). The selected HMBC
correlation (Fig. 2) of 2 showed the correlation of H-3
(01 3.53) to C-4 (8. 42.4), C-2 (8 31.6 ppm) and C-1 (5.
37.2 ppm), correlation of H-6 (8y 5.35) to C-7 (4. 32.0),
C-8 (8. 32.0); C-10 (8. 36.6) and C-4 (8. 42.4), correlation
between H-21 (81 0.99) to C-17 (8. 56.1), C-20 (8. 36.3),
and C-22 (4. 34.0), H-25 (84 1.70) to C-26 (8. 20.0) and
C-27 (8¢ 19.1), correlation of H-29 (6y 0.83) with C-28
(8c 23.2) and C-24 (42.5), correlation CH;-18 (8x 0.68)
to C-12 (8¢ 39.9 ppm) and C-13 (45.8 ppm), CH3-19 (8u
1.01) to C-10 (6. 36.6) and C-11 (21.1) showed the
characteristic of tetracyclic of stigmastane-type steroid.
The cross peak of "H-'"H COSY spectra (Fig. 2) observed
that H1/H2/H3/H4 indicate that hydroxy group at C-3,
observed that H6/H7/H8 confirm that double bond at
C5/C6, H25/H24/H28/H29 confirm that primary
methyl at C-29; H17/20/21 and H26/H25/H27 indicated
that secondary methyl group at C21, C-26, and C-27.
Compound 2 was confirmed by data comparison with
previously isolated compound and identified as -
sitosterol [15].
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Fig 2. Selected HMBC and 'H-"H-COSY Correlations for 1 and 2

Compound 3 was obtained as a white waxy solid,
with the yield of mass 12.2 mg (1.36%) from B3-4 fraction
(921.9 mg). Result of HRTOF-MS spectra (Fig. S17),
obtained molecular weight of 3 [M+H]* m/z 401.3744,
(calculated m/z401.3790) with molecular formula C,sH,50,
which required five degrees of unsaturation consisting of
1 double bound and tetracyclic ring system. The FTIR
spectrum of 3 (Fig S.18) showed the absorption of the
hydroxyl group (3380 cm™), CH sp’ (2890 and 1459 cm™),
and C-O stretching (1084 cm™). The "H-NMR (Fig. S19)
spectrum of compound 3 showed the presence of two
tertiary methyl groups at 8u 0.68 (s, CHs-18) and 1.00 (s,
CHj5-19), four secondary methyl groups at 8y 0.82 (d, ] =
6.5, CH;-27), 0.84 (d, J = 6.5, CH;-26), 0.85 (d, J = 6.5,
CH;-28) and 0.92 (d, J=7.0, CH;-21), ten methylene
protons sp’, seven methine protons sp’, one oxygenated
methine proton at 8y 3.53 (m, H-3), and one olefinic
methine at 8y 5.34 (br.d, ] = 5.0, H-6). The “C (Fig. S20)
and DEPT 135° (Fig. S21) NMR spectra of compound 3
showed 28 signals of carbons, presence of six methyl sp’
carbons at §. 11.9 (C-18), 18.8 (C-21), 19.4 (C-26, C-19),
22.6 (C-27), 22.8 (C-28), ten methylene sp’ carbons, seven
methine sp’ carbons, one oxygenated methine carbon at
8. 71.9 (C-3), one olefinic methine carbon at d. 121.8 (C-
6), two quaternary sp’ carbons at 8. 36.6 (C-10), 42.3 (C-
13) and one quaternary olefinic carbon at §. 140.8 (C-5).
Compound 3 was confirmed with data from the literature
identified as a campesterol [17].

Compound 4 was obtained as a white solid, with the
yield of mass 152 mg (1.65%) from B3-4 fraction
(921.9 mg). The result of HRTOF-MS spectra (Fig. S22),
obtained molecular weight of 4 [M+H]" m/z 387.3669,
(calculated m/z 387.3680),
CyyHiO, which required five degrees of unsaturation

with molecular formula

consisting of 1 double bound and tetracyclic ring system.
The FTIR spectrum of 4 (Fig. S23) showed the
absorption of the hydroxyl group (3409 cm™), CH sp’
(2853 and 1459 cm™), and C-O stretching (1084 cm™).
The 'H, °C, and DEPT 135° NMR spectrum of 4 similar
with 2, the main difference was that 4 was not
substituted with methyl at C-24. The '"H-NMR spectrum
(Fig. S24) of compound 4 showed the presence of two
tertiary methyl groups at du 0.66 (s, CHs-18), and 0.99
(s, CH3-19), three secondary methyl groups at 64 0.83 (d,
J = 6.5, CH;-27), 0.85 (d, ] = 6.5, CH3-26), and 0.90 (d, J
= 6.5, CH;-21), eleven sp’ methylene protons, and also
six sp’ methine protons, one oxygenated methine proton
at 8y 3.53 (m, H-3), and one olefinic methine at 8y 5.34
(d, J = 5.5, H-6). The "C-NMR spectrum (Fig. S25) of
compound 4 showed 27 signals of carbons, presence of
five sp’ methyl carbons at 8. 11.9 (C-18), 18.8 (C-21),
19.5 (C-19), 22.6 (C-26), and 22.9 (C-27), eleven sp’
methylene carbons, six sp’ methine carbons at &. 31.9,
50.2, 56.9, 56.2, 36.2 and 28.1, one oxygenated methine
carbon at 8. 71.9 (C-3), one olefinic methine carbon at
Oc 121.8 (C-6), two sp’ quaternary carbons at 6. 36.6 (C-
10), 42.4 (C-13) and one olefinic quaternary carbon at .
140.8 (C-5). Compound 4 was confirmed with data from
the literature identified as a cholesterol [18].
Compound 5 was obtained as a white solid, with
the yield of mass 15.2 mg (3.72%) from B7 fraction
(408.5 mg). The result of HRTOF-MS spectra (Fig. S26),
obtained molecular weight of 5 [M+Na]* m/z 439.3188,
(calculated m/z439.3188), with molecular formula
CHuO;, which required six degrees of unsaturation
consisting of 1 double bound and pentacyclic ring
system. The FTIR of 5 (Fig. S27) spectrum showed the
absorption of the hydroxyl group (3383 cm™), CH sp’
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(2866 and 1459 cm™), C-O stretching (1070 cm™), and C-
0-0 of peroxide stretching (930 cm™). Compound 5 have
same skeleton with 4, the main difference was 5 have
double bond at C-6 and C-7, addition of one peroxide
cyclic at C-5 and C-8. The '"H-NMR spectrum (Fig. S28)
of compound 5 showed the presence of two tertiary
methyl groups at du 0.78 (s, CH;-18), and 0.85 (s, CHs-
19), three secondary methyl groups at 8y 0.84 (d, J = 6.5,
CH-27), 0.85 (d, J = 6.5, CH5-26), and 0.88 (d, ] = 6.5,
CHs-21), ten methylene protons sp’, five methine protons
sp’, one oxygenated methine proton at 8y 3.93 (m, H-3),
and two olefinic methine protons at 6y 6.22 (d, ] = 8.5, H-
7) and 6.49 (d, ] = 8.5, H-6). The "C-NMR (Fig. S29) and
DEPT 135° (Fig. S30) spectra of compound 5 showed 27
carbon signals, presence of five methyl sp’ carbons at d.
12.7 (C-18), 18.2 (C-21),18.6 (C-19), 22.6 (C-26), and 22.8
(C-27), ten methylene sp’ carbons, five methine sp’
carbons, one oxygenated methine carbon at . 66.5 (C-3),
two olefinic methine carbons at §. 130.8 (C-7), 135.5 (C-
6), two quaternary sp’ carbons at 8. 37.0 (C-10), 44.8 (C-
13) and two oxygenated quaternary carbons at 8. 79.5 (C-
8), 82.2 (C-5). Compound 5 was confirmed by data
comparison with previously isolated compound,
identified as a 5a,8a-epidioxycholest-6-en-3p-ol [19].
Compound 6 was obtained as a white solid, with the
yield of mass 6.8 mg (29.44%) from B8.9g-h fraction
(23.1 mg). The result of HRTOF-MS spectra (Fig. S31),
obtained molecular weight of 6 [M+H]" m/z 401.3439,
(calculated m/z 401.3420),
C»HuO,, which required six degrees of unsaturation

with molecular formula

consisting of 1 double bound, 1 carbonyl, and tetracyclic
ring system. The FTIR spectrum of 6 (Fig. $32) showed
the absorption of the hydroxyl group (3430 cm™), CH sp’
(2853 cm™), and C=O0 stretching (1674 cm™"). Compound
6 have same skeleton with 4, the main difference that 6
was substituted with carbonyl at C-7, the presence of
carbonyl confirmed with »C-NMR spectrum of 6 at &
202.4 ppm. The 'H-NMR (Fig. $33) spectrum of compound
6 showed the presence of two tertiary methyl groups at 8y
0.67 (s, CH;-18), and 1.18 (s, CH;-19), three secondary
methyl groups at 8y 0.84 (d, / = 6.5, CH3-27), 0.86 (d, ] =
6.5, CHs-26), and 0.90 (d, ] = 6.5, CH;s-21), ten methylene
sp’ protons, six methine sp’ protons, one oxygenated
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methine proton at 0y 3.67 (m, H-3), and one olefinic
methine at 8y 5.68 (d, J = 2.0, H-6). The >C-NMR (Fig.
S34) and DEPT 135° (Fig. S35) spectrum of compound
6 showed 27 signals of carbons, presence of five methyl
sp’ carbons at §. 12.0 (C-18), 17.9 (C-19), 18.9 (C-21),
22.7 (C-26), and 22.9 (C-27), ten methylene sp’ carbons,
six methine sp’ carbons, one oxygenated methine carbon
at 8. 70.6 (C-3), one olefinic methine carbon at §. 126.2
(C-6), two quaternary sp’ carbons at d. 38.4 (C-10), 43.2
(C-13), one olefinic quaternary carbon at §. 165.3 (C-5),
and one quaternary carbon of carbonyl at 6. 202.4 (C-5).
Compound 6 was confirmed with data from the
literature identified as a 7-keto-cholesterol [20].
Compound 7 was obtained as a white solid, with
the yield of mass 4.4 mg (12.57%) from CD4i fraction
(35 mg). The result of HRTOF-MS spectra (Fig. S36),
obtained molecular weight of 7 [M+H]* m/z 403.1793,
(calculated m/z403.1793), with molecular formula
Cx7Hs60,, which required five degrees of unsaturation
consisting of 1 double bound and tetracyclic ring system.
The FTIR spectrum of 7 (Fig. S37), showed the
absorption of the hydroxyl (3430 cm™) and CH sp’
(2850 cm™) groups. Compound 7 have same skeleton
with 4, the main difference that 7 was substituted with
hydroxyl at C-7. The 'H-NMR (Fig. S38) spectrum of
compound 7 showed the presence of two tertiary methyl
groups at 8y 0.66 (s, CH;-18) and 1.00 (s, CH3-19), three
secondary methyl groups at 8y 0.84 (d, J = 6.5, CH;-26),
0.86 (d,J=6.5, CH3-27) and 0.92 (d, ] = 6.5, CH;-21), ten
methylene sp’ protons, six methine sp’ protons, two
oxygenated methine protons at 8y 3.57 (m, H-3) and
3.83 (bs, H-7), and one olefinic methine at 8y 5.58 (d, J
= 5.5, H-6). The "C-NMR (Fig. S39) and DEPT 135°
(Fig. S40) spectra (Fig. S33) of compound 7 showed 27
signals of carbons, presence of five methyl sp’ carbon at
0. 11.9 (C-18), 18.3 (C-19), 18.8 (C-21), 22.6 (C-27), and
22.9 (C-26), ten methylene sp’ carbons, six methine sp’
carbons, two oxygenated methine carbons at 8. 65.4 (C-
7) and 70.6 (C-3), one olefinic methine carbon at §.123.9
(C-6), two quaternary sp’ carbons at 8. 37.4 (C-10) and
42.1 (C-13), one olefinic quaternary carbon at d. 146.3
(C-5). A comparison with the previous NMR data of 7
with 7B-hydroxy-cholesterol [21], that the structures of
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Table 1. *C NMR data (125 MHz for *C, in CDCl;) for 1-7

Position 1 2 3 4 5 6 7
Carbon 0. (mult.) S. (mult.) S. (mult.) O. (mult.) O. (mult.) O. (mult.) S. (mult.)
1 37.4(t) 37.2 (1) 37.3 (1) 37.3 (t) 34.7 (t) 36.4 (t) 39.5 (1)
2 31.8 (t) 31.6 (1) 31.7 (t) 31.7 (t) 30.1 (t) 31.2 (1) 314 (1)
3 71.9 (d) 71.8 (d) 71.9 (d) 71.9 (d) 66.5 (d) 70.6 (d) 71.4 (d)
4 424 (t) 424 (t) 423 (t) 424 (t) 37.0 (t) 419 (t) 420 (t)
5 140.9 (s) 140.9 (s) 140.8 (s) 140.8 (s) 82.2 (s) 165.2 (s) 146.3 (s)
6 121.9 (d) 121.9 (d) 121.8 (d) 121.8 (d) 135.5 (d) 126.2 (d) 123.9 (d)
7 75.0 (d) 32.0 (1) 31.9 (t) 319 (t) 130.8 (t) 202.4 (s) 65.4 (s)
8 31.8(d) 32.0(d) 319 (d) 31.9(d) 79.5 (s) 45.9 (d) 37.5(d)
9 50.2 (d) 50.2 (d) 50.1 (d) 50.2 (d) 51.1 (d) 50.0 (d) 49.5 (d)
10 36.6 (s) 36.6 (s) 36.6 (s) 36.6 (s) 37.0 (s) 38.4 (s) 374 (s)
11 21.2 (t) 21.1 (t) 21.1(t) 21.2 () 23.4 (1) 21.3 (t) 20.7 (t)
12 39.9 (t) 39.9 (1) 39.5 (t) 39.9 (t) 39.5 (t) 38.8 (1) 36.2 (1)
13 45.9 (s) 45.8 (s) 423 (s) 424 (s) 44.8 (s) 432 (s) 42.3 (s)
14 459 (d) 56.9 (d) 56.8 (d) 56.9 (d) 51.7 (d) 50.0 (d) 55.9 (d)
15 24.4 (t) 24.4 (t) 24.3 (t) 24.4 (t) 20.6 (t) 26.4 (t) 24.3 (t)
16 28.4 (t) 28.4 (t) 28.3 (t) 28.3 (t) 28.3 (t) 28.7 (t) 28.3 (t)
17 56.1 (d) 56.1 (d) 56.2 (d) 56.2 (d) 56.5 (d) 54.9 (d) 55.9 (d)
18 12.1(q) 12.1 (q) 11.9 (q) 11.9 (q) 12.7 (q) 12.0 (q) 11.9 (q)
19 19.5(q) 19.5(q) 194 (q) 19.5(q) 18.6 (q) 17.3(q) 18.3 (q)
20 36.3 (d) 36.3 (d) 36.3 (d) 36.2 (d) 35.3 (d) 35.8 (d) 35.8 (d)
21 18.9 (q) 18.9 (q) 18.8 (q) 18.8 (q) 18.2 (q) 189 (q) 18.8 (q)
22 34.0 (t) 34.0 (1) 34.0 (t) 35.9 (t) 36.0 (t) 36.3 (1) 37.0 (1)
23 26.1 (t) 26.1 (t) 23.9 (1) 23.9 (1) 238 (t) 23.9 (t) 23.8 (t)
24 42.5 (t) 42.5 (t) 39.4 (t) 39.6 (t) 39.5 (1) 39.6 (t) 39.2 (t)
25 29.2 (d) 29.2 (d) 28.1 (d) 28.1(d) 28.0 (d) 28.1 (d) 28.1 (d)
26 20.0 (q) 20.0 (q) 19.4 (q) 22.6 (q) 226 (q) 22.7 (q) 22.9 (q)
27 19.1 (q) 19.1 (q) 22.6 (q) 22.9(q) 22.8(q) 22.9 (q) 22.6 (q)
28 23.2 (1) 23.2(q) 22.8(q) - - - -
29 12.0 (q) 12.0 (q) - - - - -

the two compounds were very similar, except for C-7, the
a oriented of hydroxyl at C-7 confirmed with the
literature, compound 7 was identified as a 7a-hydroxy-
cholesterol [22].

The cytotoxic activity of the steroids 1-7 was tested
against the MCF-7 cancer cell according to a method
described [13]. Cisplatin (53 pM) was used as a positive
all compounds, 5a,8a-
epidioxycholest-6-en-3p-ol (5) the highest
cytotoxic activity with ICs, value of 164.08 uM, followed
by campesterol (3), B-sitosterol (2), 7p3-hydroxy-sitosterol
(1), 7a-hydroxy-cholesterol (7), cholesterol (4) and 7-
keto-cholesterol (6) with ICsy of 256.36, 264.83, 282.33,

control. Among steroid

showed

439.17, 517.39, and 4246.01 pM, respectively (Table 2).
Based on the results, the cytotoxic activity value of the
steroids 1-7 against MCF-7 breast cancer cells is affected
by the skeleton type of steroids and changes in substituents
can reduce the ICs value, the resonance of double bond
at C-6, C-7, and addition of one peroxide cyclic at C-5
and C-8 of (5) significantly increased cytotoxic activity,
compared to compound 1-4, 6-7 which has double bond
at C-5 and C-6 reduced cytotoxic activity, the a and B-
oriented of hydroxyl group at C-7 of (7) and (1) gives
significant difference of cytotoxic activity with a-
oriented decreases the cytotoxic activity, the presence of
carbonyl at C-7 of (6) showed the weakest activity.
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Table 2. Cytotoxic activity of compounds 1-7 against
MCE-7 cells

Compounds ICso (uM)
7B-hydroxy-sitosterol (1) 282.33
B-Sitosterol (2) 264.83
Campesterol (3) 256.36
Cholesterol (4) 517.39
5a,8a-epidioxycholest-6-en-3[3-ol (5) 164.08
7-keto-cholesterol (6) 4246.01
7a-hydroxy-cholesterol (7) 439.17
Cisplatin* 53.00

*Positive control

m CONCLUSION

Seven steroids have been isolated from the n-hexane
fraction of Atactodea striata, two known stigmastane-type
steroids, 7P-hydroxy-sitosterol (1) and B-sitosterol (2),
one known campestane-type steroid, campesterol (3), and
four known cholestane-type steroids, cholesterol (4),
5a,8a-epidioxycholest-6-en-3-p-ol (5), 7-keto-cholesterol
(6) and 7a-hydroxy-cholesterol (7). All compounds were
firstly reported from genus Atactodea. The cytotoxic
activity of the steroids 1-7 was tested against the MCF-7
cancer cell. Compound (5) showed the highest cytotoxic
activity, followed by campesterol (3), B-sitosterol (2), 7f-
hydroxy-sitosterol (1),
cholesterol (4) and 7-keto-cholesterol (6). The resonance
of double bond at C-6, C-7, and addition of one peroxide
cyclic at C-5 and C-8 of (5) significantly increased

7a-hydroxy-cholesterol (7),

cytotoxic activity, compared to compounds 1-4, 6-7
which has double bond at C-5 and C-6 reduced cytotoxic
activity, the a and p-oriented of hydroxyl group at C-7 of
(7) and (1) gives significant difference of cytotoxic activity
with a-oriented decreases the cytotoxic activity, the
presence of carbonyl at C-7 of (6) showed the weakest
activity. One of these steroids showed weak activity (5)
and the remaining had no activity. The recommendation
for future study is the isolated steroids need further
research to determine other bioactivities including other
cytotoxic activities, such as antioxidant and anti-
inflammation activities.
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Abstract: A new ligand of 1,2,4-triazole derivative was produced by cyclization of
sodium dithiocarbamate derivative of ethyl 4-ethoxy-3-nitrobenzoate with carbon
disulfide in an alkaline medium. The new ligand, entitled name: L: 4-amino-5-(3-
ethoxy-5-nitrophenyl)-2,4-dihydro-3H-1,2,4-triazole-3-thione, was fully characterized
depending on HPLC-MS, FTIR, 'H-NMR and *C-NMR spectroscopies. In addition,
the elemental microanalysis was carried out to confirm the skeletal structure of the
ligand L. A library of complexes with Ni(Il), Zn(II), Pd(Il), and Pt(IV) metal ions
was prepared by coordination with the ligand. These complexes were characterized
by using FTIR, UV-Vis, 'H-NMR, *C-NMR, spectrophotometric techniques,
elemental analysis C.H.N.S, and FAAS. The physicochemical properties of these
complexes were determined at 25 °C, such as melting point, magnetic susceptibility
and molar conductivity. The microbial study confirmed that the novel ligand and
its complexes have the potential to be applied as antimicrobial agents.

Keywords: 1,2,4-triazole ligands; platinum(1V); palladium(Il) complexes of

triazole; microbial activity

= INTRODUCTION

1,2,4-Triazole moiety and their derivatives have
attracted great attention in the last decade due to their
unique properties [1]. The triazole ring is easily formed
and many of these functionalized compounds are readily
accessible; thus they are talented rich and flexible
coordination chemistry. Triazole rings contain -
conjugated systems with easy coordination abilities to
metal ions, and they have the ability to exhibit
phosphoresce properties. They own nitrogen atoms as
hydrogen bond acceptors and aromatic systems, which
correspond to m-m stacking [2]. The 1,2,4-triazole moiety
contains three atoms of nitrogen in a five-membered
aromatic ring, each two atoms are adjacent for stability,
increasing the solubility in water. It is able to get two
isomers of tautomerism, 1H-isomer 1 and 4H-isomer 2
(Fig. 1). The preferred and more stable structure is the
1H-tautomer was confirmed by both DFT and empirical
study. The carbon atom is connected to both nitrogen

atoms in 1,2,4-triazole and thus, the ring of triazole has
It was illustrated that the
reaction with the

a deficit in electrons.

electrophilic triazole ring is
deactivated. In the parent, the compound is not
responsive to the nitration or other common carbon
reactions of aromatic chemistry. Though electrophilic
attacks on the nitrogen atom are widely mentioned in
literature [3-5].

The literature study demonstrated that 1,2,4-triazole
derivatives exhibited a wide variety of bioactivities,
including antimicrobial, anticancer, anti-inflammatory,
analgesic, antiviral, antidepressant, insecticide and plant

growth regulator bacteria [6-9]. 1,2,4-Triazole derivatives,

H
N N{
5« N2_;5(/ N2
/A A/
N3 N
1
1H-1.2 4triazole  4H-1,2 4-triazcle

Fig 1. Tautomerism of (1H- and 4H-) 1,2,4-triazoles
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including the -SH group, are one of the subclasses of 1,2,4-
triazoles and are considered one of the most interesting
compounds due to their biological activity [9-10]. It was
found that the main component of mercapto-1,2,4-
triazole is in most natural products and pharmaceuticals
(Fig. 2).

The presence of active sites in triazole derivatives
has intensively enhanced the researchers to synthesize
metal complexes with such types of ligands [11-13].
Kanagarajan et al. [13-14] have studied two biologically
active Schiff base ligands derived from 1,2,4-triazole in
equimolar reaction of 4-amino-5-(pyridin-4-yl)4H-1,2,4-
triazole-3-thiol with thiophene-2-carbaldehyde and
furan-2-carbaldehyde. Furthermore, Co(II), Ni(II) and
Cu(II) metal complexes were isolated in their solid state
and spectroscopic identified. The anti-proliferative
reactivity against many cancer cells have described for
Pt(II), Pd(II), Ni(II), Co(II), and Sn(IV) chelates derived
from 4,5-diphenyl-1,2,4-triazole-3-thione as a primary
ligand and 1,2-bis(diphenylphosphanyl) ethane as a
secondary ligand. The results explained that Pt(II)
complex had an important antitumor activity with ICs,
values 0.4-0.8 uM. The 1,2,4-triazoles have been explored
for linking ligands among transition metal ions.

In recent years, there is much attention to preparing
coordination ligands using 1,2,4-triazole moiety
particular, those consisting of S and N in their
construction due to their biological activities compared
with native ligands [15-16]. A few complexes, including
1,2,4-triazole moiety with two sites for coordination with
metal ions, including S and N atoms have been reported.
In the current work, we designed and synthesized new
derivatives for the triazole ligand as a bi dentate ligand as
well as its complexes with transition metals ions such as
Ni(II), Zn(II), Pd(II) and Pt(IV). The novel prepared

complexes were characterized by diverse spectroscopic

methods to find out the potential of these new metal
complexes as antimicrobials.

m EXPERIMENTAL SECTION
Materials

All starting materials and solvents were obtained
from commercial companies and used without further
purification. Metal chlorides, NiCl,-6H,O, ZnCL,
K,PtCls and PdCl,, were supplied from Sigma Aldrich.
Hydrazine hydrate, carbon disulfide, absolute ethanol
and dimethyl sulfoxide (DMSO) were supplied from
Fluka Company with 99% purity.

Instrumentation

A Stuart melting point (digital) SMP30 apparatus
was used to record the Melting point. FTIR spectra were
measured by a Shimadzu (FTIR) model 4800s
Spectrophotometer between the ranges (4000-400) cm™*
as KBr discs. UV-Vis 16 ultraviolet Spectrophotometer
model Shimadzu is used to measure the UV-visible
spectra at R'T.°C using 1 cm quartz cell and examined
between 200-1100 nm at 10~ M in DMSO. The atomic
absorption (A.A.) technique has been measured using a
AA680G
spectrophotometer at the laboratories of Ibn-Sinaa

Shimadzu atomic absorption
Company. Elemental analysis is used to determine (C,
H, N) for the new ligand [L] and its complexes by Linear
Regression Euro EA elemental analysis. Mass spectra
were performed for a ligand on GC-MS (DIRECT
PROBE) via the ES technique. The 'H- and “"C-NMR
spectrum of ligand was recorded at a Bruker DMX-500
spectrophotometers (400 MHz) by using DMSO-ds.
Measurement of Conductivity was carried out at room
temperature in DMSO using an Inolab multi 740, WTW
82362-Germany. Magnetic susceptibility of novel

synthesized complexes was recorded at room
temperature by Auto magnetic susceptibility Balance in
Al-Mustansiriyah  University, College of Science,

Chemistry Department.
Procedure

Synthesis of benzamide derivative, A1
Hydrazine hydrate (5 mL, 1 mmol) was added to
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the solution of ethyl 4-ethoxy-3-nitrobenzoate (135 mg,
5 mmol) in 15 mL of absolute ethanol. The mixture was
refluxed for 10 h, and the TLC was used to monitor the
reaction. After that, the mixture reaction was allowed to
cool down to room temperature. A final product was
isolated by filtered and then washed the ice cold water
three times, dried and recrystallized using hot ethanol to
obtain compound Al (Fig. 3); m.p. 124-126 °C; Color
white crystal; Yield 95%; FTIR v (cm™): 3320 (NH,,
asym.), 3185 (NH, sym.), 1670 (C=0, amide); R¢ = 0.37
(chloroform:ethyl acetate; 3:2), 'H-NMR (400 MHz,
DMSO-dy), 8.05 (d, 1H, 10-NH), 7.96 (s, 1H, 1-CH), 7.78
(d, 1H, 6-CH), 7.22 (d, 1H, 7-CH), 4.45 (d, 2H, 10-NH),
4.25 (m, 2H, 4-CH), 2.09 (t, 3H, 5-CH3), *C-NMR (100
MHz, DMSO), 188.4 (9-C=0), 140.09 (3-C), 137.7 (2-C),
133.6 (7-C), 132.3 (8-C), 130.9 (1-C), 127 (6-C), 58.8 (4-
C), 30.8 (5-C).

Synthesis of sodium 2-(4-ethoxy-3-nitrobenzoyl)
hydrazine-1-carbodithioate (A2)

Compound Al (2.50 g, 11 mmol) was added to the
solution of sodium hydroxide (1.50 g, 20 mmol) in
methanol 20 mL at 0°C with stirring, then carbon

disulfide (5 mL, 13 mmol) was added as a drop-wise and
the reaction mixture was stirred for 18 h at room
temperature. The reaction was allowed to cool down,
and then adding 100 mL of diethyl ether with stirring for
20 min. The solid precipitate was isolated and then
washed with the cold methanol to produce compound
A2 (Fig. 4). Color yellow powder; m.p. (170-172) °C;
Yield 95%; FTIR v (cm™): 3400 (N-H), 3178 (N-H), 1656
(C=0), 1270 (C=S); m/z 300.

Synthesis of 4-amino-5-(3-ethoxy-5-nitrophenyl)-2,4-
dihydro-3H-1,2,4-triazole-3-thione (L)

Compound A2 (323 mg, 11 mmol) was mixed with
the excess amount of hydrazine hydrate (about 20 mL)
and refluxed for 8 h. A color change from black-green to
light yellow was observed; due to liberating hydrogen
sulfide gas and changing the color of lead acetate paper
from black to white, TLC is used to monitor the reaction.
The final solution was poured into ice-cold water of
about 25 mL and acidified with conc. HCI (pH = 3-5).
The solid precipitate was isolated, washed by adding
cold water, and then dried by vacuum, purified by
recrystallized with ethanol to give compound L (Fig. 5).

O
O,N
OC;Hs
CsH50
Fig 3. Synthesis of ligand A1
O Q H Na*
OuN O,N NS
N
NH-NH, y ggp NAOHOC H \ﬂ/
Stirring S
CoHEO C,Hs0
Al A2
Fig 4. Synthesis of dithiocarbamate salt derivative A2
NO,
o Na* . 10 O\/ 15
O,N N s N "
2 N~ N2Ha HzC 2N 12
H — HN 7 13
g reflux & h 3 N
C2Hs0 >// “NHy L
A2 ?

Fig 5. Cyclization reaction to synthesis 4-amino-5-(3-ethoxy-5-nitrophenyl)-2,4-dihydro-3H-1,2,4-triazole-3-thione

(L)
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Pale yellow solid; Yield 70 %; m.p. 188-190 °C, FTIR
v (em™): 3290 (NH,, asym), 3300 (NH,, sym.), 3190 (N-
H), 1280 (C=S) and 1620 (N-NH,); R = 0.32 (n-hexane:
methanol; 3:1). '"H-NMR (400 MHz, DMSO-d;), 8.59 (d,
1H, 2-NHi.01), 7.86 (d, 1H, 13-CH), 7.71 (d, 1H, 12-CH),
7.36 (s, 1H, 9-CH), 5.69 (s, 2H, NH,-Nyixz01), 4.25 (m, 2H,
14-CH,), 2.08 (t, 3H, 15-CH), “C-NMR (100 MHz,
DMSO-dy), 176.4 (3-C), 154.1 (11-C), 145.7 (7-C), 132.12
(10-C), 130.6 (13-C), 129.4 (9-C), 127.01 (4-C), 125 (12-
C), 79.6 (14-C), 31.8 (15-C): m/z 282.

Metals complexes synthesis

To a solution of the metal salts in ethanol, where the
salts of (NiCl,-2H,0, ZnCl,, PdCl, and PtCl,) were added
to (562 mg, 2.00 mmol) of the ligand L. Mixed solution
was reflux using a water bath as long as 3 h. The product
was isolated and washed with ethanol, then dried at room
temperature. The color, melting point, yield, metal
analysis and solubility of the ligand and its complexes are
given in Table 1.

m RESULTS AND DISCUSSION
"H-NMR Characterization

The identification of the intermediates, the free
1,2,4-triazole ligand and some selected metal complexes

213

were carried out with "H- and ?C-NMR spectra, and the
results are summarized in Table 2.

"H-NMR spectrum for ligand A1
The NMR spectrum of A1l exhibited three signals in

(8.05-7.2) ppm
corresponding to the aromatic ring. The new signal was

the aromatic region between
observed at 9.01 ppm corresponding to NH adjacent to
the C=O group, which confirmed the formation of a
compound with title Al. Also, the NMR spectrum shows
a doublet signal with two integrals at 4.45 ppm

corresponding to the NH, group.

"H-NMR spectra for ligand L

Compound L was characterized by NMR and mass
spectroscopy in addition to IR and UV-Vis spectrometry.
The "H-NMR spectrum shows the characteristic of a
singlet at 8.59 ppm due to the -NH of triazole ring; but
no signal was shown in the NMR spectrum for Al or A2
compound. Thus, giving further evidence to the
formation of ligand L. Another signal around 3.5 ppm
attributed to the NH, group closer to the N-triazole ring
confirmed the formation of this ligand. Also, multiples
signal at (1.19 ppm) attributed to the ethyl group (Fig.
S1 and S2). The spectrum of >C-NMR showed peaks at
174, 154 and 145 ppm corresponding —C=S thione moiety

Table 1. Physical properties and elemental analyses of the prepared compounds

Elemental analysis %

Compound Color m.p (°C) (gl\//lr;:\(z[l) Found (cal.) Obls\./[:/coa L) M:L Chemical formula
C H
Al White 124-126 225 é:;(;)) (izzg) (1173.9; CoHiN;O,4
A2 Yellow 170-172 300 (3460101) (zgg) (1124'.206) C10H10N30,5;:Na
L Pale yellow 188-190 281 ?412970) (gg?) (2;69(; C1oH11Ns05S
Ni-L Dark brown 280-282 692 (333:378) (2(1);) (iﬁgi) (ng) 1:2  [Ni(CyH1;:N5055),]Cl
ML vow e e N0 % VRS0 caa)
PAL paeormge o0 e S 0BT ey g
PtL  Darkyellow 315d* 900 (2276776) éz) (izg) éf; 12 [PH(CioH1N5058):CL]CL,

d*: dissociation, obs.: observed
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Table 2. "H-NMR data of compounds and "C-NMR of ligand L in DMSO-dj

Compound 'H-NMR

13C

Al 8.05-7.2 ppm aromatic ring; 9.01 ppm NH
adjacent to the C=0 group; a doublet signal 4.45
ppm (NH; group)

L a singlet at 8.59 ppm -NH of triazole ring; 3.5 ppm
NH, group closer to the N-triazole ring; multiples
signal at (1.19 ppm) ethyl group

Ni-L 6.22 ppm NH protons

Zn-L 6.23 ppm NH proton close to triazole ring
Pd-L 6.28 ppm NH proton close to triazole ring
Pt-L 6.28 ppm NH proton close to triazole ring

174, 154 and 145 ppm -C=S thione moiety; -C=N- of triazole
ring (124-120) ppm of aromatic carbon atoms; 39 and 59 ppm
(CH3> CHZ)

and -C=N- of triazole ring, at 124-120 ppm of aromatic
carbon atoms, and 39 and 59 ppm from methyl and
methylene groups, respectively.

"H-NMR of complexes

A comparison between 'H-NMR spectra of
complexes and with the corresponding ligand clearly
indicated the coordination of ligands to metals. The 'H-
NMR spectrum of Ni(II) complexes in DMSO-ds showed
the chemical shift of amino protons at 6.22 ppm. Whereas
these signals appear at 6.23 ppm in Zn(II) complex and
6.28 ppm in both Pd(II), Pt(IV) complex, respectively.
These chemical shifts indicate the amino protons close to
the triazole ring in the metal complexes are located in
different chemical environments and confirm the
contribution of the NH, group with metal ions. Also, the
"H-NMR spectrum of these complexes showed a small
shift to the downfiled in the aromatic regions, which
refers to the coordination of ligands to metals. The 'H-
NMR spectrum of complexes illustrated that the peak at
2.8 ppm corresponding to methyl group also appeared in
the spectrum of complexes without any change (Fig. S3).

Mass Spectra (MS)

The mass spectral of Ni(II) complexes exhibited
main molecular ions plus H,O bands at m/z 700 [M+H,O]
with other bands at 551, 530, 445, and 288 which
correspond to the fragmentation of complexes as shown
in Fig. 6.

The mass spectra of the Pd(II) complex displayed a
mother peak at 739 [M] m/z, which indicated the
molecular ion of the Pd(II) complex with many other

peaks at 513, 397, 355, and 288 corresponding to the
fractions of Pd(II) complex. While the mass spectral of
Pt(IV)complex showed a main peak at 930 [M+2H,O]
m/z attributed to a molecular weight of Pt(IV) complex
and two molecules of H,O, a variety of fractions at 712,
515, and 353 m/z correspond to another component of
Pt(IV)complex. The mass spectrum of the ligand
exhibited the main peak at 281 m/z, which agreed with
elemental analyses and confirmed the formation of the
ligand (Fig. S4).

FT-IR Spectrum for Ligand and Its Complexes

The main bands of the FTIR spectrum of the ligand
and its complexes are presented in Table 3. The free
ligand shows strong bands at 1280 and 1620 cm™
assigning to the vibrations of thioamide -C=S and
—C=N- of the triazole ring (Fig. S5). The chelation of
Ni(II), Zn(II), PA(II) and Pt(IV) ions to the active sites
—-C=S and -NH, groups have been observed from the
lowering in their absorptions to the regions of 3100-
3250 and 1250-1275cm™. As well as the weak to
medium bands at around 520-422 and 389-320 cm ™" are
associated with the coordination bonds of M-N and M-
S, respectively [17-19]. The Zn-L and Pt-L complexes
exhibit weak bands at 250-290 cm™, revealing the
presence of M-Cl moieties in the structure of complexes
[20-21].

Electronic Spectra and Magnetic Susceptibility of
Complexes

The UV-Vis absorption data of triazole ligand were
carried out in absolute ethanol at room temp. This study
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Fig 6. Fragmentation pattern of Ni(II) complexes

Table 3. IR spectrum of triazole ligand and its corresponding metal complexes

No. Compound VNHa.y, NHym VNH vC=S VWN-NH, M-N M-S M-Cl

1 L 3290, 3300 3190 1280 1620

2 Ni-L 3200(br) 3150 1275 1610(s) 490(m) 389 -

3 Zn-L 3300 3200 1268 1590(s) 422(w)  350(w)  275,290(w)
4 Pd-L 3400(br) 3120 1250 1566(sh) 520(m)  320(w) -

5 Pt-L 3360(br) 3209 1269 1605(s) 488(m)  370(w) 250, 288(w)

exhibited three absorption bands, two bands at (210 nm,
47619 cm™) and (275 nm, 36080 cm™) were indicated to
m-m* transition and observed at (380 nm, 26315 cm™),
which is assigned to L-M C.T transition [19]. The
solutions of NiL, PdL and PtL complexes in ethanol
(10° M) displayed weak absorptions at (400-800) nm
assigning to d-d spectra. The square planner complexes of
Ni(II) and Pd(II) recorded weak bands at 450-380 and
350-310 nm, which are mainly attributed to 'A;g>'B.g
'Ag>'Eg
Furthermore, the diamagnetic properties of all complexes

and transitions, respectively (Fig. S6).
are in well-agreement of low-spin state of the Pd(II)
complex having a d* configuration favors the formation of

complexes with square planar geometry and d°

configuration with a strong field of the triazole ligand
[21].

Molar Conductance for Synthesized Complexes

The molar conductivity of complexes was recorded
at 298 K temperature (0.001 M) in DMF solution. The
finding suggested that the complexes with a 2:1 ratio are
electrolytes due to the presence of two chloride ions in
the outer sphere of the complexes structure except for
Zn(II) complex, which showed a different manner as a
neutral complex with the chemical formula ZnLCL,. The
following Fig. 7 represents the octahedral geometry of
the Pt(IV) complex, square-planner of Ni(II) and Pd(II)
complexes, whereas the tetrahedral environment around
Zn(II) ions was adopted.
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Antimicrobial Study

The inhibition zones (mm) of DMSO solutions of
triazole ligand and metal complexes are shown in Table 4.
The observed data revealed that Pd(II) and Pt(IV)
complexes showed the highest activity against all
microorganisms due to the high penetration of the
lipoprotein of the bacteria and fungi [20-21]. As well as
the free ligand solution in blank DMSO exhibits medium
inhibition zones (10-17) mm toward Staphylococcus
whereas no

aureus and Escherichia coli bacteria,

remarkable antifungal, which may be reasonable in high

polarity of the triazole structure [22]. Furthermore, the
solutions of Ni(II) and Zn(II) displayed the lowest
activity toward the E. coli and S. aureus bacteria
compared with the control drug of azithromycin
(10 ppm), which mainly resulted from the ionic
character of chloride ions in the outer sphere of their
chemical structures [10,21]. It is observed that the
solutions of Pt(IV) and Pd(II) showed greater activity
against Candida albicans and Aspergillums favus which
are close to the activity of control Miconazole antifungal
drug of 10 ppm concentration. These data on biological

Table 4. Biological activity of the ligand and its metal complexes

Zone of Inhibition in mm

Compound

S. aureus E. Coli C. albicans A. favus
L 10 pg/mL 8 8 - -
20 pg/mL 10 12 - -
10 L 6 8 - -
[NiL.]CL Hg/m
20 pg/mL 8 12 - -
10 L 4 5 5 -
[ZnCL) Hg/m
20 ug/mL 6 8 7 -
10 L 12 11 13 18
[PdL.]CL Hg/m
20 pg/mL 17 18 17 20
10 L 18 22 - -
Azithromycin hg/m
20 ug/mL 25 30 - -
Miconazole 10 ug/mL - - 17 23
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activity would have encouraged us in the future to do a
wide spectrum of in vivo studies for the new complexes.

m CONCLUSION

In conclusion, the new derivative of 1,2,4-triazole
ligand was synthesized, and fully characterized, and its
complexes Ni(II), Zn(II), Pd(II) and Pt(IV) complexes
were synthesized and characterization via different
spectroscopic techniques. It was found that ligand
coordinate with metals via S and N to form Ni(II) and
Pd(II) complexes with square planner geometry and
Pt(IV) complex show octahedral geometry while Zn(II)
different exhibit shapes by forming tetrahedral geometry.
This study suggested that the ligand and its complexes
showed moderate activity against bacteria and had the
potential as antimicrobial. The PdL and PtL complexes
are in good agreement with the antimicrobial activity of
expectations due to their cis-platinum structures
compared with other Ni(II) and square planner NiL
complexes. The inhibition zones (mm) of Pt(IV) and
Pd(II) complexes in blank DMSO exhibited great
antifungal against the two fungi studied, and they are so

close to the Miconazole control drug.
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Abstract: In recent years, the huge amounts of chemicals that are used as drugs and
their derivatives have been exposed to the environment due to the COVID-19 pandemic.
Some of these drugs (i.e. hydroxychloroquine (HCQ)) have a serious risk on aquatic
media. In this study, carrageenan/sodium alginate (kC/Sa) was investigated as a
biopolymer, environmentally friendly, and rapidly adsorbent to eliminate HCQ from its
aqueous solution. The biopolymer (kC/Sa) was synthesized by free radical polymerization
assisted by ultrasound in the presence of acrylic acid as cross-linkage and potassium
persulfate as an initiator. The natural kC/Sa was characterized by FTIR, XRD, BET, BJH,
and SEM techniques. The produced co-polymer had a mesoporous surface with high
purity and significant thermal stability. The best parameters were determined to be 0.05 g
biopolymer, 200 ppm initial HCQ concentration, salts, and pH = 7. The adsorption
mechanism follows a pseudo second-order kinetic model, and the adsorption isotherm
follows a Freundlich model, with q. reaching 89.8 mg/g at 500 ppm HCQ.
Thermodynamic studies indicated that the adsorption of hydroxychloroquine drugs was
an exothermic spontaneous process.

Keywords: biopolymer; drug adsorption; pollution removal; hydroxychloroquine; -
carrageenan/sodium alginate; aqueous media

= INTRODUCTION

hospitals in recent months is hydroxychloroquine,

Due to the extensive use of medicines, nutritional
supplements, and other drugs in our daily lives, the
removal of these substances from aqueous media has
become a crucial environmental procedure in recent years
[1-2]. Anticoagulants, analgesics, antibiotics,
antidepressants, and anti-disease agents are based
primarily on organic compounds with acid functional
groups and amines linked to aromatic rings. They are
intended for hospital, infirmary, and clinical pharmacy
use. Their chemical structures are based primarily on
organic compounds with acid functional groups and
amines attached to aromatic rings [3-4]. One of these
medicines, hydroxychloroquine (HCQ), is used in
enormous amounts to treat a number of disorders (i.e.,
malaria and autoimmune diseases) all over the world [5].

One of the most frequently used antiviral medications in

which has received recommendations from numerous
international organizations, including the FDA (World
Health Organization), WHO, and the US Food and
Drug Administration. This is particularly true given the
coronavirus pandemic (SAR-CoV-2/COVID-19) and its
recurrent use [6-7]. This medication's toxicity, chemical,
and biological characteristics are only a few of its many
drawbacks. Sadly, there are not many investigations into
the elimination, oxidation, and fate (hydroxychloroquine
in aqueous solution after use in different environments)
of hydroxychloroquine in aqueous environments in the
literature. Significant environmental contaminants
include quinoline and its derivatives because of their
persistence, carcinogenicity, and toxicity, even if the
medicine is a quinoline derivative and the dangers to the
environment remain unknown. Therefore, because of
their high solubility and poor biodegradability, HCQ
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and its derivative products both pose a risk to ecosystems
and public health [8-9].
Among wastewater

treatments are advanced

oxidation processes (ultrasound degradation and
photodegradation) and traditional methods (reverse
osmosis, membrane separation, and adsorption). The
adsorption process is the most effective, low-cost, and
easily available method that has been successfully
employed for removing pollutants from wastewater, so
adsorption technology is critical to reduce adsorbates
(dyes, medicines, organic compounds, factory, and
hospital waste, etc.) because of rising environmental
pollution and contaminants. Because biopolymers can
achieve promising qualities and can be utilized again after
filtration [10], we chose to employ them in our
investigation, in particular for high molecular weight
drugs and chemicals [11]. Numerous studies have focused
on HCQ removal from aqueous solutions, such as
(12],
oxidation [8], and gamma-irradiation [13]. On the other

through  photodegradation electrochemical
hand, there are many disadvantages to adsorbents. For
example, clay has many disadvantages, such as pH-
controlled adsorption, separating adsorbate-adsorbent
mixture after adsorption, and it is not possible to
regenerate the adsorbent through desorption. Although
biomass in its natural state has been investigated as a
potential adsorbent, its limited practical use is due to its
low adsorption capability. The most popular adsorbent is
activated carbon, although its use has been constrained by
its expensive cost. Natural fibers are also expensive and
can be shrunk after adsorption [11,14-15].

Brown algae can be used to extract the natural
polymer sodium alginate. Outstanding qualities of
sodium alginate include its great biocompatibility,
biodegradability, and capacity for regeneration.
Furthermore, carboxyl and hydroxyl groups that are
plentiful have a strong adsorption affinity. However,
sodium alginate has relatively low mechanical strength,
stability, and heat resistance [16-18]. Therefore, to
improve their suitability for adsorption, physical or
chemical changes are typically used. Surface grafting,

cross-linking, and compounding with other components

Indones. J. Chem., 2023, 23 (1), 219 - 231

have been used to modify sodium alginate-based
adsorbents [19-20]. Additionally, combining alginate
with other components can improve the chemical and
physical adsorption properties of the composite. In
order to change the physical and chemical
characteristics of alginates and boost their adsorption
capacity, alginates' physical and chemical characteristics
were modified by carrageenan to enhance their
adsorption ability [21-22]. Many academics have
extensively researched how sodium alginate and
carrageenan adhere to medicinal molecules [23-24]. This
study aims to synthesize k-Carrageenan/alginate hydrogel
as an environmentally friendly and biodegradable
adsorbent for the rapid adsorption of HCQ from its
aqueous medium. Synthesis k-Carrageenan/alginate
hydrogel is a new method based on a closed glass tube in
nitrogen and a water bath. The product was diagnosed

by thermal and morphological measurements.

m EXPERIMENTAL SECTION
Materials

Hydroxychloroquine (HCQ) was assayed at 98.4%
and was equipped with Sigma (Shanghai, China).
Aladdin (Shanghai, China) supplied k-Carrageenan
(kC), sodium alginate (Sa) purity 98%, and zinc oxide
(ZnO) purity 99.0%. Also, acrylic acid (AA) at 99.5%,
N,N’-methylenebisacrylamide (96%), and potassium
persulfate > 98.5% were purchased from Aladdin.
Sigma-Aldrich
provided calcium chloride (CaCl,) and sodium chloride
(94-97%). ddH,O stands for double-distilled water it
was used to prepare all solutions.

Commercial suppliers (Germany)

Procedure

Calibration curve

Hydroxychloroquine sulfate concentrations over
the range of 1-10 ppm were prepared. However, analysis
was done using a 340 nm wavelength by UV-visible
spectroscopy, as shown in Fig. 1. Standard curves were
produced twice in order to determine the differences
that appeared. The stock solution was stored at 25 °C and
protected from light before use.
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Fig 1. Calibration curve of HCQ drug

kC/Sa Dual hydrogel

The copolymer of kC/Sa hydrogel was prepared by
solvating 1:1 w/w of carrageenan and alginate in double
distilled water (ddH,O) at a heat range (55-60 °C) for
25 min to form a kC/Sa solution in a homogenized shape
with vigorous stirring until a vortex forms. The cross-
linked 50 mg (N,N’-methylenebisacrylamide), 10 mg of
initiator potassium persulfate (KPS), and 5 mL of acrylic

221

acid (AA) were added to the homogenous solution
(kC/Sa). These solutions were poured into glass tubes
[25]. After that, the ultrasound is used to remove bubbles
and the sample is placed in a water bath to complete the
polymerization process. Finally, the prepared copolymer
was washed with ddH,O and dried at 65 °C in the oven.
The kC/Sa hydrogel rocks were ground into tiny bits and
sieved through a sieve with a mesh size of 150 mesh. The
synthesis process is illustrated in Fig. 2 [26].

Characterization of kC/Sa hydrogel

The amorphous content of the kC/Sa adsorbent
hydrogel was characterized by XRD using (XRD-6000,
Shimadzu, Japan), and the radiation by CuKa
(0.15040 nm). The XRD pattern was recorded in the
range of 10°-80°. To determine the functional groups,
spectra of the kC/Sa adsorbent hydrogel were performed
using FTIR (Shimadzu, Japan, 8400 s). The morphology
of the kC/Sa adsorbent hydrogel was observed by SEM
(Scanning Electron Microscope) (MIRA3, Tescan, Czech
Republic, Iran) with a voltage of 25 kV. The average pore

|, COONa COONa
Ho "0:80 C"go"' - oso3
HO HO
HO H H _KeS20s HO CH20H
H H H i
Sa «C (xC/Sa-0.)
\)L N HJ\/ KC/Sa TR o-sanc
MBA
(kC/Sa-0) (MBA)
0
\)J\OH
AA
(AA) C/Sa- 0-SalkC

Cl

negative charge

Adsorption Process

Fig 2. Mechanism of HCQ adsorption by active sites of alginate/carrageenan hydrogel
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diameter and pore volume were observed by BET-BJH
analysis (NOVA 2200e/Quantachrome/USA) of the
kC/Sa hydrogel. The UV-1800 UV/Visible Scanning
Spectrophotometer was performed using Shimadzu
(Japan), and the thermogravimetric analysis (TGA, DTA)
was done using Perkin Elmer (USA) (TGA 4000).

Protocol of adsorption

All adsorption tests were carried out in 50 mL cube
tubes by combining and stirring 10 mL of an aqueous
solution contaminated with HCQ with 50 mg of a
hydrogel. The solution was centrifuged at 150 rpm after
the recommended amount of contact time and filtered.
Shaking 50 mg of hydrogel with 10 mL of HCQ solution
at an initial pH of 7 and a temperature of 25 °C for varied
contact periods between 1 and 180 min was used to
conduct adsorption kinetics studies in flasks. By mixing
50 mg of hydrogel with 10 mL of HCQ solution in a 50 mL
cube tube and adjusting the temperature from 10 °C to
40 °C, isotherm and thermodynamic parameter tests were
also carried out. With a maximum wavelength of 340 nm,
a UV-Vis spectrophotometer was used to measure
residual HCQ concentrations [27]. Equations were used
to determine the quantity of adsorbed HCQ per gram of
adsorbent at equilibrium.
Co-C

€
= 1
Qe ="+ (1)
Cn —
R%=—2—"¢x100 (2)
0
where, qc = Amount of drug adsorbed per unit mass of

adsorbent (mg/g), Co = Initial drug concentration (mg/L),

80
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C. = Final drug concentration (mg/L), X = Dose of
adsorbent (g/L), and R% = removal percentage of dye.

Equilibration time for adsorption

Hydroxychloroquine was done with 50 mg of
kC/Sa hydrogel in a 10 mL solution at a 200 ppm
concentration. For periods of 1, 2, 4, 6, 10, 15, 30, 45, 60,
90, 120, and 180 min, separate tubes were equilibrated.
The samples were separated by filtered paper after each
equilibration period, and the HCQ content in the
supernatant was calculated by comparing them to the
standard curve using UV/vis spectrophotometry at
340 nm.

m  RESULTS AND DISCUSSION

Adsorbent Characterization

FTIR analysis

The FTIR spectra of the kC/Sa hydrogel before
adsorption in the 4000-400 cm™ wavelength range are
displayed in Fig. 3. The OH absorption vibration peak at
3440-3150 cm™ is due to the overlapping that occurred
between the two O-H bands of the carboxyl and hydroxyl
groups and the N-H group of the MBA crosslinker; the
peaks at 1044 cm™ correspond to glycosidic linkage; a
peak formed at 1719 cm™ can be attributed to the
carbonyl group. The characteristic peak at 1455 cm™ is
caused by the symmetric stretching of the COOH groups.
Peaks (S=0) appear at 1250 cm™ and 2680 cm™, which
correspond to CH asymmetric stretch [28-29]. The
retention of carrageenan and sodium alginate's distinctive
absorption peaks in the kC/Sa hydrogel demonstrated

kC/Sa with HCQ
75

70
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X604
—

554
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45
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40
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Wavenumber (cm™)

T T
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Fig 3. FTIR of kC/Sa hydrogel: (a) before adsorption, (b) after adsorption
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Table 1. FTIR of kC/Sa hydrogel: (a) before adsorption, (b) after adsorption

Assignment group a b
v(O-H, N-H) Overlapping 3440-3000 3000-3500
v(C-H) Symmetric 2938 2952
v(C-H) Asymmetric 2680 2639
v(CO3) - -
v(C=0)(-COOH) and (-CONH) 1540-1719 1714
v(C-N) 1395 1420
v(S=0) 1180-1250 1204
v(C-0-C) 1044 -
v(OH) Wag 612 612

that the final result was a composite biopolymer
containing both substances. The various functional
groups on the surface, including the hydroxyl, carboxyl,
and amino groups, have a significant impact on the
adsorption of HCQ medication from an aqueous solution
by kC/Sa hydrogel. Upon protonation and deprotonation,
hydrogel functional groups' surfaces may become charged
(negative and positive) or neutral. The FTIR spectral data
shown in Fig. 3 supports the different interactions between
the adsorbent and adsorbate, including electrostatic
attractions and hydrogen bonding interactions, which are
supported by the FTIR spectral data. Additionally, after
HCQ drug adsorption, a broadband of 3400 cm™ was
moved to a higher wavenumber of 3500 cm™ due to the
kC/Sa
hydrogen bonding between its molecules [30].

weakened wavenumber of intermolecular

Specific surface area "BET and BJH"

According to the BET analysis, the composite
hydrogel = possesses a  microporous  structure.
Simultaneous BJH analysis revealed the surface to have a
mesoporous structure. The microporous limit is,
however, quite near 437.44 and 46.13 in the BET-BJH
analysis, as shown in Table 2. The pores visible in the SEM
pictures confirm the BET-BJH analysis' findings. One of
the crucial metrics to describe the adsorbents' quality is
their surface area and pore size. Table 2 displays the BET-
BJH specific surface area, pore size, and overall pore
volume of kC/Sa adsorbed hydrogels. The majority of
kC/Sa adsorption hydrogels have a microporous
structure. Fig. 4 displays the nitrogen gas adsorption-
desorption isotherms of kC/Sa adsorbed hydrogels. It was

discovered that the BET-BJH isotherms had a relatively

Table 2. Results of the kC/Sa adsorbent hydrogel's of
BET-BJH analysis

Surface area

Average pore size ~ Pore volume

(m?/g) (nm) (cm'/g)
BET 0.17442 437.44 0.019075
BJH 2.1088 46.13 0.013739
00012 —e— ADS
; —a— DES
15 -
3 0.0008 -
E
v |3
0_2 04 £
E’_ %“U 0004 4
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0 - \
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Fig 4. Adsorption-desorption isotherms and pore size
distribution (inset) for the kC/Sa adsorbent hydrogel

large surface area. It is the adsorbate uptake grows
exponentially in type III isotherms of kC/Sa because of
the weak contact between the adsorbate (N, gas) and the
adsorbent isotherm. The isotherm in Fig. 4 displays the
H3 hysteresis loop, which denotes the presence of
micropores [31]. The BJH result indicated that the
surface has two different types of pores; mesopores
(diameter 2-50 nm) and micropores (diameter < 2 nm).

XRD analysis
In Fig. 5, the XRD patterns for kC/Sa are displayed.
The single broad peak in Fig. 5 at 2 of 21.1068 indicates
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that kC/Sa is semicrystalline in nature with a high 1000 1
concentration of amorphous material. Two peaks in the
XRD pattern of kC/Sa indicate semi-crystallinity: one at 8001
21.1068°, which pertains to a hydrated crystalline 5600
structure, and the other at 37.7643°, which is related to an >
amorphous state [32]. Table 3 shows the XRD analysis 5 400 -
results of the kC/Sa hydrogel. £
SEM characterization 2007
The cross-linked kC/Sa composite hydrogels feature o
rough surfaces and many folds and are well cross-linked, 10 30 50 70
as shown in the SEM images shown in Fig. 6. These 2609
characteristics are crucial for improving the availability of Fig 5. XRD patterns of kC/Sa hydrogel

more adsorption sites and a specified surface area for drug
pollutants.  Adsorbents' adsorption qualities are
significantly influenced by their structure and surface
characteristics. Additionally, the properties of the
contaminants affect how the adsorbents and pollutants
interact. In general, surface characteristics of adsorbents
have the greatest impact on physical adsorption, whereas
surface functional groups have the greatest impact on
chemical adsorption.

In addition, alginate/carrageenan utilizing energy
dispersive EDX [33] spectroscopy was further studied (Fig.

7). A mixed display of C, O, and S signals the presence of S Fig 6. SEM image of kC/Sa hydrogel

Table 3. XRD analysis results of kC/Sa adsorbent hydrogel

Position Height FWHMleft d-spacing Rel.int.  Tip width D
26 (°) (cts) 26 (°) (%) (nm)
21.1068 446.61 0.1476 4.20927 96.10 0.1771 55.266
37.7643 41.64 0.1476 2.32303 8.96 0.1771 53.19
I Map Sum Spectum

Wik o
C 57 ]
0 )
5

Fig 7. EDX map of composite of kC/Sa hydrogel
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of the sulfate ion. However, C is derived from natural
polymers, and S is derived from potassium persulfate,
which is used as an initiator [34].

Thermogravimetric analysis (TGA/DTG)

The relative stability of hydrogels could be evaluated
by thermogravimetric analysis, and to demonstrate the
purity of the produced hydrogels, thermogravimetric
analysis of the kC/Sa hydrogel was carried out throughout
a temperature range at a heating rate of 2 °C/min from
30 °C to 820°C. The TGA curve (Fig. 8) shows three
stages of weight loss, the first in the range of 5% weight
loss at 110-200 °C involving evaporation of free water in
the porous hydrogel. The second weight loss of 28% was
observed at the temperature range of 200-300 °C,
indicating the temperature corresponding to 10% weight
loss of polymer as a result of thermal degradation of kC/Sa
hydrogel. The last stage of weight loss was the kC/Sa
polymer structural decomposition observed over the
range of (320-500°).

DTA curves show four endothermic peaks at 150,
425, 500, and 650 °C, the first peak explains the physical
water loss. The endothermic peaks located between 425
and 650 °C have been assigned to different stages of
thermal hydrogel degradation [35-36].

Adsorption Properties of kC/Sa Hydrogel

For batch HCQ adsorption experiments, place 0.05 g
of sorbentin a 10 mL batch bottle at pH 7.4 and temperature
25 °C. The concentration of hydroxychloroquine solution

225

was 200 ppm in adsorption kinetic experiments and 50—
500 mg/L in adsorption isotherm experiments. In the
investigation, the greatest adsorption capacity of kC/Sa
biopolymer to HCQ drug reached 89 mg/g, and the
adsorption reached a situation of equilibrium after about
1h

Fig. 9(a) and 9(b) depict, respectively, how pH and
the concentrations of CaCl, and NaCl affect the
adsorption of HCQ on kC/Sa hydrogels using 0.1 mol/L
of NaOH and HCI. The pH was changed from 2 to 11.
The pH serves as the basis for determining the
substance's adsorption on the surface of the gel since it
affects the form in which HCQ is present [36]. Fig. 9(d)
shows the influence of the contact time on the removal
percentage of HCQ on kC/Sa hydrogel at natural pH of
25 °C. As presented in Fig. 9(c), the adsorption of kC/Sa
hydrogel on HCQ increased with the drug's starting
concentration at various temperatures. Based on the
evaluation of the experimental results, at pH 4-9, the
kC/Sa hydrogel is comparatively stable. The adsorption
capacity reached a maximum of 89 mg/g at pH 8. This is
because HCQ is most commonly in cationic form at pH
7-8. The hydrogel's zeta potential research reveals that it
is negatively charged. Therefore, the kC/Sa hydrogel has
a strong electrostatic adsorption capacity for HCQ under
alkaline conditions [37-38]. During the adsorption
process, when adding different concentrations of NaCl
and CaCl, (0.001, 0.005, 0.01, 0.05, 0.1, and 0.15 mg/L™),
adsorption capacity can be significantly impacted by
ionic strength by managing electrostatic interactions
during the process [39]. The equilibrium adsorption
capacity was only 26.1 mg/g when the ionic strength was
0.15 mg/L™", as shown in Fig. 9(b), whereas the adsorption
capacities for NaCl and CaCl, were 34.1-34.4 at
0.001 mg/L™". This is because an increase in ionic strength
may reduce electrostatic interaction by concealing the
surface charge, which can be either attracting or repulsive
[40-41]. Specifically, HCQ is prevented from reaching
the surface of hydrogels by the competing adsorption of
positively charged Na*, Ca*?, and HCQ particles.

To clarify the dynamics of adsorption of HCQ on
kC/Sa hydrogels, two recognizable kinetic models
(pseudo-first-order and pseudo-second-order models)
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HCQ on kC/Sa hydrogel

were used to survey the dynamic adsorption properties.
Table 4 displays the parameters of the two kinetic models.
The effect of contact time on the adsorption of kC/Sa the
two kinetic models' parameters In Fig. 10(a), the effect of
contact time on kC/Sa hydrogel adsorption hydrogel on
HCQ is shown. Fig. 10(b) shows the fitted curves for
different kinetic models. The pseudo-second-order and
pseudo-first-order kinetic models displayed greater R’
scores than the other models (Table 4), showing that the
adsorption process is a heterogeneous diffusion process
and that kC/Sa hydrogels contain several types of binding
sites. There is contact between HCQ and the adsorbent,
and near the border of the adsorbent particle, the
adsorption resistance is concentrated [42]. It is discovered
by fitting that the adsorption of KC/Sa hydrogel on HCQ
is in good agreement with a more precise forecast of
adsorption capacity is made when using a pseudo-second-

Table 4. Kinetic parameter of HCQ on kC/Sa hydrogel
using two model

Model Parameter  kC/Sa hydrogel
R? 0.8708
Pseudo-first-order qec ppm 2.6695
Ky 0.0756
R? 1
Pseudo-second-order qe ppm 35.335689
K, 0.109711

order kinetic model and a correlation coefficient of
100%. Furthermore, the kC/Sa hydrogel was compared
to earlier reported adsorbents for removing HCQ. As
shown in Table 5, adsorption isotherm models are
frequently used to symbolize the properties and
mechanisms of the phases of liquid and solid during
adsorption. The Langmuir [43] and Freundlich [44]
isotherms are usually chosen to study the adsorption
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Table 5. Isotherm parameters of HCQ adsorption on
kC/Sa hydrogel using different models

Model Parameter «C/Sa hydrogel
ke 1.32801
Freundlich nr 0.984446
R? 0.9902
B 35.556
Temkin Kr 0.136709
R? 0.9463
qm 625
Langmuir Ky 0.0025
R? 0.8131

attitude of HCQ on hydrogel. Fig. 11 a shows the
adsorption isotherm of HCQ at the overfit.

It was found that the adsorption of kC/Sa hydrogel
on HCQ was in good agreement with the pseudo-
second-order kinetics, and the correlation coefficient
100%. Three (Freundlich,
Langmuir, and Temkin models) were adopted for
dataset fitting in order to better explain the adsorption
process, as illustrated in Fig. 11. Table 4 displays the

was isotherm models

evaluation parameters for the model. The Langmuir
the
adsorption behavior of hydrogels in real-world studies
[45], which should be attributed to the gel's structure
and frequently misunderstood isotherm features. In the

model, however, cannot accurately predict

adsorption procedure itself, the gel adsorption data was
found to best fit the Freundlich model based on the
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Table 6. Thermodynamic parameters of kC/Sa hydrogel

Temperature AG®° AH° AS°
(K) (k] mol™!)  (kJ mol™) (J mol™)
288 -4.79126
293 -4.57189
-20.8465 -55.4299
298 -4.32841
303 -3.94154

isotherm fitting results. Additionally, a good fit with the
Freundlich model was attained, illuminating the gel's
extremely uneven surface. These findings imply the
existence of several adsorption sites in the kC/Sa hydrogel
and the possibility of physical and chemical interactions
between HCQ and the hydrogel [46-47]. Fig. 11(c) and
11(d) show the Temkin and Van Hove plots, respectively,
of kC/Sa hydrogel, which explain the negative value of AH
(-20.8465236 k] mol™) as shown in Table 6, which indicates
the exothermic nature of adsorption.

m CONCLUSION

The polysaccharide-based hydrogel xC/Sa was
by with N,N-
methylenebisacrylamide and exhibited high mechanical

prepared cross-linking
properties and excellent HCQ adsorption performance.
It was found that due to the sulfate group (OSO:;) to
Carrageenan molecule, k-carrageenan can effectively
improve the adsorption capacity of 500 ppm HCQ
(89 mg/g) the
alginate/carrageenan composite gel for HCQ removal

and adsorption  capacity  of
rate. The compressive strength and elasticity of

Carrageenan composite gel can be successfully
improved by sodium alginate, as well as its other
mechanical characteristics. The combined gels' yield
stress and storage modulus both dramatically increased.
Carrageenan and sodium alginate's distinctive peaks

remained in the FTIR spectrum, demonstrating that the
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two materials were successfully bonded together. Because
HCQ existed in various forms at various pHs, the results
demonstrated that the pH of the solution had a significant
impact on the adsorption process of the kC/Sa hydrogel.
Additionally, the hydrogel's carboxyl groups have a
significant function. This study shows better mechanical
and adsorption characteristics of natural of biopolymer
and offers a theoretical and practical foundation for the
creation of alternative systems.
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BOD-9

Table 1. The energy values, the MO energy of HOMO, LUMO levels, AE (in eV), and dipole moment p (in Debye’s)
for BOD-4, 5, 6, 8,and 9

Quantity BOD-4 BOD-5 BOD-6 BOD-8 BOD-9
Total energy (a.u.) -1177.59 -1196.87 -1209.63 -1541.42 -1873.20
HOMO -0.214 au -0.210 au -0.21696 au -0.216 au -0.21658 au

(-5.82337 eV) (-5.71431 eV) (-5.90370 V) (-5.877576 €V) (-5.893358eV)
LUMO -0.095 au -0.102 au -0.1103 au -0.113 au -0.11595 au

(-2.58514 eV) (-2.775522 V) (-2.99321 eV) (-3.074843 eV) (-3.155115eV)
AE 3.23823 eV 2.938788 eV 2.91049 eV 2.802733 eV 2.738243 eV
M (Debye) 7.3033 8.0650 7.8595 5.7075 3.0751
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T-grafting BODIPY-Based Photosensitizers: The Synthesis of 2,6-Diethylacrylic-8-(o-
methoxyphenyl)BODIPY and Its DSSC Performance
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Accepted: November 22, 2022 1,3,5,7-tetramethyl-8-(o-methoxyphenyl)BODIPY (BOD-8) and 35%

DOL: 10.22146/ijc.76919 diethylacrylic-1,3,5,7-tetramethyl-8-(o-methoxyphenyl) BODIPY ~ (BOD-9),

Abstract: A new T-grafting photosensitizer of Dye-Sensitized Solar Cell (DSSC) has
been developed by aligning Donor-Acceptor (D-A) group in an axially chiral BODIPY.
Synthesis of the dye was conducted over a linear approach involving one-pot, non-
oxidative synthesis of 1,3,5,7-tetramethyl-8-(o-methoxyphenyl) BODIPY, bromination,
and finally C2/C6 ethyl acrylate Pd-Heck coupling to produce 65% of 2-ethylacrylic-
of 2,6-

characterized by the appearance of acrylic alkenes at 6.05, and 7.63 ppm for BOD-8,
and the additional 5.43, 7.80 ppm doublet peaks for BOD-9. The resulting dye showed
excellent photon harvesting-related photovoltaic properties and electronic injection
and regeneration processes where the acrylic esters were found to be the Donor and the
aryl was the Acceptor. Eventually, the dye produced a current at 0.5% efficiency, similar

to the horizontal D-A DSSC photosensitizer design.

Keywords: DSSC photosensitizer; T-grafted alignment; axially chiral BODIPY

= INTRODUCTION

BOron DiPyrromethanes (BODIPYs, (BOD-1), Fig.
1), 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene an IUPAC
name, are among the most versatile organic
photoluminescence compound commonly applied in
optoelectronic based organic semiconductors [1], chemical
and biochemical sensors [2], molecular probes, photo
dynamic therapy (PDT) [3] and Photo Thermal Therapy
(PTT), and photo Acoustic Imaging (PAI) [4]. These facts
are driven by their ease of accessible spectroscopic fine-
tuned properties through the structure derivatizations,
high photophysical properties, and high stabilities.

Recently, we developed axially chiral BODIPY (Ax*-
BODIPY, (BOD-2)) from rotational-locked meso-aryl
BODIPYs [5], those in which the perpendicular ortho-

substituted phenyl moiety at C8 of the dipyrromethene

8 or meso 7

1
< X
NGNS

3 4 S
F

F
(BOD-1)

(BOD-2)
Fig 1. General structure and numbering of BODIPY
(BOD-1) and Ax*-BODIPY developed (BOD-2)

core could not intramolecularly rotate, generating high

quantum yield and longer lifetime rotor-based
fluorophores for intracellular pH and viscosity sensing
[6]. Meanwhile, the chemically distinguished acrylate
group attached to the dipyrromethene proved to be a -

extended-based red-shift [7] and HOMO-LUMO band

Reinner Ishaq Lerrick et al.



Indones. J. Chem., 2023, 23 (1), 232 - 241 233

gap (Eg) energy modifier due to its electron-withdrawing
characteristic (EWG), and an anchoring group functioned
essentially in Dye-Sensitized Solar Cell (DSSC) [8]. All
these features allow for further organic photovoltaic
(OPV) solar cell-related modifications of the molecules.

We, therefore, intend to employ further such
orientation of the meso-aryl-lateral acrylate in the Ax*-
BODIPY to design T-grafting DSSC photosensitizers (Fig.
2), a new Donor (D)-Acceptor (A) alignment on the
BODIPY scaffold in which the aryl (proposed to be the D)
at C8 and two acrylates (proposed to be the A) at C2 and
C6, resembling that of current Akkaya’s vertical (C8-D to
C3 or C5-A), horizontal (C2-D to C-6-A), cross-
conjugated BODIPY (C3, C5, and C7-D to C2-A) [9], and
the pioneering Fukuzumi’s D-A design [10], those which
have been proven to increase the incident photon-to-
current efficiency (IPCE) of the DSSC dyes.

m EXPERIMENTAL SECTION
Materials

All the chemicals used in this research were obtained
from Sigma Aldrich, TCI and Alfa Aesar in pure (99.9%)
grade compounds. The solvents used in the reactions were
dried, while the n-hexane (95% purity) used for column

chromatography was re-distilled. The purification was done
using silica gel column chromatography (flash, Kieselgel 60).

Fukuzumi D-A

BODIPY Vertical BODIPY

Cross-conjugated BODIPY
Fig 2. General type of D-A alignment on BODIPYs and the intent T-shape DSSC dye

Instrumentation

The 'H and “"C-NMR spectra were obtained using
300.13 MHz and 75.47 MHz, respectively, on a Bruker
Avance BVT3200 spectrometer, or 399.78 MHz and
100.53 MHz, respectively, using a Jeol JNM ECS400
spectrometer. The F-NMR spectra were recorded at
376.17 MHz on a Jeol JNM ECS400 spectrometer. The
Infrared analysis was performed using a Varian 800
FTIR Scimitar Series spectrometer scanning from 4000-
600 cm™'. The mass spectrometry analysis was done
using a Micromass LCT Premier Mass Spectrometer in
Electron Spray (ES) mode.

The UV-Vis and fluorescence spectra were
recorded using a PerkinElmer Lamda 35 and DIGILAB
HITACHI F-2500 FL spectrophotometer, respectively.
The slit width was 2.5nm for both excitation and
emission. The DSSC solar cell performances were
measured using Keithey type 2400A sourcemeter in the
I-V parameter.

Procedure

Synthesis of 1,3,5,7-tetramethyl-8-(o-methoxyfenyl)
BODIPY (BOD-4)

To a 50 mL round bottom flask was added 2-
methoxybenzoylchloride (0.179g, 1mmol), DCM
(25mL) and 2,4-dimethylpyrrole (0.190g, 2 mmol)

Horizontal BODIPY

T-grafting BODIPY
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sequentially. The solution was stirred overnight at room
temperature under a nitrogen atmosphere. A 1 mL of N,
N-diisopropyl-N-ethylamine was slowly added to the
solution over 5 min, followed by 1 mL of BF;-Et,O at 0 °C.
The solution was further stirred for 3 h. The solution was
washed with 2 x 25 mL of water and dried using MgSO..
The solvent was removed under reduced pressure to yield
a dark brown solid residue. The crude product was then
purified through column chromatography (n-hexane:
ether = 15:1) to obtain an orange solid (BOD-4), 0.088 g
(25%). R¢: 0.33 (UV active, petrol 40/60:ether = 1:1), m.p.
= 242-243 °C, '"H-NMR (300 MHz, CDCL): 8y 1.45 (s,
6H, 2 Pyrrole CHs), 2.57 (s, 6H, 2 Pyrrole CHs), 3.79 (s,
3H, CHs), 5.98 (s, 2H, 2 Pyrrole H), 7.00 (dd, ] = 8.4, 0.9
Hz, 1H, ArH),7.09 (td,J=7.3,0.9 Hz, 1H, ArH), 7.15 (dd,
J=74,2.1Hz, 1H, ArH), 7.46 (ddd, ] = 8.3, 7.2, 2.1 Hz,
1H, ArH), "C-NMR, (100 MHz, CDCL): &c 13.8 (2
Pyrrole CHs), 14.6 (2 Pyrrole CHs), 55.6 (OCH3), 111.1 (2
Pyrrole CH), 120.8 (ArCH), 121.4 (ArCH), 1239 (2
Pyrrole C), 129.5 (ArCH), 130.6 (ArCH), 131.6 (ArC),
139.0 (2 Pyrrole C-CHs), 142.6 (2 Pyrrole C-CHs), 154.9
(Cieso)> 156.4 (ArC-OCH3), “F-NMR (376 MHz, CDCL):
J(®Fa-""B) = 33.7 Hz, J(¥Fs-""B) = 32.8 Hz, J(’FA-"Fg) =
110.7 Hz, IR(neat): vma/cm™ 2980.9, 1540.0, 1505.3,
1463.0, 1307.0, 1187.6, 1156.6, 971.2, HRMS: calcd. for
CxHxBF,N,O (M+H)": 355.1788, found 355.1792.

Synthesis of 2-bromo-(BOD-5) and 2,6-dibromo-1,3,5,7-
tetramethyl-8-(o-methoxyphenyl)BODIPY (BOD-6)
BOD-4 (0.285g, 0.8 mmol), DCM (300 mL) and
bromine (16.35uL, 0.8 mmol) was added to a round
bottom flask sequentially. The solution was stirred for
48 h at room temperature under a nitrogen atmosphere.
The solution was washed with 2 x 25 mL of water and
dried using MgSO.. The remaining solvent was removed
under reduced pressure to obtain a solid brown residue.
The crude product was then purified through column
chromatography (n-hexane:ether = 15:1) to give red solid
(BOD-5), 0.190 g (55%) and (BOD-6). 0.190 g (46%).
BOD-5. R¢: 0.40 (UV active, petrol 40/60:ether = 7:3), m.p.
=204-206 °C, '"H-NMR (300 MHz, CDCl;): 8y 1.44 (s, 3H,
Pyrrole CH;), 1.45 (s, 3H, Pyrrole CH;), 2.58 (s, 3H,
Pyrrole CH;), 2.61 (s, 3H, Pyrrole CH;), 3.79 (s, 3H,
OCHs), 6.03 (s, 1H, Pyrrole CH), 7.02 (d, ] = 8.4 Hz, 1H,
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ArH), 7.06-7.14 (m, 2H, 2 ArH), 7.48 (ddd, J = 8.3, 6.3,
2.9 Hz, 1H, ArH), *C-NMR, (100 MHz, CDCl;): 6 12.8
(Pyrrole CH3), 13.5 (Pyrrole CHs), 13.9 (Pyrrole CHs),
14.7 (Pyrrole CH3), 55.6 (OCHs), 110.3 (Pyrrole C-Br),
111.2 (Pyrrole CH), 121.6 (ArCH), 121.7 (Pyrrole C-
CH3), 123.4 (Unbrominated pyrrole C-Cpeso), 129.3
(ArCH), 129.9 (Pyrrole C-CHs), 130.9 (ArCH), 132.2
(ArC), 138.1 (ArCH), 139.2 (Pyrrole C-CHs), 144.6
(Pyrrole C-CHs), 150.8 (Brominated pyrrole C-Cheso)s
156.2 (Cpeso)> 157.4 (ArC-OCH;), YF-NMR (376 MHz,
CDCL): J(¥Fa-"'B) = 32.5Hz, J(¥Fs-!'B) = 31.8 Hz,
J(¥Fa-¥Fz) = 107.2 Hz, IR(neat): vm./cm™ 2980.8,
1538.2, 1497.3, 1463.3, 1304.5, 1176.0, 1157.2, 975.8,
707.5, HRMS: calcd. for CyH:BBrF:N,O (M+H)*:
433.0893, found 433.0895.

BOD-6. R¢: 0.54 (UV active, petrol 40/60:ether = 7:3),
m.p. =231-233 °C, '"H-NMR (300 MHz, CDCl;): 64 1.44
(s, 6H, 2 Pyrrole CH3), 2.62 (s, 6H, 2 Pyrrole CH3), 3.79
(s, 3H, OCHs;), 7.03 (d, ] = 8.3 Hz, 1H, ArH), 7.10-7.14
(m, 2H, 2 ArH), 7.51 (ddd, ] = 8.3, 5.8, 3.4 Hz, 1H, ArH),
BC-NMR, (100 MHz, CDCl;): 6¢ 13.0 (2 Pyrrole CHs),
13.7 (2 Pyrrole CH3), 55.7 (OCHs), 100.0 (2 Pyrrole C-
Br), 111.3 (ArCH), 121.7 (ArCH), 123.3 (2 Pyrrole C-
CHs;), 129.2 (ArCH), 130.6 (2 Pyrrole C-CH;), 131.2
(ArCH), 139.7 (ArC), 140.2 (Pyrrole C-Cpes), 153.5
(Cineso)> 156.4 (ArC-OCH3), IR(neat): Vma/cm™ 2924.5,
1541.3, 1460.6, 1401.2, 1350.0, 1178.5, 991.8, 756.5,
HRMS: calcd. for CyH,0BBr,FaN,O (M+H)*: 512.9982,
found 512.9977.

Synthesis of 2-bromo-6-ethylacrylaic-(BOD-8) and
2,6-diethylacrylaic-1,3,5,7-tetramethyl-8-(o-methoxy
phenyl)BODIPY (BOD-9)

To a Schlenk tube was added (BOD-6) (175 mg g,
0.400 mmol), Pd(II) acetate (3 mg, 0.012 mmol),
triphenylphosphine (7 mg, 0.028 mmol) and 5 mL DMF.
The mixture was stirred for 10 min and followed by the
addition of ethyl acrylate (92 mg, 0.922 mmol) and
triethylamine (185 mg, 1.832 mmol) in DMF (7 mL).
The solution was then warmed for 24 h. A 50 mL DCM
was added to the solution and washed with 2 x 200 mL
water. The organic phase was dried using MgSO,, and
the remaining solvent was removed under reduced
pressure to yield a red solid residue. The crude product
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was then purified through column chromatography
(petrol 40/60:ether = 10:1) to give red solid (BOD-8),
0.137 g (64.6%) and (BOD-9), 0.077 (35%).

BOD-8. 'H-NMR (300 MHz, CDCL): &y 1.32 (t, J =
7.1 Hz, 3H, CHs), 1.44 (s, 3H, Pyrrole CHs), 1.54 (s, 3H,
Pyrrole CHs), 2.64 (s, 3H, Pyrrole CH;), 2.72 (s, 3H,
Pyrrole CHs), 3.79 (s, 3H, OCHs), 4.24 (q, /] = 7.1 Hz, 2H,
CH,), 6.05 (d, ] = 16.2 Hz, 1H, CH), 6.06 (s, 1H, Pyrrole
H), 7.02(d, ] = 8.3 Hz, 1H, ArH), 7.08-7.21 (m, 2H, 2
ArH), 7.49 (ddd, ] = 8.3, 5.2, 4.0 Hz, 1H, ArH), 7.63 (d, J
=16.2 Hz, 1H, CH), *C-NMR, (100 MHz, CDCl;): 6c 11.9
(Br-substituted pyrrole CHs), 13.9 (Br-substituted pyrrole
CH3), 14.2 (Acrylic CH,CH3), 14.4 (Substituted pyrrole
CHs;), 14.9 (Substituted pyrrole CHs), 55.6 (OCHs), 60.2
(Acrylic CH,CHs), 99.3 (Br-substituted pyrrole C-Br),
111.2 (ArCH), 117.1 (=CHCO and Br-substituted C-
CH3), 121.6 (ArCH), 122.4 (Br-substituted pyrrole C-
Cheso)s 123.6 (Br-substituted pyrrole C-CHs), 129.4
(ArCH), 130.7 (Substituted pyrrole C-CH), 130.9 (ArC),
132.9 (Cineso)> 135.9 (ArCH and Substituted C-Cueso), 144.9
(=CH), 156.4 (2 Substituted pyrrole C-CHs), 1587.0
(ArC-OCHs), 167.7 (Acrylic C=0).

BOD-9. 'H-NMR (300 MHz, CDCl;): 65 1.33 t,J = 7.1 Hz,
6H, 2 CH3), 1.45 (s, 3H, Pyrrole CH3), 1.54 (s, 3H, Pyrrole
CHs;), 2.64 (s, 3H, Pyrrole CHs), 2.72 (s, 3H, Pyrrole CHs),
3.79 (s, 3H, OCH3;), 4.25 (q, ] = 7.1 Hz, 4H, 2 CH)), 5.43
(d, ] = 16.3 Hz, 1H, CH), 6.06 (d, ] = 16.3 Hz, 1H, CH),
6.08 (s, 1H, ArH), 7.13-7.16 (m, 2H, 2 ArH), 7.52 (ddd, J
=8.3,5.6,3.7 Hz, 1H, ArH), 7.60 (d, ] = 16.2 Hz, 1H, CH),
7.80 (d, J = 16.2Hz, 1H, CH), *C-NMR, (100 MHz,
CDCL): 8¢ 11.4 (Pyrrole CHs), 11.9 (Pyrrole CH3), 14.5
(Pyrrole CHs), 14.9 (2 Acrylic CH,CHs), 17.2 (Pyrrole
CH;), 55.2 (OCHs), 60.3 (2 Acrylic CH,CH;), 111.3
(ArCH and pyrrole C-CH), 116.6 (=CHCO), 121.7
(ArCH and =CHCO), 122.4 (Pyrrole C-Cieo and ArCH),
123.9 (Pyrrole C-Cineso), 129.6 (ArCH and pyrrole CCH),
130.7 (Cueso)> 130.9 (ArC), 136.4 (ArCH), 143.0 (Pyrrole
C-CHj; and =CH), 144.9 (=CH and pyrrole C-CH3), 156.6
(ArCOCHs), 167.8 (2 Acrylic C=0).

Spectroscopic measurement
The absorption properties of the BODIPYs were

235

measured by scanning a serial concentration of the
samples in organic solvent from 250-700 nm. A plot of
concentration vs. absorption was made to produce a
linear regression curve used to generate the extinction
coefficient (¢). Meanwhile, the fluorescence quantum
yield (¢) was determined over scanning of a series of the
dilute sample within the absorbance range 0.01 < A <
0.05 followed by calculation through ¢ equation:

2
E A n
sample standard sample
Psample = Pstan dard X X x
F; tan dard Asample D tan dard

where F stands for the area under the sample and
standard emission spectrum, A is for the sample and
standard absorbance, and n denotes the refractive index
of the solvent used to dilute the sample and the standard.
Here we used Rhodamine-B (¢ = 0.70 in MeOH, A =
512 nm) and the well-known BOD-4 photophysics data
(Aex = 485 nm) as the standard.

Computational calculation

All dyes were submitted to Gaussian 09 package to
calculate their band gap energy (Eg) and the HOMO-
LUMO model using the density functional theory
(B3LYP) method with the SDD basis set level [11].

DSSC fabrication

A TiO; slurry in ethanol was leveled using the
doctor Blade technique onto the 2.5 x 2.5 mm conductive
surface of FTO glass to make a 2.0 x 2.0 mm working
electrode. The electrode was sintered under 250 °C and
left to cool at room temperature. A dye solution was then
slowly dropped to the TiO, surface (ca. 13 pum) and was
left to dry overnight at room temperature. Meanwhile,
the carbon counter electrode was prepared by coating
the conductive site of another 2.0 x 2.0 mm FTO glass
with candle soot. The KI/1; electrolyte was dropped onto
the working electrode, and the counter electrode was
then covered to make a sandwich-like DSCC cell.

I-V measurement

The organic photovoltaic (OPV) performances
were measured using 2602A Keithley under adjusted
1000 Watt/m* of xenon lamp illumination and non-
illumination (Dark condition) of the fabricated cells, and
all were at room temperature.
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m  RESULTS AND DISCUSSION

Synthesis of 2,6-Dietylacrilaic-8-(0-methoxyphenyl)
BODIPY

To access the desired T-grafting BODIPYs, we opted
to introduce the o-methoxyphenyl group as the Donor
unit [12] at C8 due to its effective electron-hole separation
upon photoexcitation of the dyes leading to electron
current injection to the TiO, conduction band [18] and its
biocompatibility [13], one of the required photosensitizer
properties due to the typical low light energy conversion
efficiency (n)-ascribed dyes aggregation on the TiO,
surface  [9].  Accordingly, we submitted o-
methoxybenzoylchloride to 2,4-dimethylpyrrole (3) in the

presence of Grignard reagent as a base catalyst following

(BOD-4, 25%)

l(iii)

modified Sunahara’s procedure [14] (Fig. 3). This one-
pot non-oxidative in-situ dipyrromethene production
was followed by adding Hiining’s amine and BFs-OEt; to
obtain an orange solid in 25% yield confirmed
spectroscopically as (BOD-4) based on Sunahara’s 'H
and "C-NMR [14] spectra agreement.

Furthermore, the intent high emission-driven
rotational lock meso-aryl substituent design was asserted
by the appearance of two double-quartet (dq) AMX
splitting patterns ascribed to the two quartets (q) 33.7
and 32.8 Hz of "'B-"’F and one double 110.8 Hz of “F-"F
coupling (Fig. 4).

The next step was to halogenate the BODIPY
(BOD-4). As the C2/C6 is the only available position, such
bromine (Br,) addition would then produce the desired

(BOD-9)

(i) 2-methoxybenzoylchlroide, PhMgBr, DCM, r.t., over night; (ii) N,N-diisopropyl-N-etylamine, BF30Et,, 0 °C, 3 h, r.t,;
(iii) Brp, DCM, r.t., 48 h; (iv) ethyl acrylate, Pd(OAc)2, PPh3, DMF, triethylamine, 24 h

Fig 3. Synthesis of (BOD-9)
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Fig 4. "F-NMR spectrum of (BOD-4)

halogenated BODIPY, a required precursor for the late-
stage Heck coupling reaction using ethyl acrylate (Fig. 3).
Thereby, submission of bromine into the solution of
(BOD-4) in DCM produced two separable red solids,
which spectroscopically proved to be mono (BOD-5) and
dibrominated (BOD-6) product in referring to its singlet,
one pyrrole proton peak at 6.03 ppm and no pyrrole peak
at ~6 ppm, respectively (see Supplementary Information,
SI). The method is even mole ratio control, where the
optimum dibromination was achieved at a 1:2 mole ratio
(Table 1 entry 4).

Finally,

conducting a facile, high-yield, and

straightforward palladium Heck coupling reaction of
(BOD-6) to the mixture of ethyl acrylate in DMF
produced two red solids, beneficially catalyst-based
reaction control (Table 2). The 'H-NMR spectrum
analysis for those two products showed one typical
alkenes doublet (d) ‘roofing’ AA’ pattern at 6.05 and
7.63 ppm (J = 16.2 Hz) corresponding to mono acrylated
(BOD-8) and another additional one at 5.43 and
7.60 ppm (J = 16.3 Hz) confirming the desired product
(BOD-9), along with the ester’s -CHj at 1.33 ppm (t, ] =
7.1 Hz) and -CH,- group at 4.25 ppm (q, J = 7.1 Hz) at
both products (see SI).

Table 1. Mole ratio control of bromination reaction of (BOD-4)

Entry Ratio (BOD-4) to Br; Time (h) Yield (BOD-5):(BOD-6)(%)
1 1:1 24 40:20
2 1:1 48 55:46
3 1:1.1 48 44:45
4 1:2 24 20:80

Table 2. Optimization of Heck coupling of (BOD-6) with ethyl acrylate

Entry Pd** (mol%) PPh; (mol%) Time (h) Yield (BOD-8):(BOD-9)(%)
1 3 7 24 65:35
2 3.5 7 24 30:70
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Photophysical and Electrochemical Properties and
Photovoltaic Performance

Before employing the BODIPYs as the DSSC
photosensitizers, the incident
(IPCE)-related
electrochemical properties of those synthesized BODIPY's

photon-to-current
efficiency photophysics and
were evaluated to ensure that the designed dyes work
correctly. As shown in Fig. 5, all BODIPYs gave typical
BODIPYs” 0-1 vibronic signature spectrum [9], a so-
called ‘shoulder’ due to S¢—>S; electronic transition and
weaker S¢—=>S, (n 2 2) bands at shorter wavelength [11]
which exhibited a Batochromic effect as their n-extended
C2/C6 modification [15], the desired effect in optimizing
the absorption of mainly Near Infra-Red (NIR) spectrum
of the sun by the dyes [10,19]. Meanwhile, the increase of
the relative area of those BOD-8 and BOD-9 S;—S§, bands
to that of the unsubstituted BOD-4
proportionally the mono- and the di- p-substituted,

indicates

respectively [16]. All the fluorophores’ fluorescence
spectra were also a mirror image of that of the absorption.

As predicted, the BOD-4 gave typical high
absorptivity, narrow Stokes shift (Agm — Aaps = 10 nm), and
high ¢ (up to 90%), BODIPYs’ typical photophysics [11],
ascribed from the effective non-radiative relaxation

Normalised Absorbtion

. (a)

Absorbance (a.u)

A(am)

Fig 5. Absorption (a) and Emission spectra (b) of the prepared BODIPYs
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blocked at the aryl meso functional group (Table 1, entry
1). The red-shift absorption and emission found in both
the brominated BOD-5 (12 nm) and BOD-6 (27 nm)
(Table 3, entry 2 and 3) and the ethyl acrylate substituted
BOD-8 (40 nm) and BOD-9 (52 nm) corresponds to the
Inter-system Crossing (ISC) process over the heavy
atom effect, also proven by the drastic decrease of their
quantum yield, and the m-extended effect, respectively.
The rotational restriction of the orthogonal (o-
methoxyphenyl) at C8 compensates substantially [17] for
the Br heavy atom effect in BOD-8 as well as in the BOD-
9 (Table 3, entry 4 and 5) resulted in exceptionally high ¢.

As the photon harvesting-related photophysical
properties of the dyes have satisfactorily been confirmed,
we then conducted the electron injecting and
of the
designed dyes, those two primary parameters in
producing high ICPE. We then conducted DFT
(B3LYP/SDD) calculation using the Gaussian 09
package of the dyes. Instead of laying on the intended o-

regenerating-related electronic properties

methoxyphenyl donor group [16], we found that the
electrons are otherwise delocalized mostly in the
dipyrromethene ring (BOD-4 HOMO) and surprisingly in
the excited state (LUMO), this meso orthogonal aryl group

i (b)

Intensity (a.u.)

A (nm)

Table 3. Optical density and fluorescence properties of the synthesized BODIPYs

Entry Compound € (Lmol*!cm™) Aabs (nm) Aem (nm) 0]
1 BOD-4 110,900 505* 515* 0.889*
2 BOD-5 70,000 517 528 0.17°
3 BOD-6 52,500 532 544 0.05°
4 BOD-8 72000 545 559 0.060°¢
5 BOD-9 92500 557 571 0.502¢

2 reference [14] ®: BOD-4 was the standard in DCM (Aex = 485 nm) : Rhodamine-B was the standard in

MeOH (¢ = 0.70, Aex = 512 nm)
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'pulls’ the charge density through a mesomeric effect [11].
The effect commonly plays by acceptor groups (see SI).
Similarly, the ethyl acrylate group (BOD-8 and BOD-9),
expected to be the acceptor group over its m-extended
‘pull’ effect, is found to bear electron density in their
ground state (HOMO) substantially and otherwise
‘pushes’ the electron to the o-methoxyphenyl [11],
suitable to be a donor group (see SI). This reverse effect
could plausibly cause by the use of the ester of acrylate
instead of the acid one [18]. Thereby, our revised T-
designed DSSC photosensitizer is like in Fig. 6.

Hitherto our photosensitizers are still found to
comply with the electronic driving force requirement (Fig.
7). Those LUMO energies lie upper the TiO, conduction
band (-4.2 eV) whist the HOMO levels are below then the
electrolyte (Is"/I") redox potential (-5.2 eV), indicating
efficient electron injection of the dyes upon photoexcitation
to the TiO, and efficient dyes regeneration over the
electrolyte-cationic dye redox process, respectively [9-10].
The ‘push-pull’-related ethyl acrylate C2/C6 introduction
effect has also been observed by the reduction of the dyes
band gap (Eg) (Table 4), one of the reccommended strategies

239

in the high IPCE organic photovoltaic (OPV) design [20].

Finally, upon halogen lamp illumination to the
fabricated DSSC cells, our dyes produced current (Fig. 8).
Meanwhile, the T-grafted dye produced a 0.5% ratio of
electrical power to the incident sunlight conversion (n)
(Table 4 entry 4), similar to the horizontal D-A DSSC
photosensitizers alignment. This achievement is much
better than its corresponding D-A Fukuzumi-designed
dyes [10].

Through these results, we have also seen the heavy
atom-related quenching effect on the photosensitizing
ability (Entry 1 and 2) and the significant contribution
of the acrylate, as a donor, to resolve this effect found in
BOD-8 (Entry 3).

T-grafting BODIPY
Fig 6. The revised T-grafting photosensitizer

-2
®s
-3 - s > e o
< 4 TiOz2 (4.2 eV)
@
s 3 Mz (-5.2 eV)
=
v 6
c
w .7
-8
-9 s dd
-10 BOD4 BOD-5 BOD-6 BOD-8 BOD-9
-#-- HOMO ---e:- LUMO
Fig 7. Energy level diagram of those synthesized BODIPY
Table 4. Photovoltaic properties of the prepared dyes
Eg Ve Jse H Dye amount
Ent D FF*
my O ey) mVyr (mAcm)P (%) (10”7 mol cm?)
1 BOD-5 2.94 0.3333 0.000016 0.259 0.000354 0.1542
2 BOD-6 291 n.d. n.d. - - 0.6536
3 BOD-8 2.80 0.075707 0.000116 0.277 0.000121 0.1634
4 BOD-9 2.74 0.1817 0.13240 0.517 0.497 0.6845

* Open-circuit voltage, ®: Short-circuit current, ©: Fill factor, ¢ Power conversion efficiency, n.d.: not detected
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Fig 8. The I-V curve of the fabricated dye sensitizer

m CONCLUSION

A new potent DSSC photosensitizer has been
achieved by utilizing meso-substituted o-methoxyphenyl-
1,3,5,7-tetramethyl BODIPY. Incorporating ethyl acrylate
at C2/C6 of the BODIPY produced a T-grafting DSSC
photosensitizer which was photophysical and electronic
satisfactorily in conducting photovoltaic processes. The
dye had typical horizontal D-A alignment current
efficiency (1) of 0.5% in fabrication.
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Abstract: The synthesis of the complex containing manganese(Il), bipyridine (bipy) as
a ligand, and an anionic trifluoromethane sulfonate (triflate) is reported. The
corresponding metal content, conductance, and DTG-TGA of the complex lead to the
formula of [Mn(bipy)s](triflate),-5.5H,0. The fully high-spin magnetic moment is
observed, corresponding to five unpaired electrons in the metal ion. The electronic spectral
bands suggest the three possible spin-forbidden transitions of the sextet to quartet states.
The mode of vibrations of the IR spectrum supports the typical ring of bipy, and the
triflate. The images of SEM-EDX indicate the presence of the corresponding elemental
content and reflect the relatively high crystallinity, as it is evidenced in the profile of the
corresponding powdered diffractogram. The refinement of powdered XRD following the
Le Bail program suggests being structurally triclinic symmetry of Pa/c. This complex

shows inhibition of bacterial activity against S. aureus and E. coli.

Keywords: manganese(Il); bipyridine; triflate; PXRD; antibacterial

m INTRODUCTION

The chemistry of six coordinated bidentate,
phenanthroline (phen), and bipyridine (bipy), of divalent
metals such as Mn(II), Co(II), Ni(II), and Cu(II) with
various counterpart anions have been much well studied
concerning P-XRD [1-7]. Among the divalent metal
complexes, not many detailed physical properties are
previously reported, and Mn(II) might exhibit an
important role in the development of metal-based drugs.
The development of chemotherapeutic organic bases and
their metal complexes is now attracting the attention of
medicinal chemists [8]. A possible idea for the toxicity of
the complexes has been proposed in terms of the chelation
theory [9]. Thus, preparation of solid Mn(II) containing
tris-bipy with triflate anion is a challenge, and the results
in its magnetism, IR-UV-Vis spectral properties, Powder-
XRD, and anti-bacterial-activity against Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli) are reported.
The characteristics of the two bacteria represent the two
types of gram-positive and gram-negative, respectively.
They have been long recognized to be a pathogen, very

famous, and easily found in the surrounding of human
life causing disease, skin, and soft tissue infections. In
particular, the E. coli infection leads to (bloody) diarrhea,
vomiting, stomach pains, and cramps. Therefore, the
anti-bacterial activity of the complex will be readily
known being able to kill both or only one of them, or
only inhibit the growth of both or only one of them.

m EXPERIMENTAL SECTION
Materials

The main reagents, manganese(II) nitrate
tetrahydrate-Mn(NO;),-4H,O  (97%),
(99%),
KCF;S0:; (98%), for the complex preparation, and sodium
sulfate-Na,SO4 (99.99%), ammonium chloride-NH,Cl
(99.5%), manganese(II) sulfate monohydrate-MnSO,H,O
(99.99%), aluminum nitrate nonahydrate-AI(NO;):;-9H,O
(98%), iron(III) chloride-FeCl; (reagent grade, 97%),
and potassium chloride-KCl (99.09%), for conductivity
measurement, were obtained from Aldrich-Sigma, and

2,2’-bipyridine

and potassium trifluoromethanesulfonate-

directly used without special treatment. The Nutrient
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Agar (NA), Nutrient Broth (NB), Chloramphenicol,
bacteria E. coli and S. aureus, for antibacterial testing,
were obtained from the Microbiological Laboratory,
Department of Biology, Yogyakarta State University.

Instrumentation

The instrumentations used in this study were UV-
Vis spectrophotometer (Pharmaspec UV 1700), Magnetic
Susceptibility Balance (Auto Sherwood Scientific 240V-
AC), Fourier-Transformed Infrared Spectrophotometer
(FTIR-ABB MB3000 Specord 100), Atomic Absorption
Spectrophotometer (PinAAcle 900T Perkin Elmer),
Thermogravimetric and differential thermal analyses
(NETZSCH STA 409C/CO thermal analyzer), and X-ray
diffractometer (Rigaku Miniflex 600).

Procedure

Preparation of complex

The [Mn(bipy).][CF;S0s],-nH,O complexes were
prepared by the anionic replacement method. A warmed
ethanolic solution of bipy (0.47 g; 3 mmol, ~4 mL) was
added by an aqueous solution of Mn(NOs),-4H,0 (0.251 g;
1 mmol; ~3 mL). The mixture was filtered, and the
aqueous solution of KCF;SO:; in a slight excess amount
(0.75g; 4mmol, ~3mL) was added to the filtrate
whereupon the dully greenish precipitate resulted in
reducing volume and scratching. The solid was filtered,
washed with a minimum of cold water, dried in aeration,
and stored in a desiccator.

Physical measurements

Magnetism. The Magnetic Susceptibility Balance (MSB)
of Auto Sherwood Scientific 240V-AC was used to record
the magnetic susceptibility in mass (xg) of samples. This
instrument was calibrated with CuSO,-5H,O before
running the samples. The powder complex was tightly
packed in the Gouy tube till the sign of volume. The
difference in mass without and with (electro-)magnet,
which reflects the magnetic susceptibility in mass, was
then administered. It was converted into molar magnetic
susceptibility (xu) and then corrected for diamagnetism
using Pascal’s constant [10-11] to get corrected molar
magnetic susceptibility (xu'). The effective magnetic
moment (Wg) was then calculated from the general
relationship of the following equation,

terr = 2.828 V (. T) BM

where T is the temperature of the sample [12-16].
UV-Vis electronic and infrared spectra. The
spectrophotometer model of Pharmaspec UV 1700 was
used to record the UV-Vis electronic spectrum. The
sample was spread on a white filter paper closed with a
particular thin glass (2 x 2 cm). The fitting was then set
in the cell holder, and the spectrum was recorded at 200-
1100 nm. An Infrared Spectrophotometer of the FTIR-
ABB MB3000 model was used to record the spectrum of
the sample. The powdered sample, which was mixed
with KBr, was pressed on the cell, and then the spectrum
was recorded at 500-4000 cm™'.

Metal content and ionic property. The Atomic
Absorption Spectrophotometer of the PinAAcle 900T
Perkin Elmer model was used to record the metal
content. A conductometer of the Lutron CD-4301 model
was used to estimate the conductance property of the
complex. It was calibrated with an aqueous solution of
1 M KCI at 25°C, and several known ionic solutions,
Ca(NOs),, Na,SO,;, MnSO4, Mn(NOs),, FeCl;, and
Al(NO:s)s;, were also recorded for comparison.
DTG-TGA (Thermogravimetric and differential
thermal analyses). The loss of water molecules and
the decomposition of the complex were generated on the
Diamond (Perkin Elmer Instruments), and simultaneous
DTG-TGA were recorded by a NETZSCH STA 409C/CO
thermal analyzer model with the rate of 10 °C/min.
Powder diffraction. The Rigaku Miniflex 600 40 kW
15 mA Benchtop Diffractometer with CuKa, \ = 1.5406 A
was used to record the diffractogram of the complex.
The sample was spread on a special glass plate and set on
the cell holder. The diffractogram was then recorded in
a scan mode at 2-90° of 20 within the interval of 0.04
steps per 4 sec for 2 h. The recorded diffractogram was
then refined following the Le Bail method within 10-50°
of 20, which was run within 50 cycles.

Determination of antibacterial activity

Antibacterial activity of the complex was tested
against S. aureus (ATCC 25924) and E. coli (ATCC
35218) according to the agar disk-dilution method in
Nutrient Agar (NA) and Nutrient Broth (NB) as media
and chloramphenicol as a standard antibacterial agent
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(positive control). It was performed at various
concentrations of the complex, 125, 250, 500, and
1000 pg/mL. The observation of the inhibition zone (in
mm) was done every 3 h during 24 h of incubation. The
diameter of the inhibition zone was measured by
measuring the distance from the edge of the test sample to
the circular boundary of the inhibition zone using a

caliper (accuracy 0.02 mm) on 3 sides of the sample [17-18].

m RESULTS AND DISCUSSION
Conductance, AAS, DTG-TGA and Chemical Formula

The interactions of the clear solutions of bipy and
manganese(II) produced a dully-greenish solution of the
corresponding new compound, which is precipitated by
the addition of the saturated excessive triflate solution.
The equivalent electrical conductance of this compound
was measured together with some other known simple
salts, and the results are collected in Table 1.

It is observed that the complex might be classified in
the range of the three ions per molecule, and therefore the
stoichiometric empirical formula of
[Mn(bipy).](CE:SO;),-xH,O (where n = 3) is then worth
proposed, reflecting the uncoordinated anionic triflate.

Indones. J. Chem., 2023, 23 (1), 242 - 250

As shown in Fig. 1 and Table 2, the loss of mass of
about 10.59% in the first stage at 100-160 °C is believed
to be due to the loss of water lattice [19], being 5.5 H,O
(ca.10.75%). While the remaining stages are not
particularly analyzed, the DTG curve suggests that 3-bipy
is lost in three stages, and the residue at above 540 °C is
believed to be manganese oxides as the slow conversion
Mn,0Os to Mn;04 [20]. Together with the metal content,
Mn, obtained from atomic absorption spectral data,
0.05976% (ca. 0.05967%), this suggests confirming the
proposed formula of [Mn(bipy)s](CFsSOs3),-5.5H,0.

Magnetism

The magnetic moment of the complex is calculated
from the molar magnetic susceptibility data which were
collected by the measurement for the two separated
preparation (Sample 1 and 2) was found to be 6.17 and
5.87 BM at 298 K, respectively (Table 3), being normal
paramagnetic nature. This reflects the spin-only value
(W), corresponding to five unpaired electrons in the
metal ion, and it is the normal value in an octahedral
geometry, as observed in some literature to be 5.89-6.16
BM for various compounds [1,9,21-23].

Table 1. Equivalent electric conductance of the aqueous solutions of [Mn(bipy),](CF;SO3),-xH,O and some known

salts (some data, NH,*, Ca*", AI**, and Fe**, are confirmed to references)

Equivalent conductance Ratio of Number of ions

Compounds B B ) ) Reference
(Ac) Q7' cm? mol™! cation/anion per molecule

NH,C 70-78 1:1 2 [4]
MnSO, 112.366 1:1 2
Ca(NO:s), 379.355 1:2 3 [5]
Mn(NO:s), 207.777 1:2 3
Na,SO, 214.39 2:1 3
AlI(NO:3); 510-519 1:3 4 [5-7]
FeCl; 477-573 1:3 4 5-7]
[Mn(bipy).](CF;S03),-xH,O 261.202 1:2 3

Table 2. The detailed formula of the complex following the metal TGA content

H,O content

AAS-Mn content (mg/g)

Proposed complex

Calculated TGA (%) Calculated Found
[Mn(bipy)s](CF;803),-5H,0 9.87 60.26
[Mn(bipy)s](CF3503),-5.5H,0 10.75 10.59 59.67 59.76
[Mn(bipy)s](CF;805),-6H,0 11.61 59.09
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Fig 1. The DTG-TGA of [Mn(bipy)s](CFsSOs),-xH,O at 30-900 °C
Much lower values of several Mn(II) complexes, () (b)
however, have been reported to be only 4.24 to 4.34 BM at 124 -
77-303 K [24], 4.65 BM [25], and 5.12 BM [26]. B
1.0 1 g
Electronic Spectrum ge
08 - E
The normal high-spin nature, as confirmed by the S o
magnetic data, suggests to the ground state of the sextet, g 06+ o
®A1,, and as no other sextet excited state is possible, there g Sl T el e i
are no spin-allowed transitions, but the spin-forbidden T
transitions to quartet states perform the absorption bands 024
and consequently giving rise to very low intensities. The o
UV-Vis spectra of the powder complex and its solution e
200 400 600 800 1000 1200

(inset), as depicted in Fig. 2, exhibit strong ligand
absorptions of the t->7* and n>7* at ~250 nm (40000 cm ™)
and 290 nm (34500 cm ™), respectively, being comparable
to the 1,10-phenanthroline ligand [26]. This strong ligand
absorption is down to the visible area, and as a result, the
d-d spin-forbidden ligand field transitions, which are very
low intensities, are not well resolved due to the mask of the
tail absorption band as reported by Hariyanto et al. [27].
Following the Tanabe-Sugano diagram for MnF,
and comparably observed for other literature at the range
19500-42000 cm™ [28-29], those two strong ligand bands
should mask all possible d-d spin-forbidden transitions
[Vi-ve: A1y = ‘T1,(*G); *Aiy = *‘Ta(*G); A1 > “Eg(*G),
*A1(*G); SA1g > *Tre(*D); and °A 1, — *Eo(*D), *Ti4(*P); and

Wavelength (nm)
Fig 2. Electronic spectra of [Mn(bipy);(CF;S0;),-5.5H,0:
(a) powder; (b) in solution (inset)

A1y — *T\4(*F), respectively] which are presumably in
the range 19000-21000 cm™ (vi), 24000-25000 cm™
(v2), 26000-28000 cm™ (v3), ~30000, ~33500 cm™" (va),
~36500 cm™  (vs), 39000-41000 cm™  (vg),
respectively. However, the strong-broad shoulder
centered at about 355 nm (28160 cm™) for the solid
spectrum, which might be split into two at 355 nm
(28160 cm™) and 385 nm (25970 cm™) in the solution
spectrum (Fig. 2b), strongly suggest to be vs and v,,

and

respectively [30]. The similarity of the spectral pattern of
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the powder and that in solution reflects the stability of this
complex.

Infrared Spectra

The IR spectral profile of the complex and the
anionic triflate (CFsSO;) are shown in Fig. 3. Direct
comparison of the two might be made, and thus, the main
modes of triflate should be readily assigned in the range
of about 1200-500 cm™, in which the detailed modes of
vibrations, symmetric-/asymmetric-stretching modes of
SO; (~1250cm™) and CF; (1000 cm™), symmetry
deformations of C-F; (~750 cm™) and SO; (~625 cm™) have
been reported in the previous references [2,4-5,27,31-32].
No indicative coordination with the metal is suggested for
this anion, consistent with the formula proposed.

In the case of bipy-chelation, the typical ring modes
(Ve-cs Vens C—H; bipy ‘breathing’) are to be in the range of
1625-800 cm™. The broad stretching mode at 3500-
3600 cm™ is due to the symmetric-/anti symmetric-
stretching modes of -OH of the H,O lattice as indicated in
the TG-DTA data. Another band at 3000 cm™ is due to the
stretching vibration of C-H bonds of pyridine rings [20,33].

SEM, EDX, and Powder XRD

As shown in Fig. 4, the complex indicates more or
less the bulky poly-crystalline rather than amorphous type
(SEM, (a)), with all main elemental content (C, N, O, F, S,
and Mn) except for hydrogen (EDX, (b)). It is confirmed
by the corresponding diffractogram profile (Fig. 5),
showing no broad but sharp peaks.

8l D ig - -
Fig 4. SEM photogr

and EDX (b) showing elemental content

! - s00um RN — .
aph of [Mn(bipy)s;](CFsSO;),-5.5H,0 at a magnification of 50.000x (a) showing the crystalline type

Indones. J. Chem., 2023, 23 (1), 242 - 250

X-Ray Powder Diffraction and Structural

Refinement

The crystal structure of [Mn(bipy)s](ClOy), has
been established through different preparation of single
crystal to signify the coordination of Mn-N(bipy).
Surprisingly, two types of symmetry and space groups
are observed [17,34-35]. For this reason, those data
might be employed as references to refine the P-XRD of
[Mn(bipy);](CF:S0s),-5.5H,0, as recorded in Fig. 5.

The corresponding diffractogram is shown in Fig.
5. It can be seen that the red-full line of the Le Bail
refinement program does touch almost all black points (+)

140—-
120—-
100—-
80—-

60 4

% Transmittance

40
204

0

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm'1)

Fig 3. IR Spectra of [Mn(bipy);](CFsSOs),-5.5H,0

(black) and KCF;SOs; (red). Note: Relative transmittance

(in %) only significant for each spectrum

e (b)
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Fig 5. P-XRD profile of [Mn(bipy)s;](CFs:SOs3),-5.5H,0 (a-black), the refinement on monoclinic symmetry of P»/c (b-
red) with its position of 20 (c-blue), and the intensity difference between the black and the red lines (d-green)

Table 4. Crystallography data of [Mn(bipy);] X,” and [Mn(bipy), X,]”; (X = CF;SO3; ClO4)

Complex X= CF;805” X=Clo,” [17] X=ClO” [17] X =ClO,” [34] X=ClO” [35]
Color Greenish-yellowish Yellow Green Golden yellow  Pale yellow
Symmetry Monoclinic Monoclinic Monoclinic Triclinic Triclinic
Space Group Pu/c Pa/c Py/n PI PI
a(A) 18.63498 18.6642 8.2272 8.133 (2) 9.535(2)
b (A) 7.10764 7.932 13.3691(9) 11.056(2) 13.194(3)
c(A) 21.4993 21.4812 21.0132(14) 18.658(5) 14.854(3)
a(’) 90.0 90.0 90.0 91.02(2) 107.26(3)
B () 99.6889 102.9 100.1(3) 91.02(2) 107.26(3)
v (%) 90.0 90.0 90.0 99.77(2) 91.19(3)
V (A3) 2806.9936 3099.3 2275.8(3) 1613.1(7) 1770.2(7)
Z 4 2 2
The figure of Merit:
R, 6.07 -
Ry 9.25 -
Rexp 8.47 -
GOF 1.192 1.025 1.062 - 1.020
Bragg R-Factor 0.03 - -

of experimental data within the expected symmetry and
space group model (blue-bar lines). The different
intensity between the two experimental points and the
refinement line is almost flat green-line, and this
demonstrates an acceptable fitting model. The detailed
lattice parameters of the structure due to the fitting are
then collected in Table 4, together with the relevant data
for some known single crystals of the same cations [17,34-

35]. The low figures of merit strongly suggest acceptable
refinement, and thus, this complex prepared in this work
might be classified as monoclinic symmetry of P,i/c.

Antibacterial Activity Test

Antibacterial activities of the complex were tested
and E. coli with
chloramphenicol as a positive control according to the

against S. aureus bacteria
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agar disc-dilution method in Nutrient Agar (NA) and
Nutrient Broth (NB) [18]. A total number of 53 bacterial
incubations in Petri dishes were prepared, and the two
selected inhibition zone sizes of images of them for S.
aureus at 250 pg/mL are shown in Fig. 6.

All numeric data of the concentration of the
complex, and the diameter of the inhibition zone (in mm)
with time (in h) are summarized and described
graphically in Fig. 7 and Fig. 8.

It was found that the complex exhibits inhibition of
the growth activity for both bacteria, S. aureus and E. coli.
After the two-way ANOVA followed by Duncan (multiple
distances) test, it can be concluded that the concentration
of complex as a bacterial inhibitor, and incubation time,
both affect the activity of the two bacteria simultaneously.
Following the Duncan (multiple distances) test, it was
found that the most effective in inhibiting bacterial
growth is at 1000 pg/mL as the minimum inhibition

Fig 6. Selected images of bacterial incubation in petri
dishes with a clear inhibition zone (red circle) for S.
aureus at 250 pg/mL

14 -
-E- 12 1 —125 pg/mL
- 10 4 —250 pg/mL
e
.E 84 ——500 pg/mL
S ——1000 pg/mL
T 64
] ——— Positive control
§ 4 4 ——— Negative control
&
2 9.
3
i D b L) e — v 1

r 10 20 30
2 4

Observation time (h)
Fig 7. Graph of a diameter of the inhibition zone (in mm)
at various concentrations of the complex against the time
of S. aureus activity (in h)
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Fig 8. Graph of the diameter of the inhibition zone (in
mm) at various concentrations of the complex against
the time of E. coli activity (in h)

concentration (MIC) with the death phase within 9 h
against the S. aureus, and at 250 ug/mL (MIC) with the
death phase within 6-15 h against the E. coli.

In comparison to the simple compound, MnCO;
[8] and Mn(ClOy), [17], for example, there is no
antibacterial activity. Thus, in the light of chelation
theory, it has been proposed that chelation of bipy might
considerably reduce the charge of the metal ion, while
the formation of a hydrogen bond through the anionic
triflate might result in interference with the normal cell
process [8-9].

m CONCLUSION

In this work, the powdered complex of
[Mn(bipy);](CF3S0s),-5.5H,0, has been isolated as
strongly confirmed by AAS, DTG-TGA, conductance,
magnetism, UV-Vis and IR spectral properties. The
corresponding cell parameters have been reviewed by
Le-Bail refinement to the P-XRD diffractogram, which
is found to fit the monoclinic symmetry of the Py /c
space group. Its antibacterial activity against S. aureus
and E. coli bacteria is found to show inhibition of
bacterial growth.

m ACKNOWLEDGMENTS

Authors greatly acknowledge the Faculty of
Mathematics and Science, Yogyakarta State of
University, due to the financial support (Contract
Number: B/186/UN34.13/PM.01.01/2020).

Kristian Handoyo Sugiyarto et al.



Indones. J. Chem., 2023, 23 (1), 242 - 250 249

m REFERENCES

[1] Sugiyarto, K.H., Saputra, H-W., Permanasari, L., and
Kusumawardani, C., 2017, Structural analysis of
powder complex of [Mn(phen);](CFsS0Os3),-6.5H,0,
AIP Conf. Proc., 1847, 040006.

[2] Sugiyarto, K.H., Kusumawardani, C., Sutrisno, H.,
and Wibowo, M.W.A., 2018, Structural analysis of
powdered manganese(II) of 1,10-phenanthroline
(phen) as ligand and trifluoroacetate (TFA) as
counter anion, Orient. J. Chem., 34 (2), 735-742.

[3] Kusumawardani, C., Kainastiti, F., and Sugiyarto,
K.H.,, 2018, Structural analysis of powder complex of
Cu(bipy)s(CFs805).(H,0) (x = 0.5, 1), Chiang Mai ].
Sci., 45 (4), 1944-1952.

[4] Sugiyarto, KH., Kusumawardani, C. and
Wulandari, K.E., 2018, Synthesis and structural
analysis of powder complex of
tris(bipyridine)cobalt(II) trifluoromethanesulfonate
octahydrate, Indones. ]. Chem., 18 (4), 696-701.

[5] Sutrisno, H., Kusumawardani, C., Rananggana, R.Y.,
and Sugiyarto, K.H., 2018, Structural analysis of
powder tris(phenanthroline)nickel(II) trifluoroacetate,
Chiang Mai ]. Sci., 45 (7), 2768-2778.

[6] Sugiyarto, K.H., Kusumawardani, C., Wigati, H., and
Sutrisno, H., 2019, Structural study of the powder
complex of Cu(II)-1,10-phenanthroline-trifluoro
acetate, Orient. J. Chem., 35 (1), 325-331.

[7] Sugiyarto, K.H., Louise, 1.S.Y., and Wilujeng, S.S.,
2020, Preparation and powder XRD analysis of
tris(2,2’-bipyridine)nickel(II)
Indones. ]. Chem., 20 (4), 833-841.

[8] Uddin, S., Saddam Hossain, M., Abdul Latif, M.,
Rabiul karim, M., Mohapatra, R.K., and Kudrat-E-
Zahan, 2019, Antimicrobial activity of Mn complexes
incorporating Schift bases: A short review, Am. J.
Heterocycl. Chem., 5 (2), 27-36.

[9] Singh, B.K., Mishra, P., Prakash, A., and Bhojak, N.,
2017, Spectroscopic, electrochemical and biological
studies of the metal complexes of the Schiff base
derived  from  pyrrole-2-carbaldehyde  and
ethylenediamine, Arabian J. Chem., 10, S472-5483.

[10] Bain, G.A., and Berry, J.F., 2008, Diamagnetic
corrections and Pascal’s constants, J. Chem. Educ.,

trifluoroacetate,

85 (4), 532-536.
[11] Dalal, M.A., 2017,
Transition Metal Complexes” in Textbook of

“Magnetic Properties of

Inorganic Chemistry, Volume 1, Dalal Institute,
India, 342-386.

[12] e-PG Pathshala, 2021, Inorganic Chemistry-II:
Metal-Ligand Bonding, Electronic Spectra and
Magnetic Properties of Transition Metal Complexes,
http://epgp.inflibnet.ac.in/epgpdata/uploads/epgp
_content/chemistry/07.inorganic_chemistry-
ii/33_anomalous_magnetic_moment/et/8821_et_e
t.pdf, accessed 15 December 2021.

[13] Chemistry  LibreTexts, 2020,
https://chem.libretexts.org/Bookshelves/Inorganic

Magnetism.

_Chemistry/Supplemental_Modules_and_Website
s_(Inorganic_Chemistry)/Crystal_Field_Theory/
Magnetism, accessed 15 December 2021.
[14] Chemistry LibreTexts, 2021,
Susceptibility —and the Spin-only  Formula,
https://chem.libretexts.org/Bookshelves/Inorganic

Magnetic

_Chemistry/Map%3A_Inorganic_Chemistry_(Ho
usecroft)/20%3A_d-Block_Metal_Chemistry_-
_Coordination_Complexes/20.10%3A_Magnetic_
Properties/20.10A%3A_Magnetic_Susceptibility_a
nd_the_Spin-only_Formula, accessed 15 December
2021.

[15] Chemistry LibreTexts, 2020, Magnetic Moments of

Metals,

https://chem.libretexts.org/Bookshelves/Inorganic

Transition

_Chemistry/Supplemental_Modules_and_Website
s_(Inorganic_Chemistry)/Crystal_Field_Theory/
Magnetic_Moments_of_Transition_Metals, accessed
15 December 2021.

[16] LibreTexts™, 2021, Jahn-Teller Effect,
https://chem.libretexts.org/Bookshelves/Inorganic
_Chemistry/Book%3A_Introduction_to_Inorganic
_Chemistry_(Wikibook)/05%3A_Coordination_C
hemistry_and_Crystal_Field_Theory/5.08%3A_]Ja
hn-Teller_Effect, accessed 27 January 2022.

[17] Kani, 1., Atlier, O., and Giiven, K., 2016, Mn(II)
complexes with bipyridine, phenanthroline and
benzoic acid: Biological and catalase-like activity, J.
Chem. Sci., 128 (4), 523-536.

Kristian Handoyo Sugiyarto et al.



250 Indones. J. Chem., 2023, 23 (1), 242 - 250

[18] Balouiri, M., Sadiki, M., and Ibnsouda, S.K., 2016,
Methods for in vitro evaluating antimicrobial
activity: A review, J. Pharm. Anal., 6 (2), 71-79.

[19] Dubey, R.K., Paswan, S., Anjum, A., and Singh, A.P.,
2019, Synthesis and spectroscopic characterization of

9,10-

phenanthrenequinone and Schiff base ligands

lanthanide  complexes derived from
containing N, O donor atoms, Indian J. Chem., Sect.
A, 58 (4), 446-453.

[20] Czakis-Sulikowska, D., and Czylkowska, A., 2003,
Thermal and other properties of complexes of
Mn(II), Co(II) and Ni(II) with 2,2'-bipyridine and
trichloroacetates, J. Therm. Anal. Calorim., 74 (1),
349-360.

[21] Verma, R,, 2017, Synthesis and characterisation of
manganese(II) complexes with semicarbazide and
thiosemicarbazide based ligands, Int. J. Pharm. Sci.
Res., 8 (3), 1504-1513.

[22] Waheed, E.J., Farhan, M.A., and Hameed, G.F., 2019,
Synthesis and characterization of new manganese(II),
cobalt(II), cadmium(II) and mercury(II) complexes
with ligand [N-(3-acetylphenylcarbamothioyl)-2-
chloroacetamide] and their antibacterial studies, J.
Phys.: Conf. Ser., 1234, 012096.

[23] Fayyadh, B.M., Basim Abd, N.A., and Sarhan, B.M.,
2022, Synthesis and characterization of new Mn(II),
Co(II), Cd(II) and Hg(II) complexes with ligand [N-
(pyrimidin-2-ylcarbamothioyl)benzamide] and their
anti-bacterial study, IOP Conf. Ser.: Earth Environ.
Sci., 1029, 012030.

[24] Ferenc, W., Dariusz, O., Sarzynski, J., and
Gluchowska, H., 2020, Complexes of Mn(II), Co(II),
Ni(II), Cu(II) and Zn(II) with ligand formed by
condensation reaction of isatin with glutamic acid,
Ecletica Quim., 45 (3), 12-27.

[25] Shaker, S.A., Khaledi, H., Cheah, S.C., and Mohd Alj,
H., 2016, New Mn(II), Ni(II), Cd(II), Pb(II)
complexes with 2-methylbenzimidazole and other
ligands. Synthesis, spectroscopic characterization,
crystal structure, magnetic susceptibility and
biological activity studies, Arabian ]. Chem., 9,
S$1943-51950.

[26] Fayad, N.K., Al-Noor, T.H., Mahmood, A.A., and

Malih, LK., 2013, Synthesis, characterization, and

antibacterial studies of Mn(II), Fe(II), Co(II),
Ni(II), Cu(II) and Cd(II) mixed- ligand complexes
containing amino acid (L-Valine) and (1,10-
phenanthroline), Chem. Mater. Res., 3 (5), 66-73.

[27] Hariyanto, N.A., Hanapi, A., Ningsih, R, and
Solawati, W., 2021, Synthesis and Characterization
of Mn(II) Complex Compounds with Ligand Schiff
Base 2-methoxy-6((4-methoxyphenylimino)methyl)
phenol, The 11" International Conference on Green
Technology, Universitas Islam Negeri Maulana
Malik Ibrahim Malang, 26 October 2021, 29-32.

(28] Lever, A.B.P., 1968, “Crystal Field Spectra” in
Inorganic Electronic Spectroscopy, 1* Ed., Elsevier
Science Publisher, Amsterdam, 249-360.

[29] Dalal, M.A., 2017, “Electronic Spectra of Transition
Metal Complexes” in Textbook of Inorganic
Chemistry, Volume 1, Dalal Institute, India, 214-
341.

[30] Chandra, S., and Pipil, P., 2013, Spectral studies of
transition metal complexes with 25,26diox01,6,12,
17,23,24 hexaazacyclohexacosal,5,12,16 tetraene
macrocyclic ligand (L), Open J. Inorg. Chem., 3 (4),
38775.

[31] Ignat’ev, N.V, Barthen, P., Kucheryna, A., Willner,
H., and Sartori, P., 2012, A convenient synthesis of
triflate anion ionic liquids and their properties,
Molecules, 17 (5), 5319-5338.

[32] Kusumawardani, C., Permanasari, L., Fatonah,
S.D., and Sugiyarto, K.H., 2017, Structural analysis
of powder complex of tris(1,10-phenanthroline)
copper(Il) trifluoromethane sulfonate dihydrate,
Orient. J. Chem., 33 (6), 2841-2847.

[33] Czakis-Sulikowska, D., and Czylkowska, A., 2005,
New 2,2’-bipyridine-chloroacetato complexes of
transition metals(II), J. Therm. Anal. Calorim., 82
(1), 69-75.

[34] Chen, X.M., Wang, R.Q., and Xu, Z.T., 1995,
Tris(2,2'-bipyridine)manganese(II) ~ perchlorate
hemihydrate, Acta Crystallogr., Sect. C: Struct.
Chem., 51 (5), 820-822.

[35] Yu, X.L,, Tong, Y.X., Chen, X.M., and Mak, T.C.W_,
1997, Crystal structure of
[Mn(bpy)s](ClO4),-0.5(bpy) (bpy=2,2'-bipyridine),
J. Chem. Crystallogr., 27 (7), 441-444.

Kristian Handoyo Sugiyarto et al.



Indones. J. Chem., 2023, 23 (1), 251 - 267 251

Review:

Status and Research Gaps of Microplastics Pollution in Indonesian Waters: A Review

Corry Yanti Manullang"*, Mufti Petala Patria', Agus Haryono®, Sabigah Tuan Anuar*>,

Suyadi Suyadi®, and Rafidha Dh Ahmad Opier?

'Department of Biology, Faculty of Mathematics and Natural Science, Universitas Indonesia, Depok 16424, Indonesia

2Research Center for Deep Sea, National Research and Innovation Agency (BRIN), Ambon 97233, Indonesia

*Research Center for Chemistry, National Research and Innovation Agency (BRIN), Serpong 15314, Indonesia

*Faculty of Science and Marine Environment, Universiti Malaysia Terengganu, 21030 Kuala Nerus, Terengganu, Malaysia

*Microplastic Research Interest Group, Universiti Malaysia Terengganu, 21030 Kuala Nerus, Terengganu, Malaysia

SResearch Center for Biology, National Research and Innovation Agency (BRIN), Bogor 16911, Indonesia

* Corresponding author:

tel: +62-911322676
email: corr001@brin.go.id

Received: March 10, 2022
Accepted: July 3, 2022

DOI: 10.22146/ijc.73485

Abstract: This study is the first review of current research on microplastics (MPs) in the
marine environments at the national scale in Indonesia from 2015 to 2022. This review
was conducted to measure the environmental risk and highlight the waste management
issue in Indonesian waters. Our literature study found that: (1) the MPs research was
mainly conducted in the western part of Indonesia, especially in Java Island; (2) current
research has primarily focused on coastal waters (98%) rather than the deep-sea area
(2%); (3) the comparability of data is still hampered by difference in quality, about 67%
of articles published have not carried out the polymer confirmation; (4) MPs
concentrations reported on the articles that did not carry out the polymer identification
tended to report higher MPs concentrations. Finally, we propose to have a standard
guideline for MPs analysis at a national level and to do more research in the eastern part
of Indonesia and deep-sea areas. Further research is required to fill research gaps on

plastic distribution and density in deep-sea areas in the eastern part of Indonesia.

Keywords: MPs; seawater; marine sediment; marine biota; Indonesia

= INTRODUCTION

Plastics are widely used in packaging, followed by
building and construction, automotive, electrical and
electronics, agricultural household, leisure, and sport [1].
Plastic is preferred over other materials because it has
several advantages: strong, light, cheap, easy to form, can
be made transparent, and can be colored. In addition, it
does not rust after being left in open air and water [2].
Since the first mass production started in the 1950s,
plastic production rose to 368 million tons in 2019 [1].
Plastic fabrication is predicted to continue to grow along
with the development of technological advances in plastic
polymers. Most plastic products are single-use items
designed to be thrown out after one time use. It is reported

that 40% of plastic produced was plastic packaging that
will only be used once [1]. If plastic waste is not
adequately managed, it can end up in the ocean. Millions
of tons of plastic entered the ocean from 192 coastal
nations and are predicted to increase in connection with
the increase in plastic production every year [3-5]. The
ever-increasing amount of plastic waste in the oceans
has attracted researchers worldwide to uncover the
extent to which plastic pollution has entered the waters.
Plastic waste has been detected in coastal areas of all
continents, even in highly isolated areas such as the
Arctic Ocean [6] and the Mariana deepest trough at a
depth of 10908 meters in the Pacific Ocean [7].
Indonesia is the second-largest contributor to plastic
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waste in the world's ocean. Indonesia was estimated to
produce 3.2 million tons of unmanaged plastic waste a
year, of which about 1.29 million tons end up in the sea
[4]. In 2017, the Ministry of Industry of the Republic of
Indonesia estimated that every year, 4.8 million tons of
plastic waste in Indonesia is considered mismanaged in
various ways such as being openly burned (48%), dumped
on land, in poorly managed official dumpsites (13%), or
leaking into rivers, lakes and the ocean (9%) [8]. The latest
report of the World Bank in 2021 showed that the number
has increased to 4.9 million tons [9]. In a meeting of G20
leaders conducted in Germany, the Indonesian government
has a target to decrease waste by reducing solid waste from
its source by 30% and adequately handling 70% of solid
waste by 2025, 70% of marine plastic litter by 2025 in order
to minimize the impacts of plastic pollution. The basic
strategy used to minimize plastic waste was by establishing
a National Plan of Action (NPOA) on Marine Plastic Debris
from 2017 to 2025 [8]. The main objective of this NPOA is
to overcome the impacts of plastic waste pollution in the
sea and reduce plastic waste in the sea by 70% in 2025. Since
2017, referring to this action plan, many activities have been
organized to clean up beaches and rivers in various regions.

In the past decade, scientists have been concerned
about microplastics (MPs) which are plastics under 5 mm
in size that are often invisible to the naked eye [10]. This
increasing concern is highly due to its significant impact
on marine biota [11]. The small sizes of MPs can be
mistaken as food for various marine species. As a result,
MPs have been found in megafauna to planktonic marine
biota [12-17]. MPs have been discovered in seawater,
sediment, and marine biota in Indonesian waters. In
order to explore the topic of MPs' studies in Indonesia,
here, we reviewed publications regarding MPs' from
from 2015 to 2022.
Subsequently, we also identified research gaps about MPs

Indonesian marine waters
pollution in Indonesian waters. The data and information
provide an overview of the degree of plastic pollution
across Indonesia and the requirement for better marine
environmental management and further research.

Data Collection and Review of Content

In this study, we collected the references (papers)
from Indonesia that have been indexed in Scopus. Recent
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Fig 1. Number of papers on microplastics published
between 2015 and 2022 (June) in Indonesia

references published between 2015 (first MPs paper) and
2022 were retrieved using some keywords: “microplastic”,
“plastic”, “debris”, “litter”, and “Indonesia”. The
references are reviewed critically, and the data collected
from the references are entered into MS Excel for data
analysis. The papers include 66 published articles (35
journal articles and 31 conference papers) (Fig. 1). The
MPs assessment is focused on three major matrices:
seawater, marine sediment, and marine biota. This
article provides information on MP concentration from
Indonesian marine waters, the sampling and extraction
methods, the shape of MPs, and the plastic polymers
identification. We also highlighted research gaps and
management challenges regarding MP pollution in
Indonesian waters.

m RESULTS AND DISCUSSION
Determination of MPs in Indonesia

Sampling procedures

The instrument and methods used for collecting
MPs for seawater, marine sediment, and marine biota in
Indonesia have not been standardized. From the
literature published in Indonesia, it was discovered that
manta and plankton nets were commonly used to collect
water samples in coastal waters with mesh sizes of 200 or
300 pm (Table 1). A new development has been
conducted through simultaneous grading size samples
in sea surface sampling. The water samples were directly
divided into sizes 0.5x 0.5 cm; 500-1000 um; 300-
500 pm; 100-300 pm [18]. In Indonesia, the volume of a
water sample taken by plankton nets varied from 0.1 to
10 L. Relatively, no data was found regarding the volume
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of a water sample taken by a manta net. For the deep-sea
waters, the water sample was collected using a rosette
water sampler from certain layers with 10 L per layer [19].
Meanwhile, pipe, Ekman grab, and shovel was commonly
used to collect the marine sediment samples, which varied
from 100 to 1000 g (Table 2). Some studies used a transect
(0.5x0.5m; 1 x 1 m) to grab the sediment samples [20-
23]. Marine biota was generally collected from the
markets and in which the entire gastrointestinal tract was
taken for MPs analysis. However, for the small biota (e.g.,
anchovies, blue panchax fish), the entire body of the biota
was used [24-28]. The number of samples varied from 2
to 60 individuals. It is suggested that 50 or more
individuals per research unit are defined as a suitable
sample size for the number of biota samples [29].
Unfortunately, most studies in Indonesia have not
exceeded this number of samples. Out of 39 studies, only
three (7%) completed this threshold [24,30-31].

Laboratory methodologies for MP extraction

The methods and techniques to isolate MPs from
other non-plastic materials such as biological tissues,
organic matter, and other non-plastic materials were
varied. There are four common types of digestion
solutions used to extract and purify the MP from samples,
namely acids (nitric acid (HNOs), hydrochloric acid
(HCI), per-chloric acid (HCIO.,), etc.), bases (sodium
hydroxide (NaOH), potassium hydroxide (KOH)),
Oxidant (hydrogen peroxide (H,0,)), and enzymes
(trypsin, proteinase K, etc.) [12-13,32-34]. However, H,O,
30% and KOH 10% were mainly used to remove non-
plastic materials in most sample matrices (water,
sediment, and biota) to digest biological tissues, organic
matter, and other non-plastic materials without damaging
the MPs. HNO;, HCI, and NaOH were reported to alter
plastic's physical state or cause the loss of some plastic-
type features [32-33]. The other reagent that can be
considered in the extraction process of MP is the enzyme
solution. An enzyme (trypsin, proteinase-K) has the
advantage of ensuring MPs integrity, short digestion time,
and is less harmful to human and environmental health
[32-33]. However, this method is rarely used because of
the higher price compared to the chemical reagents. In
Indonesia, MPs in the seawater and marine sediment
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samples were isolated mainly using the sodium chloride
(NaCl) solution using the flotation separation method
(density). However, few studies used H,O, 30% to purify
the MPs in seawater and marine sediment, especially
when the size of the MP of interest was less than 1 mm
[19-20,24]. For larger MPs (1-5 mm) in beach sand and
coastal sediment, the MPs were directly separated using
a 1-mm?’ stainless steel sieve, followed by visual sorting
[21].

Physical and chemical characterizations

In general, the MPs were physically categorized
based on shape, size, color, and type of polymers under
the observation of a stereomicroscope. To date, most MP
research in Indonesia used visual identification based on
size (<200 um, 200-500 pm, 500-1000 um, 1000-
5000 um) and shape (fragment, fiber, foam, film, and
granule). Regarding the color of MPs, most studies of
MPs in Indonesia did not include the analysis of the
color of plastics. The polymer type of the plastics can be
further identified either by Fourier transform infrared
(FTIR),
chromatography with mass spectrometry (TDS-GC/MS),

spectroscopy thermal desorption  gas
pyrolysis gas chromatography with mass spectrometry
(Pyr-GC/MS), or Raman spectroscopy. Plastic polymer
identification is a crucial protocol to examine the
chemical characteristic of MP particles obtained from
the visual calculation results (physical analysis) since it
will highly be susceptible to misidentifying non-polymer
fiber as a plastic material. This type of material is difficult
to distinguish through microscopy alone. Additionally,
the airborne contamination of fiber types is likely to
happen in MP research if a proper cross-contamination
protocol is not followed [35]. Previously, research on
MPs in sediment samples from the North Sea measured
using micro-FTIR showed that only 1.4% of particles
visually resembling MPs came from synthetic polymers
[36]. The literature data showed that most studies on
MPs in Indonesia (over 60%) do not provide polymer
analysis. This may be caused by the limited resources of
analytical instrumentation that are not easily/readily
available in Indonesia. We highlighted a tendency for
the reported MPs value to be higher in articles that did
not pass the plastic polymer conformation. Due to these
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cases, in regards to comparing studies in Indonesia with
studies in other countries, we only included the articles
that had performed the polymer identification test.

Size and unity

The commonly used units for the study of MPs in
Indonesia were n/L (number per liter) for seawater, n/g
(number per gram) for marine sediment, and n/ind
(number per individual) for marine biota. Some studies
that used transect to collect samples in the marine
sediment expressed the MPs found with the unit item per
m? or item per m® [21]. In Indonesia, the size of MPs was
varied; however, most of the studies did not inform the
specific size of MPs, but instead gave general size
information of <5 mm. Nonetheless, some studies
classified the MPs in size ranges: < 0.1 mm; 0.3 to 0.5 mm;

0.5 to 1 mm; > 1 mm; and 1 to 5 mm [24,37-38].

Quality control

MP studies are very susceptible to contamination,
such as airborne contamination, research equipment, and
research materials. The airborne contaminant has been
confirmed as fiber, which can indirectly contaminate the
sample [35]. Some controls are highly recommended to
minimize the contamination during analytical procedures
in the laboratory. First, airborne contamination in the
laboratory can be minimized by separating the sample
processing process from other laboratory activities.
Secondly, the air intake from the outside of the analysis
room can be reduced by closing air vents to prevent
contamination from outside. Thirdly, the destruction
process should be carried out in a fume hood or laminar
flow chamber to minimize airborne contamination
sources [39]. Lastly, samples should always be kept closed
to minimize exposure to air. Research equipment is also a
significant source of contamination in MP research.
Therefore, it is suggested to use metal and glass research
apparatus rather than plastic research equipment. Another
recommendation was to heat all the research apparatus at
450 °C for 5 h to remove all plastic before using it in MP
analysis [40]. Washing research equipment repeatedly
with distilled water has effectively removed plastic fibers
up to 88 to 98%. However, an experimental study stated no
significant difference between repeated rinsing of the

research apparatus with heating at high temperatures [41].
In Indonesia, only a few studies provided information
about quality control during the sampling and analysis
in the laboratory, e.g., leaving a bare Petri dish or a
sterilized filter paper near the sample during the
digestion process until the identification is completed
[24,37]. They also used either liquid water purified by a
reverse-osmosis technique or double-distilled deionized
water 3-5 times in their washing procedure, including
during the sample clean-up and glassware/sample bottle
washing. They found no MP contamination on the blank
sample by applying these controls.

The Occurrence of MPs in the Marine

Environment in Indonesia

MPs in seawater

A total of 26 data on MPs in seawater have been
reported from 2017 to 2022. Among these, about 96% of
the data reported was conducted in coastal areas,
including estuaries, seagrass habitats, mangrove areas,
and coral reef areas. However, we also identified that
48% of the articles did not identify the plastic polymer.
The MP abundance in seawater of coastal areas in
Indonesia ranged from 0.00004 to 110737 n/L (for the
studies without polymer identification) and 0.000023 to
11100 n/L (for studies with polymer identification)
(Table 1). The highest concentration of 11100 n/L was
found in a small-scale estuary in Central Java [42]. The
river receives a large amount of domestic waste without
any treatment process. The type of polymer found was
polyethylene where this plastic material is widely used in
household goods which are easily degraded. We also
observed that the value of MP tends to be higher in
estuary areas and mangrove ecosystems. This might be
due to the ability of mangrove branches and roots to act
as trash traps in the water. Trapped trash tends to gest
stuck in the mangrove area [43]. Meanwhile, the lowest
MP concentration was found in the seagrass ecosystem
area of the Sulawesi Island [44].

The MP concentration in the coastal areas of
Indonesia varied widely. The MPs content with a polymer
conformation in Sulawesi Island was 0.000023 up to 55
n/L, followed by 0.00046 + 0.00025 n/L in Sumatra Island;
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0.00054 in Bali Island and 0.00848 + 0.00943 to 11100 n/L
in Java Island (Table 1). The highest MPs content was
found in a small-scale estuary in Central Java Island. It is
remarkable that this value has far exceeded the MPs
content in the estuary of Yellow River, China (930 n/L)
[45], Changjiang Estuary, China (0.045 to 0.122 n/L) [46],
Yangtse Estuary, China (4.13 n/L) [47], Goiana Estuary,
Brazil 0.00026 n/L [48], Urban Estuary in South Africa
(0.001 to 0.007 n/L) [49]and Tamar Estuary, England
(0.00028 n/L) [50].

The first available data of MPs on the Indonesian
deep-sea area was reported from the water column of
Sumba waters (300 m) 0.044 + 0.024.59 n/L [19]. These
concentrations were far lower than in coastal areas. The
MPs concentration reported in Indonesia is relatively
lower than the average concentration of MPs in the world’s
open sea, which is 0.07 to 13.51 n/L [7,51]. The MPs
concentration in Sumba Waters decreased in line with the
depth and has relatively high concentrations in the
thermocline area. Otherwise, the concentration of MPs in
the Mariana Trench is linear with their depth levels [7].

MPs in coastal sediments

Studies regarding the concentrations of MPs in
sediments have been carried out in Indonesian waters since
2017 (Table 2). Unfortunately, about 70% of the studies
conducted did not carry polymer tests on the plastics found.
The MPs abundance in marine sediment of coastal areas
in Indonesia ranged from 2.96 to 111680 n/Kg dry weight
(DW) (for studies without polymer identification) and 0
t0 49000 n/Kg DW (for studies with polymer identification)
(Table 2). The highest MPs concentration (49000 n/Kg)
was found in Central Java [42]. This unrealistic value is
found in a small-scale estuary used as a dumping area by
the local community. Notably, this concentration is
higher than in other regions around the world. For
instance, the MPs found in Changjiang Estuary, China,
was reported in the range of 20 to 340 n/Kg [52], Haihe
Estuary, China (96.7 to 333.3 n/Kg) [53], Yondingxinhe
Estuary, China (56.7 to 113.3 n/Kg) [53] and in coastal
mangrove, Singapore (12 to 62.7 n/Kg) [54]. However,
these findings were not consistent across Indonesia. Some
studies also reported that MPs concentration in some
estuaries in Indonesia was lower than in other regions.
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For instance, a lower concentration of MPs was found in
mangrove sediment from Jakarta Bay in the range of
28.09 + 10.28 n/Kg [37].

MPs in marine biota

Entanglement and plastic consumed by marine
biota when consuming food have been frequently
reported as the effects of large-sized plastics on wildlife
and other aquatic biotas. Wildlife entangled in plastic
may become immobile, bound, and eventually die.
Animals that consume plastic may experience intestinal
obstructions or even suffocate [2]. However, reports of
microplastics in biota are far more widespread. Marine
biota is more likely to consume smaller microplastics
than larger macroplastics. Microplastics have been
discovered in marine organisms of all sizes, from
zooplankton to whales [12-17]. However, based on
experiments in the laboratory, the presence of
microplastics in the marine biota did not directly cause
any deaths. Studies that documented mortality from
exposure to microplastics found that the death of marine
biota were typically caused by unreasonable intake of
that also expected
concentration of microplastics in the environment [55-

microplastics exceeds the
56]. Plastic can pass through the digestive tract but
cannot be digested like food. This situation can change
growth and
biota
immunological systems [57-59]. It is recognized that

eating patterns, impede physical

physiological ~ processes, and  damage
exposure to microplastics in the biota can facilitate the
entrance of hazardous chemicals into the biota [60].
MPs studies in Indonesia on biota have been
conducted on various species such as fish (demersal and
pelagic) and benthic biota (sea cucumber, shellfish, sea
urchins) (Table 3 and Table 4). Thirty-eight papers
report the presence of MPs and anthropogenic waste in
marine biota. Of the 38 articles, only eight articles
reported the polymer composition in their studies.
Plastics are generally identified in the digestive tract. The
MPs abundance in fish ranged from 0 to 246 and 0 to
688 n/ind (for studies with polymer identification)
(Table 3). The highest MPs concentration was found in
the anchovy species Stolephorus spp., which is caught in
the waters around Sulawesi (688 n/ind) [61]. Based on
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FTIR results, it was suspected that the type of MPs found
was polystyrene, polyamide. Generally, the higher MPs
concentration was recorded in the pelagic fish (Table 3).
MPs studies on benthic biota have been reported on
shellfish, sea cucumbers, and sea urchins. However, only
three studies provided data with polymer identification.
The MPs abundance in benthic organisms ranged from
0.5to0 2175 and 0.29 to 3.2 n/ind (for studies with polymer
identification) (Table 4).

The MP content found in marine biota from
Indonesia was significantly varied. The lower MP
concentration in demersal fish were recorded from
Sulawesi Island (0.17 to 0.8 n/ind) [44] and Jakarta Bay
(1.97 n/ind) [24]. Both of these values were below MP
content in fish estuarine from England (0.69 n/ind) [62]
and China (2.5 n/ind) [63]. The low range of MPs on
benthic biota was recorded in Sulawesi Island (0.29 to
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0.5n/ind) [64]. This range was lower than France
(2.1 n/ind) [65], and Canada (6.1 to 15.4 n/ind) [66].
Nevertheless, few studies reported a much higher
concentration in fish, for instance, 366 + 3.51 n/ind in a
small pelagic fish, Stolephorus spp. [26].

Research Gaps on MPs Research in Indonesia

We highlight the limited resources (expensive
chemical reagents and analytical instrumentation that
are not easily/readily available in Indonesia) that caused
most studies on MPs in Indonesia (64%) not to provide
polymer analysis. It is found that MPs concentration in
most studies without polymer identification can be
overestimated. Consequently, the MPs' concentration in
Indonesian waters is widely varied. Furthermore, these
studies did not provide the blank procedure during the
sampling and laboratory analysis, so it is challenging to do

Table 1. The concentration of MPs in seawater of Indonesia

Location SamI?ling Volume MPs extraction Concentration Sh'ape Chemical Quality Ref
devices sample (L) (n/L) dominancy form control
Bali Manta net *NI H:0:30% 0.00054 to 0.0007 Fragment PP, PE, PS Yes (67]
Bali Plankton net 35800 Gravimetrically 0.00004 to 0.00090 Film NA NA [68]
ENT Rosette sampler 10 H>0:30% 0.044 + 0.024 Fiber NA NA [19]
ENT Plankton net 1 H20:30% 2to 28 Fiber NA NA [69]
Java Pipette 0.2 NaCl 156 + 13.46 Fiber NA NA [70]
Java Plankton net 20 NaCl 13.15 Fiber NA NA [71]
Java Plankton net 20 NaCl 90.7 to 103.8 Fiber NA NA [72]
Java Plankton net 10 NaCl 15460 Film NA NA [73]
Java Plankton net 20 NaCl 248.5 + 3.81 Fiber NA NA [74]
Java Manta net *NI H20:30% 0.66 to 3.00 Fragment PP, PE Yes [75]
Java *NI 5 NaCl 700 to 11100 Fiber PP, PE Yes [42]
Java *NI 20 H>0:30% 0.38 t0 0.61 Foam PE, PS Yes [76]
Java Manta net *NI H>0:30% 0.00848 to 0.00937 Fragment PE, PP, PS Yes [24]
Java Manta net 270000 ZnCl, 16.8 t0 41.6 (inn/m?)  *NI PP, LDPE NA [77]
Java Plankton net 20 NaCl 87626 to 110737 Fiber NA NA [78]
Java Manta trawl 0.15 NaCl 57530 Fiber NA NA [79]
Java Manta trawl *NI NaCl 70.9 +27.1 Film, fiber PP, PE Yes [80]
Java Plankton net 5000 *NI 12.6 Fiber Nylon, PP, PS NA [81]
Molucca  Manta Net 21829 H20:30% 0.0146 to 0.4331 Fiber NA NA [82]
Sulawesi ~ Vacum pump 10 ZnCl, 7to 55 *NI PS NA (83]
Sulawesi  Manta net *NI ZnCl, 0.000023 *NI LDPE, PS NA [44]
Sulawesi ~ Neuston net *NI KOH 10% 0.00178 to 0.00183 Fiber NA NA (84]
Sulawesi ~ Neuston net *NI H:0:30% 0.056 Fragment PS NA (85]
Sulawesi  Neuston net 10 Gravimetrically 6.9 to 7.7 Fiber PS, PE Yes [86]
Sumatra  Plankton net 5 NaCl 283.9 +2.63 Fiber NA NA [87]
Sumatra  Manta net *NI H>0, 30% 0.00046 + 0.00025 Fragment PE, LDPE, PP Yes [18]

*ENT: East Nusa Tenggara; NI: Not Informed; NA: Not Available; n/L: item per liter; n/m* item per meter square; PP: polypropylene, PS: Polystyrene; PE:
polyethylene; LDPE: Low-Density PE
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Table 2. The concentration of MPs in marine sediment of Indonesia
Location Sam}-)ling Volume MPs extraction Concentration Sh.ape Chemical Quality Ref
devices sample (g) (n/Kg) dominancy form control

Java Transect 250 H>0:30% 28.09 +10.28 Foam PP, PE Yes [37]
Java Gravity corer 500 NaCl 800 to 49000 Fragment PP, PE Yes [42]
Java *NI 500 NaCl 31700 Film NA NA [73]
Java *NI 500 H>0:30% 206.04 to 896.96 Fragment NA NA [88]
Java Transect 2000 NaCl 145 to 354 Fragment NA NA [89]
Java *NI 250 NaCl 87.4 t0 99.88 Fiber NA NA [78]
Java Eckman grab *NI H>0:30% 3.35t0 13.33 Fragment PP, PE Yes [75]
Java Grab sampler *NI NaCl 590 Fiber PP, LDPE *NI [90]
Java *NI *NI NaCl 18405 to 38790 Fragment NA NA [91]
Java Sediment grab *NI NaCl 82480 to 111680 Fiber NA NA [72]
Java Pipe *NI NaCl 169.2 £ 5.184 Fiber NA NA [74]
Java Smith-McIntyre 10 cm depth NaCl 267 £ 98 Foam CP, PS Yes [38]
Java Grabs 500 to 1000  NaCl 920 Fiber NA NA [71]
Java Eckman grab 20 SI 34666 to 45066 Fiber PE, PP, PS NA [92]
Java Grab sampler 35 mL ZnCl> 0to8 Fiber PP Yes [93]
Java Van Veen grab 600 to 880 NaCl 166.9 Film, fiber PP, PE, PS Yes [80]
Java *NI *NI H>0, 10% 28500 to 43000 Film NA NA [94]
Molucca  Transect 0.0125 m* gravimetrically 68.8 N/m? Film NA NA [21]
Papua Transect H20:30% 1140 to 1998 Fiber NA NA [20]
Sumatra  Transect 250 NaCl 11200 + 263 Fiber NA NA [23]
Sumatra  Transect 250 NaCl 3700 + 0.28 Film NA NA [(87]
Sumatra  Shovel 250 NaCl 906 Film NA NA [95]
Sumatra  *NI 100 NaCl 1976 to 2203 Fiber NA NA [96]
Sumatra  Van Veen grab 250 H202 30% 72.64 +25.28 Fragment PE, PP Yes [97]
Sulawesi  *NI 100 ZnCl, 2.96 to 28.29 *NI NA NA [83]
Sulawesi  *NI 120 ZnCl, 14.6 to 50 Fiber PE NA [64]
Sulawesi  Corer 100 ZnBr» 195 + 66.98 Fiber NA NA [98]
Sulawesi  Transect 150 H>0:30% 165 to 217 Fiber NA NA [22]
WNT Transect 1500 NaCl 116.41 + 80.78 Fragment NA NA [99]
WNT Van Veengrab 250 H,0: 30% 44.19 +£12.40 Fragment PE, PP Yes [97]

*ENT: East Nusa Tenggara; NI: Not Informed; NA: Not Available; n/Kg: item per kilogram; n/m?% item per meter square; n/m? item per meter cubic; PP:

polypropylene, PS: Polystyrene; PE: polyethylene; LDPE: Low-Density PE; ABS: Acrylonitrile Butadiene Styrene; PC: Polycarbonates; CP: cellulose propionate;
PVC: Polyvinyl Chloride; PA: polyamide

Table 3. The abundance of MPs in fish from Indonesia

. . Number of MPs . Physical Chemical Quality
Location Species . Concentrations

samples  extraction shape form control
ENT Stolephorus spp. 15 NaOH 302+ 1.0 Film NA NA [25]
Java Mugil dussumieri 15 HNOs 65% 297 Fiber NA NA [79]
Java Aplocheilus sp. 60 H,0.30% 1.97 Fiber PP, PS Yes [24]
Java Various fishes 25 HNOs 65% 16.28 Fiber NA NA [100]
Java Oreochromis mossambicus 10 NaCl 430+4.7 Fiber NA NA [101]
Java Scatophagus argus 35 NaCl 522+43 Fiber NA NA  [101]
Java S. canaliculatus 30 NaCl 17.97 £ 5.8 Fiber NA NA [101]
Java Crenimugil seheli 12 NaCl 842 +11.9 Fiber NA NA [101]
Java M. cephalus 27 NaCl 9.26 £6.1 Fiber NA NA [101]
Java C.chanos 10 NaCl 8+6.3 Fiber NA NA [101]
Java Anodontostoma chacunda 10 NaCl 12.50 + 6.7 Fiber NA NA [101]
Java Abalistes stellaris 30 NaCl 16.07 + 11.05 Fiber NA NA [101]
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. . Number of MPs . Physical Chemical Quality
Location Species . Concentrations ef
samples  extraction shape form control

Java C. chanos 6 HNO; 65% 8.8t09.58 (n/g) Fiber NA NA [72]
Java C. chanos 3 H»0:30%  1.16 to 2.66 Fragment PP, PE Yes [75]
Java Euthynnus affinis *NI KOH 15%, 1to9 *NI NA NA [102]
Java S. commersonnii 15 H>0:30% 1.87 +0.64 Fiber NA NA [28]
Java S. insularis 15 H.0:30% 6.8+1.62 Fiber NA NA [28]
Java S. indicus 15 H.0:30%  3.66 +2.41 Fiber NA NA [28]
Java S. indicus *NI NaOH 246.10 £ 32.25  Fiber NA NA [70]
Java S. fimbriata 10 NaCl 14.6 £ 6.09 Fiber NA NA [70]
Java Stolephorus spp. 15 NaOH 42t0 131 Fiber PP, PA Yes [61]
Java L. vitta 3 NaCl 15 to 26 Fiber NA NA [103]
Java Cephalopholis boenak 2 NaCl 8to 10 Fiber NA NA [103]
Java C. formosa 1 NaCl 8 Fiber NA NA [103]
Java Plectorhinchus gibbosus 1 NaCl 7 Fiber NA NA [103]
Java Cyprinus sp. 1 NaCl 11 Fiber NA NA [103]
Java Genera Epinephelus 20 HNOs 65% 82.4 Fiber NA NA [94]
Kalimantan = Stolephorus spp. 15 NaOH 130+ 1.73 Fiber NA NA [25]
Kalimantan = Stolephorus spp. 16 NaOH 366 + 3.51 Fragment PE, HDPE NA [26]
Molucca Epinephelus fuscogutattus 29 NaCl 3.07 Fragment NA NA [31]
Molucca E. coioides 36 NaCl 2.64 Fragment NA NA [31]
Molucca E. suillus 65 NaCl 1.51 Fragment NA NA [31]
Molucca S. canaliculatus 47 NaCl 2.47 Fragment NA NA [31]
Molucca Synanceia 27 NaCl 5.93 Film NA NA [31]
Molucca Scarus psittacus 16 NaCl 2.25 Fragment NA NA [31]
Molucca Stolephorus spp. 15 NaOH 277 £1.15 Fiber PA Yes [61]
Papua Stolephorus spp. 15 NaOH 59 to 290 Fiber HDPE, PA Yes [61]
Sumatra Various fishes 25 KOH 10% 62.96 Film NA NA [104]
Sumatra Stolephorus spp. 15 NaOH 246 to 645 Fiber PS, PS, HDPE Yes [61]
Sulawesi Oreochromis niloticus 5 KOH10% 0 NA [34]
Sulawesi Family Carangidae 7 KOH10% 5.9+5.1 Fragment NA NA [34]
Sulawesi S. argenteus 2 KOH10% 0.5+0.7 Fragment NA NA [34]
Sulawesi S. fuscescens 2 KOH10% 0 NA [34]
Sulawesi S. canaliculatus 3 KOH10% 0.3+0.6 Fiber NA NA [34]
Sulawesi Lutjanus gibbus 5 KOH 10%  0.00 NA [34]
Sulawesi Katsuwonus pelamis 9 KOH10% 0 NA [34]
Sulawesi Rastrelliger kanagurta 9 KOH10% 1+1.1 Fragment NA NA [34]
Sulawesi Decapterus macrosoma 17 KOH 10% 2.5+6.3 Foam NA NA [34]
Sulawesi Spratelloides gracilis 10 KOH10% 11x17 Fragment NA NA [34]
Sulawesi S. canaliculatus 10 KOH 10% 0.8 *NI LDPE, Nylon, PS NA [44]
Sulawesi Gerres longirostris 10 KOH 10% 0.5 *NI LDPE, Nylon, PS NA [44]
Sulawesi Selaroides leptolepis 14 KOH 10% 0.43 *NI LDPE, Nylon, PS NA [44]
Sulawesi Lethrinus ornatus 12 KOH10% 0.17 *NI LDPE, Nylon, PS NA [44]
Sulawesi Oreochromis niloticus 25 KOH 10% 1.6to 3.5 *NI NA Yes [84]
Sulawesi Megalops cyprinoides 12 KOH10% 1.83t03.5 *NI NA Yes [84]
Sulawesi Barbonymus gonionotus 23 KOH 10% 0.91to2 *NI NA Yes [84]
Sulawesi Chanos chanos 50 KOH 10% 3.5+2.87 *NI NA Na [30]
Sulawesi Stolephorus spp. 15 NaOH 95 to 688 Fiber PS, PA Yes [61]
WNT Stolephorus spp. 16 NaOH 88 +£2.89 Fiber PP, PS,LDPE, Nylon = NA [27]
WNT Stolephorus spp. 15 NaOH 48 +2.31 Fiber PS Yes [61]

*WNT: West Nusa Tenggara; NI: Not Informed; NA: Not Available; n/ind: item per individual; n/g: item per gram; PP: polypropylene, PA: polyamide; PS:
Polystyrene; PVC: Polyvinyl Chloride; HDPE: High-density polyethylene
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Table 4. The abundance of MPs in benthos from Indonesia
Location  Species Number of Mps. Concen.trations Physical ~ Chemical Qc Ref
samples Extraction (n/ind) shape form
Java Perna viridis 30 HNO:s 65% 23 Fiber NA NA [71]
Java Littoraria scabra 10 HNO:s 65% 75.5 Fiber NA NA [105]
Java Metopograpsus quadridentata 9 HNOs 65%  328.56 Fiber NA NA  [105]
Java Telescopium telescopium 27 HNO:s 65% 764.81 Film NA NA [73]
Java Anadara granosa 15 HNO:s 65% 618.8 +121.4 Fiber NA NA [74]
Java Diadema setosum 15 HNO:s 65% 1,786 to 2,175 Fiber NA NA [78]
Java Holothuria leucospilota 15 HNOs 65% 8.44 (n/g) Fiber NA NA [106]
Java Paracaudina sp 20 KOH 10% 289 to 1380 Fiber NA NA [107]
Java Dolabella auricularia 8 HNOs 65% 40.1t0 73.7 (n/g) Fiber NA NA [108]
Java Placuna placenta 6 H>0: 30% 1 Fiber PP, Nylon NA [81]
Sumatra A. granosa 10 HNO:s 65% 434 +97.05 Fiber NA NA [23]
Sumatra Cerithidea obtusa *NI HNO:s 65% 167 + 16.01 Film NA NA [87]
Sumatra Laevistrombus turturella *NI HNO:s 65% 489 Film NA NA [95]
Sumatra H. scabra 28 H>0: 30% 3.21 £0.07 Fragment PE, PP Yes [97]
Sumatra Various species *NI H>0: 30% 32to 52 Fiber NA NA [109]
Sulawesi Marcia hiantina 22 KOH 20% 1.10 to 3.08 Fiber NA NA [110]
Sulawesi  Tripneustes gratilla 17 KOH 10% 0.53 *NI NA NA [64]
Sulawesi  Pinna sp. 6 KOH 10% 0.5 *NI NA NA [64]
Sulawesi  Pinctada sp. 12 KOH 10% 0.3 *NI NA NA [64]
Sulawesi  Cypraea tigris 10 KOH 10% 0.3 *NI NA NA [64]
Sulawesi Nudi Branch 6 KOH 10% 0 NA [64]
Sulawesi  Tripneustes gratilla 14 KOH 10% 0.5 *NI LDPE,PS NA [44]
Sulawesi  Cyprea tigris 14 KOH 10% 0.36 *NI LDPE,PS NA [44]
Sulawesi Pinctada sp. 14 KOH 10% 0.29 *NI LDPE, PS NA [44]
Sulawesi D. setosum 10 KOH 10% 23.70 £2.99 Fiber NA NA [98]
WNT H. scabra 54 H>0: 30% 1.39 + 0.86 Fragment PE, PP Yes [99]

*NI: Not Informed; NA: Not Available; n/ind: item per individual; n/g: item per gram; PS: Polystyrene; LDPE: Low-Density polyethylene; PA: polyamide

comparative

studies

among other

studies

acCross

It is also observed that limited data is available

Indonesia.

The MPs' research in Indonesia primarily focused
on the western part of Indonesia (65%), including Java
Island. About 50% of studies were conducted on Java
Island (Fig. 2). Over 60% of data came from the western
part of Indonesia. Meanwhile, research conducted in the
eastern part of Indonesia were predominantly in rural
areas and small islands that are very vulnerable to marine
plastic waste due to limited waste management. Over 70%
of plastic pollution in Indonesia originates in rural
regions and small to medium-sized cities [8-9]. It is
reported that plastic waste in mangrove areas of small
islands such as the Ambon Island (Molucca) negatively
impacts mangrove health [43]. Plastic waste is trapped in
mangrove areas due to limited waste management on
small islands.

regarding the distribution of MPs in Indonesia's deep-
sea waters. The lack of study in the deep-sea area of
Indonesia is something that is worth noting. Essentially,
if we refer to the deep-sea's definition as a sea with a
depth of more than 200 meters vertically and
horizontally [111], then 68% (4.1 million km?®) of
Indonesia's marine area is classified as deep-sea waters
[112]. Although very limited data is available from the
deep sea area, several studies predicted potentially large
quantities accumulating in the deep sea ocean. This is
expected after a higher concentration of MP is found in
line with their depth [7,112]. It is reported that the
increase in the value of MP in the water column and
marine sediment in Mariana Trench is in conformity
with its depth [7]. However, our knowledge about
microplastic pollution from deep-sea oceans is relatively
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= Java =Sumatra - Bali = Kalimantan = ENT =WNT = Sulawesi =Molucca =Papua
Fig 2. Number of papers on microplastics published between 2015 and 2022 (June) in Indonesia based on locations

little. We need more data from deep-sea areas.

This brief review also highlights that the dominant
research in Indonesia is still related to the distribution and
concentration of MPs. Information on MPs fate analysis
until it reaches the body of organisms or humans and
research related to the mechanism of transportation of
microplastics does not appear to be widely available in
Furthermore, due to the higher MPs
concentration in Indonesian waters in some locations, we

Indonesia.

proposed to do research about remediating MP from the
environment. The MPs remediation technologies such as
sediment-MP  isolation (SMI),
cellulose nitrate filter membrane, fluidization and
flotation, nanoparticle and sol-gel method have been
widely used in the remediation of MPs [114].

electrocoagulation,

m CONCLUSION

This brief review summarizes the milestones that
have been made in microplastic research in the
Indonesian waters over the last decade. Lack of polymer
analysis in the research in Indonesia due to the limited
resources (expensive chemical reagents and analytical
instrumentation that is not easily/readily available) led to
many unconfirmed studies regarding the type of polymer,
thus can also undermine the result. It is noteworthy that
most studies on MP in Indonesia (64%) do not provide
lack a blank/control
procedure during the sampling until the identification

polymer identification and

process, thus impeding data quality. Consequently, the

estimation of MP concentration is overestimated, and
comparative studies are challenging. The MP research
was mainly conducted in the western part of Indonesia,
especially on Java Island. Data and information about
MP pertaining to the eastern part of Indonesia are very
limited. Current research has primarily focused on
coastal waters rather than the deep-sea area. Thus, we
propose to have a standard guideline for MPs analysis at
a national level and future work should focus on
conducting more research in the eastern part of
Indonesia, which is mainly dominated by deep-sea areas.
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Abstract: Oily sludge is a solid emulsified waste created by the petroleum industry. Solid
particles, crude oil, and water comprise most of their composition. Because it contains
high concentrations of cycloalkanes, benzene series, polycyclic aromatic hydrocarbons,
and other harmful and hazardous substances, it poses a severe risk to human health and
the environment. It must be treated to reduce its toxicity. However, crude oil is a
significant component of oily sludge and has a high recycling value. As a result, numerous
procedures for extracting crude oil from oily sludge have been developed, including solvent
extraction, pyrolysis, centrifugation, ultrasonic treatment, electronic treatment, flotation,
supercritical treatment, and combination processes. The primary purpose of this review
is to describe the evolution of various recycling technologies and to compare their benefits,
drawbacks, and ways of action. This concept is expected to be the cornerstone for future

recycling technology development.

Keywords: oily sludge; petroleum industry; hazardous; crude oil; toxicity

= INTRODUCTION

Energy is increasingly in demand globally because of
the fourth industrial revolution's expanding economy.
Most of the world's energy demands are met by fossil
fuels, especially oil. With the accelerated expansion of
industry and energy, consumption and demand for oil are
rising drastically. As a result, refineries generate more oil
sludge, which collects at the bottom of tanks when oil is
being stored. This sludge negatively affects the tank's
capacity and operational safety [1-5]. When discussing
the production, exploration, storage, transportation, and
processing of crude oil, the term "oil sludge" refers to a
thick, viscous, and challenging-to-handle fluid [6-10].

A complex physicochemical combination of oil
products, water, and mechanical contaminants, including
clay, sand, and metal oxides, make up oil sludge. Oil
sludge is
processing, storing, and transporting of oil. It comprises

mainly developed during producing,

drilling fluid, waste oil in the well, emulsified solids
produced during crude oil processing, and sediment
found in the storage tank [11-14]. When oil is cleaned of
pollutants and water, for example, oil sludge can occur
as a consequence of natural, regulated processes, as well
as other kinds of accidents (spills). The environment
might sustain severe harm in the latter scenario due to a
large-scale disaster or late identification. The primary
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goal of this review is to describe the evolution of various
recycling technologies and compare their advantages,
disadvantages, and methods of operation.

m FORMATION OF OIL SLUDGE

During transportation to the refinery, the heavier
and lighter crude oil hydrocarbons often separate. This
problem is usually exacerbated by storing crude at low
temperatures, removing volatile components, and using
cool temperatures. The thick fractions that separate from
crude oil and settle at the bottom of storage tanks are
referred to as sludge [1,15]. Both upstream and
downstream oil industry operations can generate large
volumes of oil waste. While downstream activities refer to
crude oil refining, upstream operations refer to crude oil
extraction, transportation, and storage. Oil sludge sources
in upstream operations include slop oil in oil wells, oil left
in tank bottoms, and drilling mud deposits.

Crude oil is temporarily stored in storage tanks
before being converted into petroleum products, where it
usually separates into heavier and lighter petroleum
hydrocarbons. Heavy hydrocarbons frequently sink with
water and other particulates. Oil sludge is a substance that
collects at the bottom of storage tanks and combines oil,
sediments, and water. These are taken out through tank
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cleaning procedures and shipped for additional
processing or disposal [16-17].

The amount of sludge created during the refining
process is determined by various factors, including the
crude oil's properties (such as density and viscosity), the
way the refinery processes the crude, how oil is stored,
and-most importantly-the capacity of the refinery [18-
24]. The production of more oil sludge is typically
correlated with cleaning higher power. One ton of oil
sludge is generated for every 500 tons of crude oil
treated, according to estimations [25-27]. According to
assessments, more than 60 million tons of oily sludge
can produce each year, and more than 1 billion tons of
oily sludge have accumulated as a whole [28-30]. Fig. 1
shows the schematic diagram of the oily sludge sources.
Furthermore, it is predicted that the total output of oily
sludges will rise in response to the rising global demand
for refined goods [29,31].

According to the physicochemical composition
and method of formation, oil sludge is divided into five
groups [32-34]:

(i) Natural oil sludge - waste generated at the bottom of
various water bodies after an oil spill.

(i) Oil sludge - waste generated during well drilling,
various drilling fluids.
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Fig 1. Schematic diagram of the oily sludge source
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(iii) Oil sludge - waste produced during the purification of

oil from solid hydrocarbons and mechanical
impurities.

(iv) Tank oil sludge is waste generated throughout the
transportation and storage of oil in various tanks.

(v) Ground oil sludge - is a product of the combination
of soil and oil spilled on it; the reason for this can be
both a technological process and an accident.

According to the state of aggregation, oil sludge is divided

into liquid, solid and highly viscous, gaseous
m CHARACTERISTICS OF OILY SLUDGE

Depending on its origin, oil sludge can have a vast
array of constituents. The hydrocarbon component of oil
waste comprises a variety of compounds that can be
transformed into other compounds during long-term
storage via condensation, isomerization, and
polymerization. However, all oil sludge contains water
and other impurities. Long-term storage of oil sludge
changes over time due to precipitation accumulation, the
advancement of microorganisms, the incidence of oxidative
processes, and other processes. In some cases, oil sludge is
a stable emulsion that cannot be separated into various
components [35-36]. Oil sludge consists of organic
constituents (72%), moisture (19.2%), sulfur (1.8%), and
mineral part (16%). According to Alexandrovich and
Sergeevich [37], the mineral composition of oil sludge was
SiO,: 4.55%, CaO: 3.14%, Fe;Os: 1.65%, AlLO;: 2.36%,
MgO: 2.36%, and others: 3.3%.

Both inorganic and organic pollutants can be found
in petroleum sludge. Metal compounds, including zinc,
copper, lead, chromium, nickel, and mercury, are examples
of inorganic pollutants. Total petroleum hydrocarbon
measurements of organic pollutants in the sludge vary
from 510,000 to 640,000 mg/kg [38]. Oil sludge has 15 to
50% petroleum hydrocarbons (in percent by weight), 30
to 85% water, and 5 to 46% solids. Petroleum hydrocarbons
(PHCs) and further organic compounds in oily sludge are
categorized into four types: Asphaltenes, aliphatic and
aromatic chemicals, and compounds comprising
nitrogen, sulfur, and oxygen (NSO) [39].

Alkanes, cycloalkanes, benzene, toluene, xylenes,

naphthalene, phenols, and other polycyclic aromatic
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hydrocarbons, for instance, methylation derivatives of
fluorine, phenanthrene, anthracene, chrysene, and
pyrene account for up to 75% of PHCs in oily sludge [17].
Polar molecules such as naphthenic acids, mercaptans,
thiophenes, and pyridines are noticed in the NSO
fraction. The quantity of nitrogen (N) in oily sludge is
less than 3%, with the bulk found in the distillate residue
as a component of the asphalt and resin fraction [17].

In contrast to the oxygen concentration, typically
less than 4.8%, sulfur (S) level can range from 0.3 to 10%.
Asphaltenes are mixes of colloidal and pentane-
insoluble chemicals that contain polyaromatic and
alicyclic molecules with alkyl replacements (often
methyl groups), and their molecular weights range from
500 to several thousand [40]. Since these components
include hydrophilic functional groups and can thus act
as lipophilic emulsifiers, asphaltenes and resins can be
accountable for the oily sludge emulsion's stability. Oily
sludge typically contains 40 to 52% alkanes, 28 to 31%
aromatics, 8 to 10% asphaltenes, and 7 to 22.4% resins
by mass [41]. The pH of oil sludge is typically between
6.5and 7.5.

A recent study has identified significant amounts
of Fe (60, 200 mg/kg), Zn (1.299 mg/kg), Cu (500 mg/kg),
Ni (480 mg/kg), Cr (480 mg/kg), and Pb (565 mg/kg) in
oil refinery sludges [41-44]. Additionally, oil sludge
contains polycyclic aromatic hydrocarbons (PAHs),
which are hazardous and cancer-causing-mutagenic, at
amounts of 550 mg/kg or less.

The US Environmental Protection Agency (USEPA)
has reported 16 PAHs as priority pollutants, namely:
naphthalene, acenaphthylene, acenaphthene, fluorene,
pyrene,
benzo[a]anthracene, chrysene, benzo[b]fluoranthene,
benzo[k]fluoranthrene, benzo[a]pyrene, indenol[1,2,3-
cd]pyrene, dibenzo[a,h]anthracene, and benzo[g,h,i]

phenanthrene, anthracene, fluoroanthene,

perylene [45-46].

s DANGER OF
ENVIRONMENT

OIL SLUDGE TO THE

Oily sludge is considered hazardous waste. If this is
not handled and disposed of appropriately, it will have
significant harmful effects. There are three possible ways
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that adverse consequences could manifest themselves. (1)

Inadequately treated oily sludge pollutes surface waters,

even groundwaters, and causes a severe excess of COD

and oily substances in water; (2) The volatilization of oil
components in oil sludge will result in an excessive
concentration of total hydrocarbons in the air of nearby
areas; and (3) Oily sludge comprises of an actual amount
of toxic and harmful organic compounds, for instance,
hydrocarbons, phenols, anthracene, and benzene ring
compounds. As a result, oil sludge is classified on the

National Inventory of Hazardous Wastes [36,47].

When oil sludge is subjected to environmental
factors, it can expand, evaporate, be absorbed by living
organisms, and undergo transformation [35]. The
processes of oil-containing compound degradation are
markedly accelerated by sunlight. In contrast, the spread
of oil-derived products in the soil is markedly slowed
down by the evaporation of light fractions. Heavy oil
fractions eventually produce emulsions that are difficult
to separate. The exposure temperature affects how quickly
petroleum products decompose. Lower temperatures
slow down the rate of decomposition. Therefore, bacterial,
chemical, and photochemical breakdown processes, as
well as some organisms' and plants' activities, all
contribute to the degradation of petroleum products [48].

PHCs and other flame-retardant substances are
present in large amounts. Oil sludge is categorized as
hazardous waste in various countries; hence, incorrect
removal or poor treatment can damage the environment
and people's health. Oil sludge is categorized as a material
of the third class of hazards or one with a medium
environmental impact. The direct damage that oil sludge
may do to the environment and humans is [49]:

(i) Chemicals from the first and second classes of hazards
can be found in oil slime. Some examples include
phenanthrenes, benzopyrene, and other pyrene
derivatives. These compounds cause malignant
tumors in animals, similar to those in people.

(i) It damages the liver, heart, and brain. The oil contains
harmful heavy metal ions that can enter human food
systems and cause harm.

(iii) They cause slow seed germination and germination
rate. According to laboratory tests, the seeds are

entirely incapable of germination at a concentration
of oil sludge of 6-8%. Because of their smaller size
and underdeveloped root systems, the above-
ground sections of plants in polluted soils seem
weaker.

(iv) Animals that reside in soil polluted with oil waste,
such as moles and mice, are doomed. Several oil
compounds accumulate in the organisms of animals
and have mutagenic effects, causing severe diseases,
infertility, and affecting behavior.

m OVERVIEW OF OIL SLUDGE DISPOSAL
METHODS

Proper handling of oil waste is receiving more
consideration due to expanded production and its
hazardous nature. Numerous ways have been developed
to control it to lower the concentration of harmful
pollutants or immobilize them, limiting the impact of
unfriendly material on the environment and health [50].
Among them are farming/burial, photocatalysis,
incineration, curing/stabilization, sonication, solvent
extraction, chemical
biodegradation [51-56].

The three waste management phases are used in

processing, pyrolysis, and

most remediation methods: (1) reducing oil sludge
creation through technology, (2) recovering oil from oily
sludge, and (3) disposing of non-recoverable oil sludge
[50]. Various techniques for treating oily sludge have
been developed, as detailed below.

Because of the dangerous nature of oil sludge and
its potential environmental effect, its safe disposal poses
various difficulties and challenges. In general, no
solution can fulfill all the requirements for the reuse and
disposal of different types of oil sludge waste. Some
treatments may show tremendous promise for fuel
recovery or decontamination of non-recoverable
remnants. However, their capital or operating costs may
be prohibitively costly, or their adoption in a large-scale
treatment may be difficult. A wide range of applications
and cheap operating costs may be provided by other
processing techniques, such as farming and composting,
although their microbial breakdown processes may take
some time [17].
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The properties of the sludge, processing capacity,
cost, disposal requirements, and time limitations should
all be considered when selecting oily sludge treatment
systems. Centrifugation, surfactant recovery, freeze/thaw,
froth flotation, and biological sludge treatment are a few
procedures that may be better adapted to handle oily
sludges with high moisture content. Other processes need
pre-treating the sludge to lower its moisture level,
pyrolysis,
stabilization/solidification. Fig. 2 compares oily sludge
treatment and its application level and the average oil
recovery rate percentage extracted from different papers

including incineration, and

[50,57-63]. Because technology selection incorporates
several factors, assessing the overall performance of
available technologies is challenging. Some multi-criteria
assessment analysis methodologies can aid in developing
a standard technology evaluation system and selecting the
most appropriate disposal methods by researchers [17].
The advantages of many new oily sludge recovery
and treatment systems include speed, high efficiency, and
energy savings. At the same time, the disadvantages
involve high maintenance and operating cost, high
running cost, low efficiency, and environmental pollution
[50]. Researchers' efforts and accomplishments have been
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effective in improving efficiency and lowering
processing costs. However, most novel approaches are
still in the laboratory, far from pilot testing or large-scale
technical implementation. Researchers will thus focus

on a long experiment to explore new technologies [64].
m  APPLICATIONS OF OIL SLUDGE

The utilization of oil sludge as a secondary raw
material appears to be one of the primary developments
in the processing of oil sludge [65-68]. This strategy
improves the environmental condition in oil refining
zones leads to the most efficient use of natural resources.

The selection of the most appropriate technique
for the disposal of oil sludge is a difficult task. The
disposal and neutralization of highly hazardous waste
generated in large cities present several challenges to
improving environmental safety. Second, the adaptation
and selection of technology for a particular location or
territory are determined by the morphological and
quantitative composition of the generated waste.

In general, the appropriateness of oil sludge for
secondary raw material should be established by its
composition, characteristics, and environmental danger.
Oil sludge is commonly processed in batches according to
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to the method used to create it. This approach to the
existing situation solves the environmental and rational
usage of oil sludge problems. Whether or not oil sludge
causes pollution depends on some factors, many of which
have to do with its composition and physical
characteristics. The processing technique is determined
by the consistency of the oil sludge and the organic
matter, mechanical impurities, and water content [69-71].

Oil sludge applications are classified based on their
technological nature and composition. For example, in
the application of road construction, the types of oily
waste used are oil sludge refinery (organic part 8-10%;
mineral part 70-75%, and water 17-20%) and oil
production sludge (organic part 6-40%; mineral part 50-
87% and water 5-10%). Another application is oil sludge
condensed (organic part 20-25%; mineral part 55-65%;
and water 10-25%) and oil sludge refineries (organic part
13-28%; mineral part 59-77%; and water 10-22%) are the
types of oily waste used in the application of construction
materials. Additionally, the types of oily waste used in the
fuel industry are refinery liquid waste (organic part 60—
90%; mineral part 5-10% and water 10-20%) and waste
from the production of petroleum oils (organic part 77—
90%; mineral part 10-14% and water 4-7%). Moreover,
the types of oily waste used in bitumen production are the
top layer of the acid tar storage (organic part 9-15%;
mineral part 65-78% and water 11-26%) and bottom acid
tar (organic part 20-26%; mineral part 54-69% and water
18-20%) [69].

m CONCLUSION

The three essential components of oil sludge are, as
previously stated, the organic portion, the mineral
portion, and water. Depending on the type of oil, the
organic sludge-mass fraction ranges from 6 to 90%; the
mineral sludge-mass fraction ranges from 5 to 87%, and
water content ranges from 4 to 25%. Oil sludge with a high
mineral concentration is used in road construction,
building material manufacturing, and bitumen
production. Oil sludge with a high organic matter
concentration is used as a fuel component in the

petroleum industry.
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Abstract: Chemical phosphorylation of hydrolysate resulting from hydrothermal
carbonization of chicken feather waste was performed to enhance the amino acids and
reduce the metal ions content. The aim of this research is to improve the functional
properties of chicken feathers hydrolysate without impairing the nutritional availability
thereof with the cheapest chemical method by phosphorylation. Phosphorylated
hydrolysate can function as animal feed and fertilizer. The hydrolysate of chicken feathers
was obtained by hydrothermal carbonization in an alkaline condition using a CaO and
KOH catalyst, by the ratio of water:dry matter of chicken feathers is 5:1, at 9-10 atm
pressure, and in a temperature of 190-200 °C during 3 h. Phosphorylation has been
carried out by reacting the hydrolysate with H;PO, 85% in pH of 5, 6, 7 and using the
original hydrolysate as control. The sample that has been prepared was characterized and
semi-quantitative analyzed by HPLC and AAS. The phosphorylation results showed that
the total maximum protein of soluble protein, their minimum metal ions, and anion in
soluble protein was obtained at pH 7, while the higher the pH, the lower the liquid protein

that was obtained.

Keywords: hydrothermal carbonization; phosphorylation; liquid protein

= INTRODUCTION

The non-composting method was proposed for the
treatment of chicken feather pathogenic waste [1].
Chicken feathers are the main by-product waste in the
poultry industry that constitute about 5-7% of the total
chicken weight [2-3]. Based on Central Statistics Agency
(BPS) data, broiler chicken production in Indonesia
reached 3,495,090.5 tons in 2019, with 6% of the live
weight produced being feathers. So, it is assumed that the
production of chicken feathers in 2019 reached 236,705.4
tons [4]. It can be estimated about several million tons of
chicken feathers were discarded for years. Therefore,
chicken feathers storage is quite important instead of

collecting them in an abundant area without treatment
to avoid the risk of microbial growth and infections that
may become hazardous to the environment and affect
human health due to their keratin content [5-7].
Chicken feathers contain 91% keratin, 8% water, and 1%
lipid [8]. Keratin has a high protein and amino acids
content that can be a low-cost source of nitrogen (up to
15% total N) [9-10], but keratin is difficult to digest by
the organism and it needs a long time to be degraded in
the environment [3,11]. Keratin is an insoluble protein
in polar solutions such as water, weak acids and weak
bases, and even in some organic solvents, which makes
them resistant to microbial degradation and proteolytic
enzymes such as pepsin and trypsin [12-14]. The
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presence of cross bonds from disulfide bonds caused by
the contains of sulfur amino or cysteine, hydrogen bonds,
and hydrophobic interactions are driving the stability of
keratin [15].

Keratin in chicken feather waste can potentially be
converted into raw material for animal feed and fertilizer
through chemical treatment for application in
agricultural and food fields [16-18]. To be converted as
raw material, the cystine bond of keratin in chicken
feathers must be broken down [19]. Hydrothermal
carbonization (HTC) is the thermochemical method that
involves the application of high temperature and high
pressure to convert biomass into a solid product called
hydrochar, liquid product and gaseous product that is
rich in organic and inorganic compounds in the sub-
critical water environment [20-21]. The liquid product
must be separated from the hydrochar using
phosphorylation. KOH catalyst can be used as an
activation agent in the HTC process, which has an effect
on the change of morphology and chemical functional
group in the product, and also can enhance the degree of
carbonization [22-23]. Production of organic fertilizer
from poultry feather wastes excluding the composting
process was investigated by several researchers [24-28].
This research reports the combination of HTC and
chicken feather

liquid protein,

phosphorylation to convert the

pathogenic waste into valuable
simultaneously to get digestible feed animals, and organic

fertilizer by non-composting method.

m EXPERIMENTAL SECTION
Materials

The materials used were hydrolysate, H;PO, 85%
(Brataco Chemical), KOH (Brataco Chemical), CaO
(Brataco Chemical), distilled water, and filter paper.

Instrumentation

The equipment used in this research were laboratory
glassware, Buchner filter, Atomic Absorption Spectroscopy
(AAS, ContrA A 300 Analytik Jena), High-Performance
Liquid Chromatography (HPLC, LiChrospher 100 RP-18
column with Thermo Ultimate 3000 RS Fluorescence
detector), UV-Vis spectrophotometer (Shimadzu UV-

279

1800) and Hydrothermal carbonization (HTC reactor of
1145 L capacity).

Procedure

HTC of chicken feathers

The hydrolysate of chicken feathers was obtained
using hydrothermal carbonization 1145 L HTC reactor.
First, as much as 200kg of wet chicken feathers
containing 25% of dry matter of chicken feathers was put
in the HTC reactor and then added to 100 L of water.
The ratio of water:dry matter of chicken feathers is 5:1.
After that, as much as 7.50 kg of CaO and 2.25 kg of
KOH were added. The HTC reactor was heated up to a
temperature of 190-200 °C for 3 h, and the pressure was
controlled at 9-10 atm. The hydrolysate obtained from
the HTC process was then phosphorylated by H;PO4
85% in various pH of 5, 6, and 7.

Sample preparation of phosphorylated hydrolysate
for AAS analysis

The emulsion of hydrolysate was moved into a
100 mL beaker glass; it was reacted with 0.5 mL of H;PO4
85% and then repeated by adding 1 and 2 mL of H;PO,
85%. Each result of phosphorylation was vacuumed
using a Buchner funnel that was covered using Whatman
40 filter paper. After the liquid fraction was filtered, the
liquid fraction and the residue were analyzed using the
AAS spectrophotometer to prove the content of Cu, Fe,
Mn, Mg, Zn, Ca, and K. The content of P was analyzed
using a UV-Vis spectrophotometer, and the profile of
amino acids in liquid protein was analyzed using HPLC.

Characterization of profile amino acids

The characterization by HPLC was done for all
samples. Each sample was weighed for 60 mg and then
added with 4 mL of HCI 6 M. The sample was heated for
24 h at a temperature of 110 °C, then cooled down to
room temperature and neutralized (pH 7) using NaOH
6 M. After that, the sample was added with distilled
water until the volume reached 10 mL and then filtered
with 0.2 mm Whatman filter paper. Characterization of
profile amino acids in the sample was carried out by
HPLC. The HPLC instrument that was used was
LiChrospher 100 RP-18 (5 um) column with Thermo
Ultimate 3000 RS Fluorescence detector. The sample
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was taken around 50 pL, and as much as 300 uL of OPA
was added. The sample was stirred for 5 min before 10 pL
of the sample was injected into the HPLC injector.

m RESULTS AND DISCUSSION

This research aimed to conduct the chemical
phosphorylation of hydrolysate resulting from HTC of
chicken feather waste, to enhance the proteins and reduce
the metal ions content. The product obtained was liquid
hydrolysate and its solid phase that separated using
phosphorylation. Phosphorylation was conducted to
enhance the quality of protein without impairing the
soluble protein that was available. The results of HPLC
analysis of phosphorylated hydrolysate in various pH
solutions are given in Table 1. It is worthy of being noted
here that there is no free amino acid detected in the
hydrolysate resulting from the HTC of chicken feather
waste. Analysis of HPLC conducted the profile of amino
acids of protein hydrolysate.

Table 1 shows that the optimum pH for the highest
concentration of dissolved protein was obtained at pH 7.
These that
enhances the reaction between dihydrogen phosphate ion

phenomena conduct phosphorylation
and a group of amino acids in proteins of hydrolysate. It
is also generally conducts protein in essential amino acids

with maximum concentration at pH 7 except threonine.
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The results indicate that the lower the pH, the higher the
liquid protein that is obtained. The variation of solubility
of protein reveals that the interaction between dihydrogen
phosphate ion and amino acids group facilitated by
hydrogen bonding force to form an ion protein
phosphate that is more soluble in water at pH 7 [29-31].
The product of the reaction between the ion dihydrogen
phosphate and amino acid is shown in Fig. 1 [32].

The content of metals (Fe, Mn, Zn, and Mg) in all
pH can be seen in Fig. 2. These results show that the
protein dihydrogen phosphate anion precipitates Fe,
Mn, Zn, and Mg ions in their protein biphosphate
neutral salt [13]. Except for the Cu ion, with a pH of 7,
which formed a complex of copper ions in the form of
The
concentration of Cu in liquid protein at different pH

ions copper protein dihydrogen phosphate.
showed in Fig. 3.

A comparison of Ca, P, and K concentrations in
liquid protein at different pH can be seen in Fig. 4. The

H o
|/
(O N I e
/ OH
R—C—C + OH-P—OH HN ;
l. oH ! « \ 6
OH o\//
/P\
HQ" "OH

Fig 1. Phosphorylation reaction of a hydrolysate

Table 1. Amino acid profile of hydrolysate protein before and after phosphorylation

Before phosphorylation After phosphorylation
Amino acid pH 8-9 pH7 pH6 pH5

weight % AA weight % AA  weight % AA weight % AA
Aspartic acid 0.51 0.85 0.48 0.80 0.46 0.76 0.48 0.80
Glutamic acid 0.90 1.51 0.94 1.56  0.87 1.45 0.89 1.49
Serin 0.48 0.80 0.51 0.85 0.48 0.79 0.48 0.80
Glycine 0.63 1.05 0.72 1.20  0.68 1.14 0.73 1.22
Threonine* 0.22 0.37 0.20 034 0.20 0.33 0.18 0.30
Arginine* 0.61 1.01 0.68 1.13  0.65 1.09 0.67 1.12
Alanine 0.55 0.91 0.65 1.08  0.61 1.02 0.65 1.08
Tyrosine 0.50 0.83 0.53 0.89  0.48 0.81 0.48 0.81
Valine 0.73 1.21 0.84 1.40  0.79 1.32 0.78 1.31
Phenylalanine* 0.61 1.01 0.66 1.10  0.62 1.04 0.61 1.02
L-Leucine* 0.55 0.92 0.63 1.05  0.60 0.99 0.60 1.00
Leucine* 0.77 1.28 0.89 148  0.82 1.37 0.84 1.40
Total 7.12 11.86 7.80 13.00 7.33 12.22 7.46 12.47

*essential amino acid
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100 1 H* conducted, the higher the phosphate concentration
g 80 1 can be obtained in the liquid phase.
g 60 1 The profile concentration of metals contained in
E dry matter of solid precipitate can be shown in Fig. 5 and
s 01 6. This figure showed the diminution of concentration
é 20 1 of metals observed by decreasing its pH value.
0 Fig. 7 shows that the concentration of K in the dry
Fe Mg Mn Zn matter is relatively stable on various pH, while the
mControl mpH7 wpHG6 mpHS
Fig 2. Comparison of Fe, Mg, Mn, and Zn concentrations 2000 -
in liquid protein at different pH E :g
£ 4400 ;
05 § 1200 ;
0.45 'ﬁ 1000
T 04 £ 800 4
;i_ 0.35 g 600
£ o3 8 &
% 025 -
£ 02 Fe Mg Mn Zn
£ 015 uControl mpH7 =pH6 =pHS5
2 U%; Fig 5. Comparison of Fe, Mg, Mn, and Zn concentration
"o in solid humus at different pH
Cu
=Control mpH7 wpH6 ®pH5 20 5
Fig 3. Comparison of Cu concentration in liquid protein 'E ::
at different pH £ 14
5 12 4
12000 - E e
— 10000 1 g &
é 8000 4 = B
é 6000 B Cu
-§ 4606 4 mControl mpH7 =wpH6 mpHS
g I Fig 6. Comparison of Cu concentration in solid humus
¢ 000+ I.I.I.._ at different pH
’ Ca P K 120000 1
mControl mpH7 wpH6 mpHS 2
Fig 4. Comparison of Ca, P, and K concentrations in §1ooooo
liquid protein at different pH ‘g RS-
£ 60000 {
maximum Ca and K ions concentration was conducted at '§ 40000 4
its origin hydrolysate. This concentration was obtained § 0
due to their solubilization of catalysis Ca and K utilized ©
during HTC. The decreasing of pH conducts the o Ca p - -K—
diminution of concentration Ca and K ions in the liquid mControl WpH7 wpH6 mpHS5

phase to form their neutral protein phosphate, except for ~ Fig 7. Comparison of Ca, P, and K concentrations in
the concentration of P ion. It indicates that the higher of ~ solid humus at different pH
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concentration of Ca and P ions in the diminution of pH
conduct the augmentation of their content in dry matter.

The results of this research show that chemical
phosphorylation can enhance the protein content and
reduce the metal ions content in the hydrolysate. The
maximum soluble protein and minimum metal ions
condition of hydrolysate was obtained at pH 7 and
indicating the higher the pH, the lower the liquid protein
that was obtained. The enhancement of soluble protein in
hydrolysate had advantages as a source of nitrogen that
can be functioned as a digestible animal feed and potential
organic fertilizer, while the reduction of metal ions
content in hydrolysate is suitable with minimum heavy
metals content requirements of feed animals and organic
fertilizer.

m CONCLUSION

Based on the results of this research, the optimum
phosphorylation condition to produce maximal soluble
protein and minimum concentration of metal content in
chicken feather hydrolysate has been obtained at pH 7. It
can be concluded that chemical phosphorylation
constitutes the simple and cheapest method to improve
the functional properties of chicken feathers hydrolysate
resulting from HTC without impairing the nutritional
availability. This research opened the opportunity to
easily get proteins with a smaller chain that can be used as
digestible animal feed and organic fertilizer.
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