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phase extraction (MSPE) of three selected organophosphorus pesticides (OPPs) namely

Received: January 23, 2019 chlorpyrifos, diazinon and parathion methyl from grape and strawberry samples prior
Accepted: June 12, 2019 to high performance liquid chromatography with UV detection (HPLC-UV). The
DOI: 10.22146/ijc.42935 synthesized sorbent was physicochemically and morphologically characterized via

Fourier transform infrared spectroscopy (FT-IR), field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD) and N adsorption analysis. The main parameters on the extraction efficiency
of selected OPPs, including extraction time, desorption solvent, desorption time, and
sorbent dosage, were thoroughly optimized. Compared to MCM-41 sorbent, the newly
synthesized Fes0;-MCM-41 adsorbent shows a linear response (0.1-5.00 mg L™) with
good determination coefficients ranging from 0.9900 to 0.9980, low limits detection
(LODs), 0.02-0.15 mg L™ and low limit quantifications (LOQs), 0.06-0.40 mg L™". The
precision as relative standard deviation (%RSD) of the proposed MSPE method was
studied at low and high concentration (0.1-5.0 mg L™) based on intra-day (1.0 to 6.0%,
n=3) and inter-day (1.0 to 7.0%, n = 3), respectively. Fruit matrices were used to assess
the field applicability of the sorbents. Comparatively, Fes0,-MCM-41 achieved
excellent percent recovery (85-120%) compared to the MCM-41 (70-110%). The result
revealed that the Fe;0,-MCM-41 composite was efficient sorbent with good capability
for the preconcentration of selected OPPs from fruit samples.

Keywords: MCM-41; Fe;0,-MCM-41; organophosphorus pesticides; magnetic solid
phase extraction

m INTRODUCTION OPPs, including grape, tomato, strawberry, apple, and

In recent years, the pesticide has been remarkably pineapple [3-6], are becoming the hottest issue for

. . . . environmental researchers because it can threaten
increased in usage for better agricultural practices,
e s . human health. Grape and strawberry are usually freshly
transparency, and traceability in the production and ) ) ] )
. : consumed without peeling, which risks harmful to
marketing  of  conventional = food.  Generally,

. . h health f them have high
organophosphorus pesticides (OPPs) are widely used as uIlefln calth because some 9 them have 13 acute
. . . . s . toxicity due to the prevention of neural impulse
insecticides in agriculture activities, which lead to o T ]
. o . transmission by their inhibitions of acetyl cholinesterase
extensive contamination of water, atmosphere soil as well

as agriculture products and eventually in derivate food fun‘ct‘1on in the nervous S}"Stem [7]. Due to .the high
o . . . toxicity at low concentration, European Union (EU)
commodities [1] due to their desirable properties such as i ] ] o
. . . . have established maximum residue limits (MRLs) of
biodegradable and short persistence in the environment ) R i
various pesticides in grape and strawberry samples in the

[2]. Particularly, fruit commodities contaminated by
range of 0.01 to 0.05 mg L' [8]. Consequently, due to the

Nur Husna Zainal Abidin et al.



730

exceeded permitted level by regulation as well as well-
known toxicity of OPPs pesticides and their degraded
products, effective extraction coupled with appropriate
clean-up and enrichment steps are necessary prior to
instrument analysis [9-11].

Several techniques including, liquid-liquid
extraction (LLE) [12], solid phase extraction (SPE) [13],
solid phase microextraction (SPME) [14], micro solid
phase extraction (u-SPE) [15] and dispersive solid phase
extraction (DSPE) [16] have been successfully applied to
remediate the pesticides and their degraded products
from the various matrices. Comparatively, the SPE
method offers good recovery, short extraction time, high
enrichment factor, less organic solvent consumption, and
reasonable cost is eminent as an advantageous and
genuine method [17-19]. However, there are several
limitations encountered of this method, including a large
amount of eluent, time-consuming, due to the limited rate
of diffusion and mass transfer and limited efficiencies of
the target analytes from large breakthrough volume [18].
Thus, the development of novel SPE models by applying
magnetic nanoparticles as the SPE sorbent known as
magnetic solid phase extraction (MSPE) are highly
sensible.

In recent years, magnetic solid phase extraction
(MSPE) a pioneering technique for sample preparation as
well as performed a great interest in order to improve the
stability, sensitivity, compatibility, and good extraction
efficiency. It is a new mode of SPE based on the adoption
of magnetic or magnetizable adsorbents which can be
readily isolated from the sample matrix by an external
magnet without any filtration or centrifugation [21-22].
Notably, magnetic sorbents are uniformly dispersed into
suspension by vortexing or shaking to enhance the
interfacial area between sorbent and analytes, which give
high extraction efficiency in a short time [20,22].

Hitherto, Fe;O4 nanoparticles have been widely used
as a sorbent in MSPE due to its high magnetic saturation,
low toxicity, and simple preparation process [23].
However, as their high surface area (10 to 450 m* g'), the
unprotected metal oxide nanoparticles have a great
tendency to aggregates, less surface interaction and easily
oxidized [23,25]. These drawbacks can overcome through
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functionalization or coating with different compounds
for pre-concentration trace level of organic pollutants
[24-26]. To date, silica/magnetite nanocomposites have
been particularly devoted, since the protective layer
afforded by silica can screen the dipolar magnetic
attraction between magnetite particles, which favor the
dispersion and prevent them from leaching in the acidic
environment [27].

In this regard, mesoporous silica such as MCM-41
(Mobil Composition of Matter Number 41), and SBA-
15 (Santa Barbara Amorphous-15) are solid materials, as
well as consist of a honeycomb-like porous structure with
hundreds of free mesopores that are able to accommodate
relatively with high coverage of bioactive molecules.
Their tremendous features, include high surface area
(700-1500 m* g™'), large pore volume (> 0.7 cm’ g™'),
tunable pore size with a narrow distribution, and good
chemical and thermal stability of these materials, make
them potentially suitable for various application in
different fields of technology including drug delivery
(28], [29],
removal/preconcentration of organic pollutants [30-32].

system catalysis sensing [30] and
Furthermore, a huge density of silanol groups on the
pore wall allows a variety of functional groups to be
incorporated for increasing selectivity [34]. A literature
survey reveals that the application of silica embedded
magnetite system has been aroused widespread in
environmental analysis. For instance, octadecyl moieties
derivatized Fe;O, for polycyclic aromatic hydrocarbons
from environmental samples [20] Fe;04@SiO,-C18
magnetic composite materials for extraction of
organophosphorus pesticides [35], Fe;0,@Si0,@PMMA
for enrichment peptides and proteins [36] and MCM-41
embedded Fe;O4 nanoparticles for the extraction and
determination of selective antidepressant drugs in
biological fluids [23].

There have been significant advances in magnetic
nanoparticles applied as sorbents for magnetic solid
phase extraction to the best of our knowledge, relatively
few published works address the investigation of the
potential use of mesoporous silica coated magnetic
nanoparticles as a sorbent for magnetic solid phase
extraction in organic pollutants agriculture crops. In
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view of the aforementioned, the main aim of this study
was to investigate the synthesis of Fe;0,-MCM-41 as an
efficient sorbent for magnetic solid phase extraction
(MSPE). Therefore, the extraction performance of
sorbent was evaluated for MSPE to extract three OPPs
(chlorpyrifos, diazinon and parathion methyl) in
strawberry and grape samples prior to high performance
liquid chromatography UV detection (HPLC-UV). To
accomplish this purposed, the parameters affecting the
extraction recoveries were investigated, and the related
optimized values were obtained.

m EXPERIMENTAL SECTION
Materials

Analytical grade acetonitrile and methanol were
obtained from Merck (Darmstadt, Germany),
hydrochloric acid 37%, ammonium hydroxide NH,OH
25%, were provided from Sigma Aldrich (USA). Pesticide
standard of chlorpyrifos, diazinon, and parathion methyl
prepared in methanol were purchased from Sigma
Aldrich (purity assay in range of 98-101%). A stock
solution (1000 mg L") of each pesticide was prepared in
methanol, then a 100 mg/L intermediary standard
mixture stock was achieved. For the synthesis of MCM-41
and Fe;0,-MCM-41, cetyltrimethylammonium bromide
(CTABr) and Ludox colloidal (30%) were purchased from
Sigma-Aldrich. FeCl,-4H,O and FeCl; were obtained from
Merck (Germany). Potassium dihydrogen phosphate
(KH;PO,), sodium hydroxide (NaOH) and phosphoric
acid were obtained from Merck (Darmstadt, Germany).

Chromatographic Conditions

The chromatographic analysis for pesticides was
performed on a ZORBAX Eclipse Cis column (5 pm x 2.1
x 100 mm) from Agilent Technologies, (USA), consisting
of a quaternary pump and UV-Vis Detector. Analyte
peaks were detected using Agilent UV-Vis detector at a
selected wavelength of 210 nm. The mobile phase consisted
of acetonitrile and phosphate buffer (pH 4.5; 1 mM) at the
ratio of 60:40 v/v. The flow rate was programmed at
0.2 mL min™ and the injection (0.2 pL) into the HPLC
system was carried out manually using microsyringe
Hamilton Company (California, USA).
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Procedure

Preparation of MCM-41 and Fe304+MCM-41

The MCM-41 was prepared according to the
previous study [37-38] with minor modifications.
Briefly, sodium silicate (solution A) was prepared by
mixing 33.80 mL of Ludox (30%) with 3.03 g sodium
hydroxide (NaOH) in 37.5 mL double distilled water at
80 °C for 2 h with stirring. Another solution (solution B)
was prepared separately by mixing 9.60 g of
cetyltetraammonium bromide (CTABr) and 0.50 g of
ammonium hydroxide (NH,OH) in 75.0 mL of distilled
water, followed by stirring at 80 °C until a clear solution
was obtained. Both solutions, A and B, were mixed in
polypropylene bottle to give a gel with a composition of
6 Si0,:CTABr:1.5 Na,0:0.15 (NH,),0:250H,0, followed
by vigorous stirring. The resulting gel was kept in an air
oven for crystallization at 100 °C for 24 h. The gel then
was cooled to room temperature, and the pH of the gel
was adjusted approximately to 10.2 by adding 25 wt.%
acetic acid. The heating and pH adjustment were
repeated twice. The solid product was filtered, washed,
neutralized and dried overnight at 100 °C. Finally, the
solid product was calcined at 550 °C in the furnace.

Fe;04,-MCM-41 (Fig. 1) was prepared by following
the reported procedure with minor modification [39].
Briefly, Fe;0,~-MCM-41 was prepared by mixing 0.5 g of
MCM-41 in 100 mL doubled distilled water and 1 mmol
FeCl,-4H,O and 2 mmol FeCl; were added to this
solution. Then, the solution mixture was vigorously stirred

Fiy0,-MCM-41

Fe**IFe™ solution . =
Fig 1. Synthesis route of Fe;0,-MCM-41 [40]
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and degassed with nitrogen. During the stirring solution,
10 mL aqueous ammonium hydroxide solution was added
dropwise. Once the solution became black, and it was
continued stirring for another 1 h. Finally, the solution
was centrifuged with doubled distilled water until the pH
becomes neutral. Then, the synthesized Fe;Os-MCM-41
was dried in a vacuum desiccator at room temperature.
The characterization of synthesized MCM-41 and
Fe;0,-MCM-41 was performed by Fourier transform
infrared (FTIR), X-ray diffraction (XRD), field emission
scanning electron microscopy (FESEM), and nitrogen
adsorption-desorption isotherms. A Perkin Elmer 8300
Series KBr-Fourier transform infrared spectrometer
(KBr-FTIR) was used KBr pellets method in the range
from 4000 to 400 cm™ for recording the FTIR spectra.
Surface morphology and size of synthesized materials
were studied using JEOL JEM-2300 field emission
scanning electron microscopy (Tokyo, Japan) after
coating the sample with a gold film, using a voltage 20 kV.
Transmission electron microscopy (TEM) was performed
using a JEM-2100F microscope (200 kV). XRD analysis
was carried out on (Rigaku) with CuKa radiation (A =
1.5406 A, 30 Kv, 30 mA) to investigate the internal array
of the composite. The specific surface area and averaged
pore size of the prepared materials were determined using
Brunauer-Emmett-Teller (BET) surface area analyzer
(Belsorp-mini II, Japan). The sample was evacuated at
(300 °C and in nitrogen flow for 6 h). The surface area was
obtained from the linear of Brunauer-Emmett-Teller
(BET) method using adsorption data in the relative
pressure range from 0.05 to 0.2. The pore size distribution
was calculated from the adsorption branch of the
isotherm using the Barrett-Joyner-Halenda (BJH) model.

Real sample preparation

Grape and strawberry were chosen as real model
samples, and the sample preparation procedure was
implemented based on the reported procedure [41]. Then,
1000 pL of the standard solution of pesticides (1 mg L")
in real samples was spiked into real samples (10 g of each)
and kept at room temperature for 1 h. Afterward, 10 mL
of distilled water and 10 mL of methanol were added into
it and was mashed using a laboratory mixer followed by
homogenization using ultra-sonicator (4000 rpm) for
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5 min. Finally, the solution was filtered using filter paper
two times. The same procedure was conducted for
unspiked samples without the addition of the standard
solution of the pesticides. Finally, the filtered solutions
(spiked and unspiked) were subjected to the proposed
procedure.

Extraction procedures for selected organophosphorus
pesticides

Optimization of MSPE parameters. Different
parameters include types of extraction time, desorption
solvent, desorption time, and sorbent dosage were
optimized during the MSPE. Initially, 10 mL of sample
volume, 50 mg of sorbent, and 15 min extraction time
were used for extraction of the selected chlorinated
pesticides. The organophosphorus pesticides were
eluted using 0.5 mL of different types of solvents.
Magnetic solid phase extraction (MSPE). The
prepared of Fe;04,-MCM-41 composite was studied as
MSPE sorbent for the enhanced preconcentration of the
targeted pesticides from fruit samples [42]. Briefly, an
optimum weight of the sorbent Fe;0,-MCM-41 (50 mg)
was added into 10 mL of treated samples spiked with
known variable amounts of selected pesticides. The
mixture was shaken (250 rpm) for 15 min at room
temperature by orbital shaker to achieve a homogenous
dispersion solution. With the aid of an external magnet,
the sample solution was be removed, and the trapped
analytes were eluted with 500 pL of acetone under
ultrasonication for 5 min. Finally, the magnet was again
placed to the vial, and the eluate was evaporated under
the mild nitrogen stream, and the resultant residue was
reconstituted with 0.1 mL acetone. An aliquot (2 uL) of
final extract sample was injected into the HPLC/UV.
Simplified schematic of the analytical procedure of
MSPE is illustrated in Fig. 2.

MCM-41-DSPE procedure

A synthesized MCM-41 was optimized with
important extraction parameters such as type of solvent,
desorption time, sorbent dosage, extraction time.
Acetone, acetonitrile, methanol, and ethyl acetate with
0.5 mL was used to optimize the effect of the solvent on
MCM-41-DSPE. high
efficiency was achieved using 0.5 mL acetone at different

Comparatively, extraction

Nur Husna Zainal Abidin et al.



Indones. I. Chem., 2020, 20 (4), 729 - 745

E

=
Pt

+FROrhCh-41 Extraction Sample Desorption with
=0PPs Analytes Decanted 500 pL Acetone
HPLC-UY % 7
Analysis @
100 Dry with N: k
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500 pL Acetone with
analytes

Fig 2. Schematic illustration of magnetic solid phase
extraction using Fe;O,-MCM-41 sorbent

desorption time (1 to 10 min). On the basis of the results,
0.5 mL of acetone at 5 min desorption time was selected
as optimized desorption time. In order to improve the
preconcentration factor, the sorbent dosage was also
optimized (30 to 100 mg). The maximum extraction
efficiency was obtained with 50 mg of sorbent dosage and
thus was selected as the optimized sorbent dosage. The
best result was achieved at 15 min extraction time.

m  RESULTS AND DISCUSSION

Characterization FTIR Analysis

FTIR analyses were employed to ascertain
functional groups performed in Fe;Os,, MCM-41, and
Fe;04,-MCM-41 sorbents. Major adsorption bands shown
in prepared sorbents were summarized in Table 1. As
shown in Fig. 3, a large, broad band in all samples between
3450 and 3330 cm™ corresponds O-H stretching
vibration mode of silanol groups and the band at 1639 cm™

is assigned to bending mode of O-H and the adsorbed
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water [42-43]. The typical adsorption peaks at 1077, 800
and 460 cm™, which ascribed to the presence of
asymmetric Si-O-Si stretching, symmetric Si-O-Si
stretching and Si-O-Si vibration, appear in the infrared
spectra of MCM-41 and Fe;04-MCM-41, respectively
[45-47]. Furthermore, the adsorption peak shown in
pristine Fe;O, at 599 cm™ (Fig. 3(b)) indicated the Fe-O
stretching [45-46]. The Fe;0,-MCM-41 particles show
characteristics peaks at 464 and 1636 cm™', which slightly
decreased with the appearance of the Fe-O-Si covalent
bonding due to OH condensation [44]. Consequently,
changes of some characteristic peaks confirmed the
Fe;O4 nanoparticles were successfully anchored on the
surface of MCM-41.

X-ray Diffraction

XRD patterns of MCM-41 and Fe;0,-MCM-41 are
shown in Fig. 4(a) and 4(b), respectively. The
diffractogram of MCM-41 exhibited Bragg peaks at low

Transmittance (a.u.)

-E-I-GJ:EI

2500 2000 1500 1000
Wavenumber [cm-1)

Fig 3. FTIR spectra of (a) MCM-41, (b) Fe;O,and (c)
FC304-MCM—41

Si-0
500

3500 3000

Table 1. Comparison of FTIR absorption bands of MCM-41 and Fe;0,-MCM-41

Wavelength (cm™)

Adsorption stretching bands

MCM-41 FesO4 Fe;04-MCM-41
O-H stretching 3453 3330 3450
O-H bending 1639 - 1636
Asymmetric Si-O-Si 1077 - 1096
Symmetric Si-O-Si 800 - 798
Si-O-Si 459 - 463
Fe-O - 599 -
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angles between 0.967-1.865°, indexed as (100), (110) and
(200) in the hexagonal system (Fig. 4(a)). These peaks are
typical of these materials and arise from the quasiregular
arrangement of the mesopores in the bulk material [50].
However, the obtained XRD pattern appeared only one
broad peak at 26 of 0.967° due to (100), and two extremely
weak peaks between 1.203 and 1.865° due to (110) and
(200) planes, being indicative of a material which does not
exhibit long-range mesopores ordering [51]. Meanwhile,
the broad diffraction peaks of 20 at 20-30° shown in the
angle XRD pattern of Fe;0,-MCM-41 are the
characteristics from the amorphous silica template (Fig.
4(b). The diffraction peaks appeared at 26 of 35.7, 43.3,
56.4, and 63.1° were assigned to (311), (400), (511) and
(440) reflections, respectively, which are indexed to the
spinel structure of pure stoichiometric Fe;O, (JCPDS
Card No. 19-0629) [39]. The characteristic peaks of the
existence of magnetite particles in Fe;O,-MCM-41
exhibited the same textural property as MCM-41, which
confirmed that mesoporosity was preserved after
synthesis of Fe;O, nanoparticles.

Indones. I. Chem., 2020, 20 (4), 729 - 745

Morphology Property

The surface morphology of synthesized of MCM-
41 and Fe;O0,-MCM-41 were analyzed via field emission
scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM). The micrographs are
illustrated in Fig. 5 and 6. The FESEM micrograph of
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e Mgy 5qp8em (o)
=: W
= 0 10 20 30 40 5 80 T0 80
z 2 Theta (deg)
2
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0
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B
&
} 110 200 [a)
T L] L h L] ¥
1 3 4 7]
2 Theta [deg)

Fig 4. XRD patterns of (a) MCM-41 (b) Fe;O,-MCM-41
composite

v . ¥ u 1 _. 7
Fig 5. Micrograph image of (a) MCM-41 and (b) Fe;0,-MCM-41 observed at 5 K magnification

T
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MCM-41 in Fig. 5(a), showed loosely agglomerated
particles with a rod-like shape, with uniform pore size
about 3.83 nm, which is a good agreement with narrow
distribution (BJH) determined by nitrogen
adsorption-desorption [52].  After
dispersing with FesO,, Fig. 5(b) clearly shows that the
distribution of magnetite particles on the surface of

size
measurement

MCM-41 unnoticeable coating. Besides, the particle sizes
are difficult to measure due to the agglomeration of
magnetite particles on the surface of MCM-41. In order to
indicate the iron oxide nanoparticles on the surface of
a detailed TEM analysis was
performed. TEM images are shown in Fig. 6, the iron

mesoporous silica,
oxide nanoparticles dispersed and appeared as dark dot-
like objects on the surface of mesoporous silica with an
average diameter approximately about 13 nm. Besides
some particles could be seen in partially aggregated due to
the existence of magnetic interaction between particle
[27]. Thus, the TEM analysis gives evidence that the
ordered mesoporous structure is maintained after
dispersing.

Nitrogen Desorption Adsorption Isotherm

The isotherm of nitrogen adsorption-desorption
and the corresponding pore size distribution curve of
various prepared samples are presented in Fig. 7.
Apparently, all samples exhibit a typical type IV
physisorption curves which indicate the pattern of
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mesopores materials (2-50 nm) according to the
classifications of the IUPAC (Fig. 7(a)). The samples also
display clear H1 type hysteresis loop with rapid in
nitrogen uptake p/po = (0.4-1.0), which is due to
monolayer adsorption of nitrogen to the walls of the
mesopores. Furthermore, the samples also demonstrated
a narrow pore size distribution by the BJH method, as
shown by the inset in Fig. 7(b). The pore size distribution
centered near (3.83 nm) for MCM-41 and Fe;O,-MCM-
41 (3.39 nm), respectively, suggest that the pore size is
predominantly composed of mesopores and concentrated
in the small size range. Fe;0,-MCM-41 composite
contributes a small pore size compared to the pure
mesoporous due to the magnetite particles (Fe;O.)
occupy on the mesopore free space intrachannels of
MCM-41 partially [40]. This makes this composite a
the
subsequent analysis under appropriate conditions.

promising candidate for incorporation and

The effective adsorption functional groups in the
MCM-41 and Fe;0,-MCM-41 pores is studied by the
expressive of surface area, size, and pore volume, as
presented in Table 1. A sensible difference was observed
for the BET specific surface of MCM-41 (436 m* g™') and
Fe;0,-MCM-41(293 m’/g), respectively. From the
results obtained, it can be concluded that the pore size of
distribution in this study can be varied within 3.83 nm
to 13 nm due to the irregular pore and surface area of

prepared materials. However, this pore size is sufficient

b
(a) a— MCHM-41 (o) —a— MCHM-41
= = Fe:0:-MCM-41 f £ 4 Fe:0a MCH-_41
= “ o
@ w3
e [} E
£ S &
E’ l'.:'._ v
E " n® .l-'- uf E
r=] w ¥ " -l'.-. =2
s ._,l"'- .:f g
e __..
i - - [=] i
& =2 a—n— i g |
'E ’.‘I:l"r E
2 h" 5
a 7
0.0 0.2 0.4 0.6 0.8 1.0 G 20 40 B0 B0 100 120 140 160 180

Relative Pressure (P/Ps)

Pore diameter (nm)

Fig 7. (a) N, adsorption isotherms, (b) Pore size distribution of pure MCM-41 and Fe;O,-MCM-41composite
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Table 2. N, adsorption results

Sample Sper (m* g™') D, (nm) Vp (cm® g™
MCM-41 436 11.27 0.533
Fe;0,-MCM-41 293 10.70 0.465

Sser = Specific area; Dp = Mean pore diameter; V, = Mean pore volume

enough for the sorption of targeted pesticides. Details
results for sorption studies will be discussed in subtopic
analytical performance.

Optimization of MSPE Procedure

A batch-wise MSPE was investigated to assess the
extraction efficiency of the synthesized Fe;O,-MCM-41
sorbent for the selected organophosphorus pesticides. In
order to optimize extraction conditions, several main
parameters including desorption solvent, extraction time,
desorption time and sorbent dosage were studied in one
variable at a time (OVAT), which ensures the variable
responsible for any effect observed is clearly identified.

Effect of extraction time
As an equilibrium extraction step is concerned, a
parameter plays imperative rules on the extraction

4 (a) 8 Parathicn methyl
5 8 Dviazinon
40 & Chiorpyrifos
w
T N
EW % %
i o R
i 20 :_a.% E‘.,’Ni
315 R PR
a g."% %ﬁ
5 R RS
& 10 15 20
Extraction time (min}
0 (c) @ Parathion methyl
- & Diszinon
- & Chiorpyrifos
— .y
T 20 a8
3 N
E 5 E‘;._:t‘:.:
CR E
] L Lo
3 7 10

Desorption ti

me [min)

Fig 8. Effect of (a) extraction time, (b) desorption solvents,

pesticide extraction efficiency

efficiency. The effect of extraction time on the extraction
efficiency of OPPs using Fe;0,-MCM-41 was performed
to achieve the highest sensitivity and recovery.
Extraction was investigated at different shaking time
from 5 to 20 min. The extraction efficiency depends on
the mass transfer between Fe;0s-MCM-41 and analytes
in the sample solution. As illustrated in Fig. 8(a), there
was a rapid increase in extraction efficiency of all
analytes when the extraction time was prolonged from 5
to 15 min, and the peak areas remained nearly constant
or decreased when the extraction time was further
increased to 20 min. This phenomenon might be due to
the back-extraction of analytes from the adsorbent into
the sample solution [53]. Thus, 15 min was selected as
the optimum extraction time for subsequent extractions.

WD) @ Parathion methyl
B Diazinon
25 4 ® Chlorpyrifos
w
4 2004
-
£ 1501
g
3 1004
S ;2/ : e
scetonitrile scetons m-hexane sthyl scetate
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i (d) BParathion methyl
5 8 Diazinon
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(c) desorption time and (d) sorbent dosage on OPPs
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Effect of desorption solvent

The selection of an appropriate desorption solvent
plays a vital role in the MSPE process to ensure high
recovery and sensitivity on method performance [11]. In
general, the selection of desorption solvent, the polarity of
solvents, the solubility of analytes relies on its compatibility
of the analytical instrument should be considered. Due to
the selected of OPPs relatively mid-polar and they were
adsorbed strongly on Fe;0,-MCM-41 surface, thus only
polar solvent can disrupt the interaction and desorbed the
analytes. Hence, four organic solvents of different polarity,
namely, acetonitrile, acetone, ethyl acetate, and hexane,
respectively, were performed to elute the adsorbed analyte
from the magnetic Fe;O,-MCM-41 sorbent. These
solvents have different polarities, with ethyl acetate being
the most polar solvent and n-hexane being the most non-
polar solvent. It is obviously shown in Fig. 8(b) that the n-
hexane provided good response and satisfactory
efficiency towards non-polar chlorpyrifos and diazinon.

Particularly, the Fe;0s-MCM-41 could not be
dispersed well in n-hexane, which impeded the effective
desorption of analytes from sorbent, but n-hexane is a
non-polar solvent, and it provide hydrophobic
interactions with selected non-polar OPPs, which similar
in chemical characteristics. Otherwise, the acetone gave
the highest response towards polar parathion methyl and
as well as satisfactory efficiency was also obtained for the
non-polar OPPs due to its highest desorption ability, and
it is the least viscous solvent compared to the other three
solvents except for diazinon whose response was lower
than parathion methyl and chlorpyrifos. Hence, 500 uL of
acetone was selected for the desorption of polar and non-
polar compounds throughout the entire study as a

desorption solvent.

Effect of desorption time

Desorption time is regarded as the time that is
required to desorb all the analytes from the sorbent. In
order to study the effect of desorption time (Fig. 8(c)), the
process was performed with the aid of an ultrasonicator at
different durations in the range 1 min to 10 min. It can be
observed that the peak area increased with desorption
time to reach a maximum at 5 min. Beyond this point
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(10 min), no significant increase peak area was observed
due to the analytes being re-adsorbed by the sorbent
[54]. Therefore, 5 min was adequate and acceptable to
elute all the absorbed analytes fully.

Effect of sorbent dosage

The optimization of the mass of the sorbent is one
of critical condition that provides a sufficient capacity to
retain both the analyte and any contaminants that may
be also be retained during the loading procedure [17]. In
order to achieve the highest extraction recovery, the
effect of sorbent dosage was assessed by changing the
mass of sorbent in the range of 30 to 100 mg to extract
the selected OPPs pesticides (Fig. 8(d)). This graph
clarified that the peak area ratio of the extracted OPPs
remarkably increased up to 50 mg of the sorbent.
However, when 70 mg of sorbent was used, no
additional enhancement of the peak area was observed.
The decrease in response could be due to the saturation
of the active site on the adsorbent that has been
exceeded. Thus, 50 mg of sorbent was adopted for
subsequent analysis.

Extraction Performance of Fe3;0,, MCM-41, and
Fes04-MCM-41

Comparative studies were performed in order to
compare the extraction performance of the newly
synthesized of Fe;O0s, MCM-41 and Fe;0,-MCM-41
sorbents for pre-concentration of four pesticides of
different
(chlorpyrifos, diazinon, and parathion-methyl). Fig. 9
illustrates that the Fe;O, showed unsatisfactory (< 10%)
towards the all selected OPPs studied as evidence by the
extraction recoveries observed. However, when Fe;O,-

polarity  organophosphorus  pesticides

MCM-41 particles were utilized as a sorbent, relatively
higher extraction recoveries (> 70%) of OPPs pesticides
were obtained [23]. The capability of Fe;0-MCM-41
exhibited the highest extraction recoveries due to the
analyte was adsorbed on the active site of MCM-41, and
this possibility might be due to the hydrogen bonding
interaction between the silanol groups of MCM-41 with
different anionic sites (O, N, S, and Cl) of the selected
OPPs [55].
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extraction recoveries) of three different sorbents for the
OPPs pre-concentration. Condition for extractions:
sample volume 10 mL, mass of sorbent 50 mg,
concentration of analytes 1 mg L™, extraction time 15 min,
desorption time 3 min and 0.5 mL acetone as desorption
solvent

Analytical Performance

Quantitative analysis of MSPE method based on
Fe;0,-MCM-41 as sorbent was validated under the
optimized conditions using different analytical
parameters such as linearity, the limit of detection (LOD),
the limit of quantification (LOQ), precision and accuracy.

Matrix match calibration was performed by spiking

Indones. I. Chem., 2020, 20 (4), 729 - 745

different concentrations of the selected pesticides into
the strawberry and grape samples. The linearity of the
MSPE technique for OPPs pesticides using MCM-41
and Fe;0,-MCM-41 was performed in the range from
0.1-5.00 mg L' for strawberry and grape samples. Good
linearity with a high value of the coefficient of
determination (R?) was higher than 0.9900 in the linear
range (Table 3). The LOD (S/N = 3) obtained for all
pesticides in the range 0.02-0.15 mg L™" and the LOQ (10
x S/N) in the range 0.06-0.40 mg L. However, the
obtained LOD for Fe;04-MCM-41 is appreciably lower
as compared to the MCM-41. Besides, LOD obtained for
Fe;04,-MCM-41 was well below the maximum residue
limits (MRLs) real-life range of grape and strawberry
(10 mg L) set by EU for each pesticide. Thus, the
proposed MSPE method based on Fe;O,-MCM-41 is
highly efficient for the determination of these selected
pesticides in fruit samples.

Repeatability and reproducibility of the proposed
MSPE method were investigated using intraday and
interday measurements. Relative standard deviation
(%RSD) were assessed at low and high concentrations
(0.1-5.0 mg L") with triplicate analyses on the same day
and over three different days (n = 3) using fruits samples,
respectively. Acceptable results based on RSD% were
obtained in the range from 1.0 to 6.0% (n = 3) and 1.0 to
7.0% (n = 3) for intraday and interday precision
respectively (Table 4).

Table 3. Statistical results of MSPE method for selected pesticides, including linear range, correlation coefficients (R?),
the limit of detection (LOD), the limit of quantification (LOQ) of MCM-41 and Fe;Os-MCM-41 of OPPs spiked in

fruits samples (n = 3)

Fe;0,-MCM-41 MCM-41

Linearity LOD LOQ R Linearity LOD LOQ R

(mgLl?')  (mgl") (mgLl™) (mgLl?) (mgL') (mgLl™)
Strawberry
Chlorpyrifos 0.1-5.00 0.02 0.06 0.9955 0.1-5.00 0.12 0.38 0.9942
Diazinon 0.1-5.00 0.12 0.39 0.9935 0.1-5.00 0.15 0.40 0.9950
Parathion methyl 0.1-5.00 0.12 0.38 0.9940 0.1-5.00 0.10 0.22 0.9912
Grapes
Chlorpyrifos 0.1-5.00 0.04 0.13 0.9966 0.1-5.00 0.11 0.22 0.9945
Diazinon 0.1-5.00 0.04 0.12 0.9960 0.1-5.00 0.13 0.36 0.9971
Parathion methyl 0.1-5.00 0.06 0.19 0.9980 0.1-5.00 0.14 0.34 0.9960
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Table 4. Study of repeatability and reproducibility of the MSPE method based on intraday and interday precisions

Intraday %RSD (n = 3)

MSPE precision
Interday %RSD (n = 3)

Analyte Spiked in fruits samples (mg L)
0.1 5.00 0.1 5.00

Grapes
Chlorpyrifos 74.9 (3.2) 125.2 (1.2) 95.8 (6.4) 100.89 (0.3)
Diazinon 75.9 (2.7) 95.2 (4.3) 70.7 (1.4) 122.08 (4.5)
Parathion methyl 75.5(1.9) 92.9 (4.1) 76.1 (2.1) 114.5 (1.2)
Strawberry
Chlorpyrifos 73.8 (4.6) 107.7 (0.8) 72.6 (5.8) 100.63 (1.1)
Diazinon 74.50 (5.8) 69.94 (3.8) 92.6 (6.4) 88.48 (4.2)
Parathion methyl 79.4 (4.3) 108.1 (4.4) 70.9 (6.6) 73.76 (3.4)

Reusability of the adsorbent was carried out by
evaluating the extraction performance of Fe;0,-MCM-41
for different extraction-desorption cycles. In order to
investigate the regeneration of the sorbent, the used of
sorbent washed acetone

was subsequently ~ with

respectively after each extraction, and then the dried

sorbent was used in the subsequent analysis. The result
indicates that Fe;04-MCM-41 could be used repeatedly
at least three times without a significant decrease in
extraction recoveries (> 90%) and its magnetic property.
These results show the adsorbent is stable for repeated
used, which is favorable for MSPE based method.
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Fig 10. HPLC-UV chromatogram for the (a) unspiked (1 mg L") and (b) spiked of real samples of (1) grape and (2)

strawberry
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Table 5. Recovery and RSD% of OPPs analysis in grape and strawberry samples using developed MCM-41 and

Fe3O4-MCM—41

Spiked level % Recovery (RSD%, n=3)
Sorbent Sample B - —— -
(mgL™) Chlorpyrifos Diazinon Parathion methyl
Strawberry 0 nd nd nd
1 110.7 (5.7) 101.4 (2.0) 108.9 (5.2)
MCM-41
Grapes 0 nd nd nd
P 1 112.4 (4.6) 107.2 (0.7) 73.3 (4.8)
0 nd nd nd
Strawberry
1 101.8 (1.8) 83.5(3.0) 109.6(4.3)
Fe3O4-MCM-41
Grapes 0 nd nd nd
P 1 118.3 (5.5) 108.8 (1.3) 115.3 (1.2)

Table 6. Comparison of the current study with other recent solid-based extraction techniques that used for
determination of OPPs in fruits and vegetable sample preparation

Adsorbent Method Detector Matrix LODs Recovery (%) References
Fe;04-MCM-41 MSPE HPLC-UV  Fruits 0.02 mg L™ 85-120 This study
MG@SiO,-TMSPEDc MSPE GC-uECD  Fruits 0.20 pg kg™ 82-113 [56]
Fe;0,@G-TEOS-MTMOS MSPE GC-ECD  Water 1.44pgmL™  83-105 [57]
Fe;04@S5i0,@GO-PEA MSPE GC-NPD  Water and vegetables ~ 0.02 ug L™ 94.6-104.2 [58]
C-G/Fe;0, SPME HPLC-UV  Water 50ngL™! >70 [59]
GCB/PSA/Fe; Oy DSPE GC-MS Vegetables 1.30 ng L™! 70.3-114.1 [60]
Molecular imprinted polymer SPE GC-MS Fruits 0.83 pg L 89.7-99.7 [61]
PDMS-TEOS SBSE GC-TCD  Vegetables 0.06 ng mL™! 70-85 [62]

Organophosphorus Pesticides (OPPs), limit of detection (LOD), magnetic solid phase extraction (MSPE), solid phase microextraction
(MSPE), dispersive solid phase extraction (DSPE), solid phase extraction (SPE), stir bar sorptive extraction (SBSE), high-performance liquid
chromatography-ultraviolet detector (HPLC-UV), gas chromatography-electron capture detector (GC-ECD), gas chromatography mass

spectrometry (GC-MS), gas chromatography thermal conductivity (GC-TCD)

Real Sample Analysis

In order to assess the applicability of the proposed
Fe;0,-MCM-41, MSPE method OPPs pesticides were
isolated to strawberry and grape as real model samples.
Prior to that, the real samples were treated in accordance
with the procedure in preparing samples and were then
spiked with the OPP standard solution with level 1 mg L.
Each sample was analyzed three times using the
HPLC/UV. The same process was applied to unspiked
samples. The obtained HPLC chromatograms for
strawberry and grape samples (spiked and unspiked) are
illustrated in Fig. 10(1) and 10(2). It was shown that the
unspiked samples for the selected pesticides were not
detected. Besides, Table 5 shown good recoveries of the
method were observed in the range of 85-120% with good
repeatability %RSD (< 10%, n = 3) for the selected

pesticides in both strawberry and grape samples.
Additionally, RSDs for triple extraction was more than
10% for the analyte in the real samples.

Comparison with Other Methods

Literature research of analytical performances on
the determination of OPPs pesticide in various samples
was conducted to compare the properties of the
proposed method with those of the reputed studies. As
illustrated in Table 6, the developed MSPE method
offers LOD better than SPE, DSPE, and comparable with
that of SPME and MSPE methods which demonstrated
considerable lower LODs. However, the LODs of the
current MSPE procedure is lower than MLRs (10 mg L™")
and offers an easier and faster procedure for the
simultaneous extraction of selected pesticides from fruit
samples.
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m CONCLUSION

The combined advantages of the large surface area
of MCM-41 and magnetic properties of Fe;O4 make the
successfully synthesized Fe;0,-MCM-41 a promising
sorbent for microextraction of OPPs pesticides in fruit
samples. Outstanding relative recovery (85-120%) and
low LOD (0.04-0.20 mg L") with method precision
(RSD%) of (2.6 to 9.0%, n = 3) for selected OPPs in reals
samples were achieved. These results proved that the
newly synthesized of Fe;0,-MCM-41 is a versatile
adsorbent for the preconcentration of OPPs pesticides as
compared to those of MCM-41. The field studies also
supported the effectiveness of this new magnetic
nanocomposite adsorbent which could be used and has
good potential for the extraction of selected pesticides
from real fruit samples.
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Abstract: In this study, ZnO nanoparticles were synthesized using a sol-gel method for
oil upgrading and wax deposition control. The synthesized ZnO nanoparticles were used
to measure viscosity and wax deposition in the heavy crude oil and to investigate the
effectiveness of the nanoparticles in the reduction of viscosity and wax deposition control
of the heavy crude oil. This study investigated the effect of calcination temperature on
ZnO nanoparticles during synthesis towards viscosity reduction and wax deposition
control. ZnO nanoparticles were calcined at different temperatures ranging from 300 to
900 °C. The calcined ZnO nanoparticles were characterized using X-ray diffraction
(XRD), Field Emission Scanning Electron microscope (FESEM), and Energy-dispersive X-
ray spectroscopy (EDX) for its structure, size, shape, and morphology. The
characterization results showed a hexagonal wurtzite structure of ZnO nanoparticles. The
physical properties and rheology of heavy crude oil were characterized by using Electronic
Rheometer and cold finger method to analyze the viscosity, shear rate, and wax deposition
of the heavy crude oil for performance study. Decreased in crystallite size from 15.59 to
12.84 nm was observed with increasing calcination temperature from 300 to 400 °C, and
a further increase of calcination temperature from 400 to 900 °C, the crystallite size
increased from 12.84 to 41.58 nm. The degree viscosity reduction (DVR %) of heavy crude
oil was observed to increase by 41.7%, with decreasing ZnO nanoparticles size from 30.11
nm to 12.84 nm. The optimum calcination temperature was 400 °C. Wax deposition
decreases by 32.40% after the addition of ZnO nanoparticles into heavy crude oil.

Keywords: zinc oxide (ZnO); nanoparticles; calcination; wax content; viscosity reduction

m INTRODUCTION

Wax deposition in heavy crude oil has always

not only to the transportation and production section,
but also to the petroleum economy as well. There are
many advanced technology and chemicals for wax

brought a significant impact on the petroleum industry,
especially in the transportation and production section.
There are various effects of wax deposition in heavy crude
oil that we should be concerned about, for example, non-
Newtonian flow characteristics of the fluid, increased
pumping power, decreased flow rate, or even to the total
blockage of the pipeline [1]. Wax precipitation induced by
the viscosity of heavy crude oil that increases can cause
flow line pressure to drop, leading to low flow rates [2]. In
turn, this makes conditions for wax deposition in the
pipes more favorable. Serious wax deposition in heavy
crude oil needs extra attention since it may cause harm

prevention and removals, such as wax crystal modifiers
and dispersants. However, these methods have
disadvantages, such as cost and limited to one well [1].
ZnO nanotechnology has introduced a more effective
solution for the petroleum industry as it provided simple
and cheaper technology. Hence, it has become a major
interest nowadays to reduce wax deposition from the
heavy crude oil, to avoid its bad effect on the petroleum
industry as well as to the environment.

Wax deposition in pipelines is commonly caused
by several factors such as temperature, flow rate, oil
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composition, and shear rate [3]. Generally, wax
precipitation and deposition are related to the wax
content of heavy crude oil. As the temperature increases,
the viscosity of the crude oil decreases. In oil composition,
the API gravity plays an important role in the petroleum
industry as it is related to the wax deposition [4]. A high
API gravity shows that crude oil has low wax content. An
API gravity that is greater than 10 indicates light crude oil,
whereas an API gravity of less than 10 indicates heavy
crude oil [5]. Basically, the heavier the crude oil, the
higher wax content.

In this study, the focus will be given on the heavy
crude oil from the petroleum industry, such as in
transportation and production. It is well known that this
heavy crude oil releases a higher significant deposition of
wax content. The wax that is present in the heavy crude
oil primarily consists of paraffin hydrocarbons (Cis—Css)
known as paraffin wax and naphthenic hydrocarbons
(Cs0-Cso) [6]. The factor that leads to wax deposition
problems depends on the type of oil and the molecular
composition of the wax molecules. The waxes in crude
oils are often more challenging to control because the
alkane chains are often longer in the crude oil [7].

Currently, various conventional methods have been
used to remove the wax precipitate in heavy crude oil,
such as thermal techniques, chemical techniques,
mechanical techniques, and thermo-chemical packages
[1]. However, these conventional methods have some
downside with their process in removing or preventing
the wax precipitate from heavy crude oil [8]. For example,
electric heaters can cause an increase in maintenance
costs, and the availability of electrical power is limited,
while chemical techniques, such as dispersants, could lead
to harmful erosion [1].

Numerous transition metals have been used in many
applications such as iron and zinc because of its heat and
electric conductivity [9]. In addition, these metals are
commonly used as catalytic agents due to their ability to
change their state or absorb other substances on their
surface and activate them in the process [9].

Numerous methods have been described in research
to synthesize ZnO nanoparticles, such as the sol-gel
method, co-precipitation, and spray pyrolysis [10].
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However, in this study, the sol-gel process was more
preferred than the other methods because of its low cost
and simple [11].

m EXPERIMENTAL SECTION
Materials

Crude oil obtained from Kemaman Bitumen
Company Sdn. Bhd. (KBC) was used as received for
characterization and rheological tests to analyze its
properties. Zinc acetate dihydrate
(Zn(CH;C0O0),-2H,0), oxalic acid (C,H,042H,0), and
ethanol (C;HsOH) 95% AR Grade obtained from Vchem
Laboratory Chemicals, ammonia solution acquired from
Daejung Chemicals. The other chemicals such as
hydrochloric acid (HCI), methanol (CH;OH), n-heptane
(C;Hig), and toluene (C;Hsg) also obtained from the
Vchem Laboratory Chemicals.

Instrumentation

High-Resolution X-ray Diffractometer
(PANalytical X'Pert PRO MRD) was used to analyze the
crystallinity of the zinc oxide nanoparticles. Energy
Dispersive X-ray Spectroscopy (EDX) was used in this
to verify the
nanoparticles sample. The surface morphology of ZnO

study elemental composition of
nanoparticles was determined using Field Emission
scanning electron microscopy (FESEM). The rheological
measurement was carried out using a Rheometer Paar

Physica MCR300.
Procedure

Characterization of crude oil

The sample of crude oil studied in this work was
obtained from Kemaman Bitumen Company (KBC) Sdn
Bhd. Table 1 shows the physical properties and
composition of crude oil in weight percentage (%) of the
sample crude oil that was obtained from KBC. The
density of crude oil was determined by using Eq. (1) and
Eq. (2) where S.G., poii, and puaer are the specific gravity,
oil density, and water density, respectively. The API
gravity of crude oil refers to the density of the fluid after
the gas been liberated from the fluid at ambient pressure
and reservoir temperature [12]. Crude oil gained from
the KBC was considered heavy crude oil because of API
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Table 1. Physical properties and composition of crude oil

Physical properties

Density (kg/m?) 999
Specific gravity, SG 0.999
APT° 11
Viscosity at 40 °C (cP) 17,751
Color Black
Cloud Point (°C) 12
Composition Wt.%
Saturates 3.0
Aromatic 63.4
Resin 12.9
Asphaltenes 20.7

and density value of mostly heavy oil ranging between 10°
to 22° API and 920 to 1000 kg/m?* [13].

ape =412 155 1)
SG

$.G. = Poil_ )
PH,0

Synthesis of zinc oxide nanoparticles

ZnO nanoparticles were prepared under constant
processing conditions of pH, zinc acetate, oxalic acid
ratio, and drying temperature by using a sol-gel method.
Zinc acetate [Zn (CH;COOH),-2H,0], oxalic acid
[C;H,0.], and ethanol [CH;CH,OH] were used as
precursor materials for the preparation of ZnO
nanoparticles [10,14]. In addition, the effect of calcination
temperature was studied during the synthesis of ZnO
nanoparticles by varying its temperature from 300 to
900 °C [15-16]. For the preparation of ZnO nanoparticles
with molar ratios of 1:2 of zinc acetate and oxalic acid, 2 g
of zinc acetate was added to the 100 mL of ethanol
solution (+ 10% volume of water) in 500 mL glass beaker
in a water bath at 65 °C under reflux condition for 30 min.
An amount of 1.64 g of oxalic acid powder was added to
the 100 mL of ethanol solution in 500 mL glass beaker at
45 °C under 700 rpm speed for 30 min. Then, the oxalic
acid solution was slowly added by using a burette to the
zinc acetate solution in 500 mL glass beaker under
vigorous stirring at 1000 rpm [10,17]. The final pH of the
reactant was kept at 3 by adding a required amount of
hydrochloric acid and ammonia solution, respectively.
Then, the solution was kept undisturbed for a while till
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white precipitates were seen in the solution and filter the
precipitate by using a vacuum pump. The precipitate
was dried at 80 °C for 2 h in a sintering boat which was
put in a drying oven, and then calcined at 300 °C for 2 h
in a sintering boat in the furnace to obtain a smoother
powder [11]. The calcination of the ZnO precipitate was
repeated but at different calcination temperatures
between 400 to 900 °C.

Characterization of ZnO nanoparticles

The X-ray diffraction analysis was carried out for
the synthesized ZnO nanoparticles by using a High-
Resolution X-ray Diffractometer (PANalytical X'Pert
PRO MRD) with Cu Ka radiation (A = 1.54060 A) over
the angle 20 range of 10°-90° [10]. X-ray diffraction was
used to analyze the crystallinity of zinc oxide
nanoparticles. The XRD patterns indicate the formation
of the crystal structure. The diffraction angle used for the
ZnO nanoparticles sample was from 10° to 90°. In this
study, the intensity peaks and diffraction angle of
calcined ZnO at 300 to 900 °C were investigated to
determine the effect of calcination temperature on the
crystallite size of ZnO nanoparticles.

Other than XRD, field-emission scanning electron
microscope (FESEM) and energy dispersive X-ray
(EDX) were also used to study the characteristic of these
their
structure and composition element of the ZnO

nanoparticles by analyzing morphological
nanoparticles. The morphological structure of ZnO
nanoparticles was determined by using a high-
resolution scanning electron (Zeiss, Supra40VP) with
the magnification of 10,000.

The crystallite size of ZnO nanoparticles was then
estimated by using the Debye-Scherer formula given in
Eq. (3), where 0.89 is Scherer’s constant, A is the
wavelength of X-rays, 0 is the Bragg diffraction angle,
and B is the full width at half-maximum (FWHM) of the
diffraction peak [18].
o 089

= 3
BcosH )

Rheological measurements

ZnO nanoparticles (0.4 g) was added to the heavy
crude oil. The tests were performed at a different
temperature ranging between 30, 45, and 60 °C. This
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experiment was run in a controlled condition: shear rate
between 0 and 500 s~ at 24.85 °C. Shear rate and apparent
viscosity values were obtained every 10 sec, resulting in 28
points, respectively. For performance study, the effect of
ZnO nanoparticle’s size and temperature at a higher shear
rate on the viscosity reduction of heavy crude oil were
investigated by using this equipment.

m  RESULTS AND DISCUSSION

Characterization of Synthesized Zinc Oxide
Nanoparticles
X-ray diffraction (XRD)

XRD was used to characterize the crystalline nature
of the ZnO nanoparticles. Fig. 1 shows XRD patterns of
ZnO nanoparticles calcined at different temperatures
ranging from 300 to 900 °C. The presence of high-
intensity peaks corresponds to the (100), (002), and (101)
lattice plane confirms the formation of the hexagonal
wurtzite structure of the ZnO nanoparticles. The peaks
gained in this study perfectly matches with the standard
peaks of ZnO powder diffraction (JCPDS 36-1451). All
the diffraction peaks of ZnO nanoparticles at different
calcination temperatures were observed at 20:
31.95°,34.7°, 36.4° 47.8°, 56.9°, 63.1°, 66.5°, 68.1°, and

(1023
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69.3°, that attributed to the (100), (002), (101), (102),
(110), (103), (200), (112), and (201) crystal planes of the
hexagonal ZnO powder. Fig. 1 suggests that, with an
increase in calcination temperature, the intensity of
which the
strengthening of the ZnO phase [11].

diffraction peaks increases, indicates

The obtained crystallite size of ZnO nanoparticles
was tabulated in Table 2. The decrease in crystallite size
from 15.59 to 12.84 nm was observed with an increase in
calcination temperature from 300 to 400 °C. However,
the crystallite size continued to increase from 12.84 to
41.58 nm by a further increase in calcination
temperature from 400 to 800 °C. The average crystallite
size of ZnO nanoparticles was found to be 25.42 nm. The
decrease in crystallite size at low temperature indicates
the restructuring process, whereas the increase in
calcination temperature with an increase in crystallite
size suggests the strengthening of the ZnO nanoparticles
phase [11]. In addition, by referring to Fig. 1, the spectrum
became sharper, and diffraction peak became narrower
with the increase in the temperature from 400 to 800 °C,
indicating that the crystallite ZnO nanoparticles
formation has been established due to growth rate
between the crystallographic planes [16,19-21].

(11O
(103
(200)

Intens ity {a.u.)

500°C

400%C

30eC

10 20 30 40

50 60 70 80
2theta

Fig 1. XRD patterns of the ZnO nanoparticles calcined at 300, 400, 500, 600, 700, 800, and 900 °C.
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Table 2. XRD analysis of ZnO nanoparticles: Full width at half-maximum (B) and size (nm) for each degree

Temperature Position Full width at half- Size
(°C) 26 (°) maximum (B) (nm)
300 36.4 0.56 15.59
400 36.4 0.68 12.84
500 36.4 0.47 18.58
600 36.4 0.34 25.68
700 36.4 0.29 30.11
800 36.4 0.21 41.58
900 36.4 0.26 33.58

Energy dispersive X-ray spectroscopy (EDX)
EDX was used in this study to verify the elemental

composition of the nanoparticles synthesized by using the
sol-gel method. Table 3 shows the weight and atomic
percentage of EDX of the ZnO element, which suggests
the good purity of the ZnO powder. Therefore, the
experimental synthesis of zinc oxide nanoparticles sample
was successful due to the presence of zinc and oxygen
elements, respectively.

These results show that the final product was pure
ZnO nanoparticles. According to Al-Hada et al. [19], by
using zinc nitrate as a precursor, the atomic percentages
of Zn and O were approximately 50.13% and 49.87%.
From this comparison, it showed that the precursor of
zinc acetate produces a higher atomic percentage of Zn
than precursor zinc nitrate. However, the value of the
atomic percentage of Zn and O between both precursors
did not create a huge difference.

Effect of Calcination Temperature on Size of Zinc
Oxide Nanoparticles

Fig. 2 shows the crystallite size of the ZnO as a
function of calcination temperature ranging between 300
to 900 °C. As calcination temperature increases from 300
to 400 °C, the crystallite size of ZnO decreases. The
decrease in the crystallite size of ZnO from 15.59 to
12.84 nm was due to the structural rearrangement, which
indicates a restructuring process [10-11]. However, the
crystallite size of ZnO tends to increase from 12.84 to
41.58 nm with increasing calcination temperature from
400 to 800 °C, which implies the strengthening of the ZnO
phase. This was because of the increment of the crystallite

volume to the surface ratio [11,19]. The minimum
crystallite size of ZnO in this study was achieved at a
temperature of 400 °C, whereas the maximum one was
achieved at 800 °C.

Effect of Calcination Temperature on the
Morphology of the Nanoparticles

Fig. 3 shows FESEM images of the ZnO
nanoparticles at different calcination temperature. Fig.
3(a) reveals that the synthesized sample has nanoparticles
appearance with a rod-like morphology structure at
lower temperature. Fig. 3(b) shows that the length of the

Table 3. Weight and atomic percentage of EDX of ZnO
element

Element Wt.% Atomic %
(@] 22.59 45.61
7n 77.41 54.39

45 -

Crystallite size (nm)

500 600 700 800 900
Calcination temperature (°C)
Fig 2. Variation in crystallite size with varying

300 400

calcination temperatures.
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Fig 3. FESEM images of ZnO nanoparticles at calcination temperature of (a) 400 °C and (b) 500 °C.

structure was reduced with the increase in the calcination
temperature. The results are consistent with previous
research stated that ZnO nanoparticles product started to
crumble and overlapped in a proportional relation with
the increase of calcination temperature [19-20,22].

Effect of Nanoparticle Size towards Viscosity
Reduction

To further investigate the effect of the calcination
temperature of the ZnO nanoparticles on the heavy crude
oil, the reduction of viscosity of heavy crude oil was
carried out. Fig. 4 shows the viscosity of the heavy crude
oil in the presence of ZnO nanoparticles at different
nanoparticle sizes at 30 °C and shear rate between 0 and
80 s7". This indicates that the addition of ZnO nanoparticles
into the heavy crude oil will reduce the viscosity of the

78 |
73
684
63
58
53 4
48 1
43 1
338

x 10000

Viscosity (cP)

0 20 40 60 80
Shear rate (1/s)

—&— 12.84 nm
—o—30.11

—#— Crude il
—o— 2568
—0— 33.58

Fig 4. Viscosity of heavy crude oil in the presence of ZnO

—8—18.58
—0—41.58

nanoparticles at different nanoparticles size at 30 °C and
shear rate between 0 and 80 s™*

heavy crude oil. The nanoparticle sizes evaluated in this
study were 12.84, 18.58, 25.68, 30.11, 33.58, and 41.58 nm.
It was observed that the viscosity of heavy crude oil
decreased with a decrease in nanoparticle sizes. The
highest viscosity reduction of heavy crude oil obtained
at 12.84 nm. As particle size increases, a decrease in
performance was noticed [23]. This is due to fewer active
sites available for nanoparticles to attach to heavy crude
oil components [24].

The degree of viscosity reduction (DVR) was
calculated by Eq. (4), where puo and pn, were the crude
oil before and after additional nanoparticle values,
measured at a shear rate between 0 and 80 s,
respectively. Fig. 5 indicates the degree of viscosity
reduction of heavy crude oil with the presence of the
ZnO nanoparticles with different sizes, at 30 °C and shear

45
40 -

35'/%
30 1
25 |

DVR%

0 20 40 60 a0
Shear rate (1/s)
—+—1284nm —8— 1858 nm —&— 2568 nm

—x—30.11 —k— 41.58 —0— 33.58

Fig 5. The degree of viscosity reduction of heavy crude oil
with the presence of the ZnO nanoparticles with different
sizes, at 30 °C and shear rate between 0 and 80 s™
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rate between 0 and 80 s™'. The values of DVR indicate that
the optimal nanoparticle size at which the biggest change
in viscosity obtained was 12.84 nm for all shear rates. The
lowest degree of viscosity reduction was 5.5%, which
occurred at 30.11 nm, while the highest degree of viscosity
reduction was 41.7% at 12.84 nm. However, increasing
the shear rate from 10 to 80 s slightly reduced the
DVR%.

DVR %= (ijwo (4)

Effect of Temperature and High Shear Rate on
Heavy Crude Oil

Temperature plays an important role in viscosity
control of heavy crude oil, as increasing the temperature
will reduce the viscosity of the oil. Fig. 5 shows that ZnO
nanoparticles at 12.84 nm exhibit the best performances
due to the higher percentage in viscosity reduction.
Therefore, in this analysis of temperature and high shear
rate effect, nanoparticles with a size of 12.84 nm were
chosen to be evaluated at three different temperatures at
high shear rates. The temperatures of 30, 45, and 60 °C
were evaluated respectively, at shear rates between 0 and
500 s™'. Fig. 6 displays the rheological responses for heavy
crude oil both with and without additional ZnO
nanoparticles at 30, 45, and 60 °C, at shear rates between
0 and 500 s'. The DVR for 30, 45, and 60 °C, and at shear
rates between 0 and 500 s are presented.

The rheological responses of heavy crude oil with
additional ZnO nanoparticles at 30, 45, and 60 °C shows
the degree of viscosity reduction for heavy crude oil where
the highest DVR was 71%. Therefore, increase in the shear
rate from 0 to 500 s with increase in the temperature at
30, 45, and 60 °C will decrease the DVR. The rheological
behavior of heavy crude oil at 60 °C shows the minor
changes in viscosity values between presence and absence
of ZnO nanoparticles. Fig. 6 indicates that at temperature
30 °C, the DVR tends to increase up to 71% with
increasing shear rate from 100 to 400 s'. However, at
temperatures of 45 and 60 °C, the DVR tends to decrease
with an increase in shear rate from 100 to 400 s™'. From
this observation, it can be concluded that the optimum
temperature of this performance was at 45 °C, where the

80 -

70 4
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50 A
m30°C
40 4
45°C
30 1 60°C
20 4
10 -
0 A r r .
100

200 300 400
Shear rate (1/s)

Fig 6. Degree of viscosity reduction at shear rates

DVR %

between 0 and 500 s™' at different temperatures of 30, 45
and 60 °C

DVR was reduced nearly to 0% with further increase in
the temperature. As the temperature increases, so does
the rate of reaction of ZnO nanoparticles towards heavy
crude oil. However, very high temperatures can
denature the ZnO nanoparticles and change both the
chemical of the ZnO

and physical properties

nanoparticles.
m CONCLUSION

ZnO nanoparticles were successfully synthesized
by using the sol-gel method at different calcination
temperatures from 300 to 900 °C. The effect of
calcination temperature on the structure and crystallite
size of ZnO nanoparticles at different temperatures was
studied by using XRD, FESEM, and EDX. The XRD
results approved the presence of the formation of the
hexagonal wurtzite structure of ZnO nanoparticles. The
crystallinity increased with increasing calcination
temperature. The crystallite size decreased (15.59 to
12.84 nm) with an increase in calcination temperature
from 300 to 400 °C. Further increase in calcination
temperature from 400 to 800 °C resulted in an increase
in the crystallite size from 12.84 to 41.58 nm. The
synthesized sample was then used for viscosity reduction
for oil upgrading, and it showed that nanoparticles at the
size of 12.84 nm gave the best performances for viscosity
reduction compared to the others.
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Abstract: The efficiencies of raw (RK) and acid activated (0.5 M AAK) kaolinite clay
minerals to remove methylene blue (MB) dyes in aqueous solution were investigated and
compared. The 0.5 M AAK was prepared by treatment of RK in dilute 0.5 M HCI aqueous
solution under reflux. Kaolinite adsorbents were characterized and their MB removal
performances were evaluated via the batch method. MB desorption from spent kaolinites
was investigated at pH 4 to 8. The MB removal was increased with increasing initial dye
concentration, agitation speed and adsorbent dosage in 60 min reaction time at pH 6.
Both kaolinites showed high MB removal (up to 97%). The Freundlich model has the best-
fit equilibrium adsorption isotherm model for RK and 0.5 M AAK. The kinetic data for
both adsorbents showed strong agreement with the pseudo second order kinetic model
(r* > 0.98). Nevertheless, the spent RK adsorbent demonstrated a significant higher MB
retention than 0.5 M AAK in desorption experiments. Kaolinite clays have great potential

as cost-effective materials for dyes removal in wastewater treatment.

Keywords: kaolinite; activation; removal; dyes; desorption

m INTRODUCTION

The application of synthetic azo dyes as a
commercial colorant has greatly expanded in recent years,
catalyzed by the rapid growth of textile industries in the
global market. In most industries, synthetic azo dyes offer
advantages over natural dyes due to their simple
preparation method, more diverse structure and higher
stability [1]. Nevertheless, improper discharge of azo dye,
such as Methylene Blue (MB) into water sources could
pose negative health and environmental impacts because
of their toxicity and persistency against degradation
agents [2]. Therefore, it is of great importance to ensure
the necessary effluent treatment was performed to avoid
the deterioration of water quality. Methylene Blue
(chemical formula of C;H1sCIN;S) is a polar hydrophobic
azo dye belongs to the phenothiazine family, which are
commonly used in garment manufacturing, health, and
chemical industries. Previously, various types of adsorbents

such as activated carbon, fly ash, red mud, etc. for
removing MB from aqueous solution have been reported
[3]. Although the activated carbon is so far being
considered as the most common adsorbent for dyes
removal, its expensive preparation cost and regeneration
issues have limited their application and are economically
unfavorable [4].

Clay minerals are colloid particles built from the
interaction of rocks, soils, and sediments. Clay minerals
are known as hydrated aluminium silicates that consist
of a layered structure made up of tetrahedral sheets that
link to an octahedral sheet by sharing of apical oxygen
[5]. The detailed structure of clay minerals has been
widely discussed elsewhere [6-7]. Naturally, clay
minerals have the ability to remove toxic compounds
from the environment and reducing the dispersion of
pollutants in soil and water [5,8]. These materials are
considered as suitable alternative materials over
expensive commercial activated carbon due to their
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abundance, low cost, environmentally friendly, multiple
ion exchange properties and less toxicity [8].

Kaolinite is categorized as a 1:1 (1 tetrahedral sheet
and 1 octahedral sheet) class of clay minerals with non-
swelling properties [5] and chemical composition of
ALSi,O5(OH)s. In Malaysia, kaolinite resources exist
mainly in the states of Johor, Perak, and Pahang, with the
estimated annual production of over 500,000 tons in 2013
[9]. Even though kaolinite clays are abundant in Malaysia,
this natural resource is still limitedly used in wastewater
treatment studies. Thus, the performance of kaolinite
clays in removing dyes remains underexplored and
warrants detail assessment.

Surface modification of raw kaolinite is usually
necessary as this clay is less reactive and has a smaller
specific surface area as compared to other clay minerals
(e.g. bentonite) [10]. So far, the acid activation technique
has been the most useful, cheap, simple and common
method for modifying the kaolinite to achieve desirable
attributes [11]. Acid activation is defined as the treatment
of clay minerals with inorganic acids at a particular
temperature in order to increase the acidity, surface area,
and porosity of the clays [11]. Although concentrated acid
was reported to produce better results in terms of high
surface area and porosity [12], the highly acidic leachant
is potentially hazardous, less ergonomic and could pose
an environmental concern if untreated. Low concentration
of acid (less than 2 M) was recommended to ensure no
significant alteration of clay’s basic structure [13].
Furthermore, it is recently reported that low acid
concentration is already sufficient for higher adsorption
towards pollutant, as demonstrated by the activated
kaolinite prepared from dilute acid (0.5 M H,SO.) used to
remove Crystal Violet and Brilliant Green dyes [14]. In
another research, a 0.5 M HNQ; acid was used to activate
Moroccan Clay that yields a high adsorption capacity
(500 mg/g) towards Methylene Blue [15]. To the best of
our knowledge, acid activation of kaolinite using dilute
hydrochloric acid has not been thoroughly discussed in
the literature. Hence, this study aims to use dilute
inorganic acid in treating kaolinite and evaluate its
performance against raw kaolinite in removing Methylene
Blue (MB) in aqueous solution. The MB adsorption is
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investigated under various experimental parameters
(e.g. pH,
concentration) to assess their adsorption characteristics

adsorbent loading, time and initial
and deduce the reaction mechanism. This study also
aims to give an insight into the suitability of spent
kaolinite to be recycled for water treatment application
as an approach to support environment sustainability.
For this purpose, the MB retention stability in spent
kaolinites is studied through the desorption experiment
to assess its regeneration capabilities. The findings of
this study will provide an insight into the potential of
kaolinites as a cost-effective and efficient adsorbent for

water remediation technologies.

m EXPERIMENTAL SECTION
Materials

Kaolinite clay mineral (purchased from MyLab
Supplier, Malaysia) was used without further
purification. Methylene blue (C.I. 52015, from Merck)
was purchased from R&M Chemicals. Hydrochloric acid
(HCl, 37%) and sodium hydroxide (NaOH, 96%) were
supplied by R&M Chemicals and of analytical grade.

Instrumentation

X-ray powder diffraction (XRD) pattern in the 20
range 10° to 90° was recorded with Panalytical model
Empyrean (Panalytical, Almelo, Netherlands) operating at
40 kV and 35 mA using Cu Ka radiation (A = 1.54059 A).
The Fourier transformed infrared spectroscopy (FTIR)
spectra were recorded on Perkin-Elmer infrared
spectrophotometer using ATR mode with a resolution of
4 cm™ in the range of 4000-650 cm™. Zeta potential
analysis was performed using a Zetasizer 1600 Zeta
Potential and Size Analyzer (Malvern Instrument). A
0.05% (m/v) kaolinite suspension (prepared at pH 4, 6
and 8) was prepared and analyzed in duplicates at 25 °C.

Procedure

Acid activation of kaolinite
Acid activation of raw kaolinite was performed

according to a previous report [16]. A 20.0 g of raw
kaolinite (RK) was refluxed at 70 °C with 0.5 M HCI for
3 h. The resulting materials were centrifuged and
washed with water several times until all ClI” was
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removed as confirmed by the AgNO; test. Then, the
products were oven-dried at 60 °C until a constant weight
was obtained. The acid activated kaolinite was labelled as
0.5 M AAK (kaolinite treated with 0.50 M HCI).

Adsorption experiment

Methylene Blue (MB) stock solution (100 ppm) was
first prepared by dissolving accurate weight of MB in
deionized water and then diluted to pre-determined
concentration (20, 30, 40, 50 and 70 ppm). MB adsorption
experiments on raw and activated kaolinites were carried
out through a batch method at 25 °Cin a 15 mL centrifuge
tube at various experimental parameters. Experiments
were performed at pH 4, 6, and 8 (adjusted using 0.01 M
NaOH or HCI) to evaluate the influence of pH. The
contact time was varied from 10 to 180 min until
reached. The effect of
concentration was studied in concentration range up to

equilibrium  was initial
70 ppm (mg/L). Meanwhile, the effect of adsorbent
loading was investigated using a 0.01, 0.03 and 0.05 g/mL
loading. The kinetic study was performed at the optimized
condition at the initial concentration of 50 ppm. The
removal percentage at different agitation speed (1000,
1500, and 2500 rpm) was also tested. The aliquots were
centrifuged at 2500 rpm and the concentration of MB in
the supernatant before and after adsorption were
determined using UV-Vis spectrophotometer [T80+, PG
instrument Ltd] at wavenumber 668 nm.

757

The removal percentage of MB by kaolinite was
calculated using Eq. (1):
[MB]initial —[MB]

[MBlipitial

Removal percentage (%) = final » 100% (1)
Desorption experiment

Desorption experiment was performed using spent
kaolinites (RK and 0.5 M AAK) previously used in
treating a 50 mg/L MB aqueous solution (performed at
the optimized condition of pH = 6, loading = 0.05 g/mL,
and agitation speed = 2500 rpm). The spent kaolinites
were placed in deionized water at pH 4, 6 and 8 (adjusted
using 0.1 M HCI or 0.1 M NaOH) under agitation.
Desorption process was performed in 60 min and the
supernatant was collected through centrifugation. The
concentration of desorbing MB was determined using
the UV-Vis The
percentage was calculated according to Eq. (2):

spectrometer. MB desorption

[MB]desorbed %x100%
[MB]adsorbed

RESULTS AND DISCUSSION

Percent desorption (%) =

)

|
Characterization

The XRD patterns of raw and activated kaolinites
are shown in Fig. 1. The important characteristic peaks
of kaolinite were located at 20 of 12.6 and 24.9°
associated with [001] reflection [17]. Other peaks at 34.8,
35.9, and 38.5° were also associated with kaolinite. These
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Fig 1. XRD diffractogram of raw (RK), 0.5 M AAK and raw kaolinite loaded with MB (RKM)
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sharp and intense peaks indicate kaolinite as the
dominant minerals present with a high degree of
crystallinity. A trace ofillite (20 = 8.5 and 17.1°) (Fig. 1(b-
c)) as impurities was noticed [10]. The illite peak was
almost diminished in 0.5 M AAK diffractogram denoting
dissolvation of this mineral due to acid attack. Neither
alteration in the diffraction pattern nor peak shifting was
observed in the acid activated kaolinite (0.5 M AAK) (Fig.
1(d)). To elucidate the possible interaction of MB-
kaolinite, the XRD pattern of the spent raw kaolinite
loaded with MB (assigned as RKM) was acquired (Fig. 1).
No significant variation (i.e. peak shifting or broadening)
with respect to the RK diffractogram was observed. This
shows that the MB interacts only on the surface of the
kaolinite without any intercalation on the clay’s
interlayer.

The FTIR spectra of raw and activated kaolinites are
shown in Fig. 2(a). Kaolinite has typically four distinct
absorption bands of the hydroxyl group in the range of
3700-3620 cm™' [18-19]. The interlayer hydroxyl stretching
mode of AlI-OH was located at 3653 and 3667 cm™ (out-
of-plane vibration) as well as at 3697 cm™ (symmetric
stretching). The band at 3620 cm™ is representing the
stretching vibration of the internal hydroxyl group of Al-
OH lying between the tetrahedral and octahedral sheets
[20]. The Si-O-Si/Al asymmetric and symmetric
stretching could be observed at 1033 and 790 cm™,
respectively [7]. The bands at 913 and 938 cm™ were
attributed to the OH deformation modes of inner and-
surface hydroxyls groups, respectively [7]. Whereas the
band located at 755 cm™ was ascribed to the Si-O
vibration of the clay sheet [7]. All these bands confirmed
the presence of kaolinite, which is in agreement with the
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XRD patterns described earlier. The differences in IR
spectra of activated kaolinites were closely examined in
the OH stretching region (3700 to 3650 cm™) (Fig. 2(a),
inset). A slight broadening of the Al-OH stretching band
at 3697 cm™' was observed in the 0.5 M AAK (Fig. 2(a),
inset). This observation suggested a minor perturbation
occurred in the kaolinite octahedral sheets caused by
cation leaching during acid activation [14].

Meanwhile, the zeta potential analysis (Fig. 2(b))
showed that both RK and 0.5 M AAK had a negative
surface charge at pH range 4 to 8, as usually observed for
clay mineral materials [8]. This negative surface change
was contributed by the protonation/deprotonation of
the surface hydroxyl group (aluminol or silanol) of the
broken edge of kaolinite’s plane. At pH 6, the 0.5 M AAK
showed a much more negative surface charge compared
to RK; which could lead to a higher electrostatic
interaction with the cationic MB.

Adsorption Experiment

Effect of initial pH solution on the adsorption of MB

During the adsorption process, the pH of aqueous
solution plays an important role [21], as pH variation
could; i) alter the metals ion speciation, ii) raise ionic
competition due to excess of a proton (H*) or hydroxyl
ion (OH"), and iii) affect surface properties of the
adsorbate. Furthermore, clay mineral like kaolinite has
two types of surfaces called basal surfaces (i.e. interlayer
surfaces) and a more complex edge surfaces (i.e. broken
surfaces) [17]. The basal surfaces are pH-independent
whereas edge surface sites (consist of dangling bonds
like AI-O, Si-O and Mg-0) are usually pH dependent
(amphoteric). Thus, any changes of pH will result in the

=
=

pH
& ) 5 ] 8

-85 1 | _J

Zeta potential value (mV)
fa
[i=)
n

O0.5 M ALK ORK

Fig 2. FTIR spectra (a) and zeta potential value (b) of raw and activated kaolinite
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protonation/de-protonation of active surface functional
groups leading to a different complexing capability
towards organic substances [5].

The MB removal by all adsorbents was lowest at pH
4, whereas experiments performed at pH 6 recorded the
highest percentage (Fig. 3(a)). Based on the zeta potential
measurement, it was deduced that the cationic MB could
potentially interact with the negative charge of the
kaolinite through the electrostatic interaction [10].
Hence, in acidic suspension (pH 4), the excess H" may
compete with cationic MB for the active sites of kaolinite
[10]. The acidic pH also induces the protonation of the
surface functional groups of the kalolinite which in turn
reduce the clay’s attraction towards cationic MB due to
repulsive electrostatic forces.

During acid activation, the H" ions (from acids in
the activation process) might preferably be adsorbed on
the negative surface of the clay hence altering the surface
charge [5]. Yet, in this study, the removal percentage of
0.5 M AAK (96.8%) was quite similar to the performance
of the RK (95.3%), contradicting with trends observed in
previous research findings [22] and a more recent
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publication [23]. Meanwhile, at high pH (pH 8), less
competition by H* resulted in more removal of MB (Fig.
3(a)). As deprotonation of MB in alkaline aqueous
solution is considered not possible [24], the slight
decrease in MB removal at alkaline pH hence is likely
attributed by the changes in surface chemistry of the
clays. Similar finding on the reduction of removal
efficiencies of MB by kaolinite at the working condition
of pH > 7 was also reported by previous researchers [25].
Thus pH 6 was chosen as the optimum pH for the
subsequent experiment as this pH provides the highest
removal efficiency. We deduced that the slightly higher
removal percentage of 0.5 M AAK was governed by the
removal of impurities (e.g. illite) [14] that allowed more
exposed active sites, in accordance with the XRD
diffractogram discussed previously. Furthermore, the
0.5 M AAK demonstrated more negative zeta potential
value at this pH (Fig. 2(b)), thus allowing stronger
interaction with MB as compared to the RK.

Effect of time on the adsorption of MB
Results demonstrated that the MB removal was
gradually increased at reaction time increment (Fig. 3(b)).

100
80
g0 | #
! [
40 : —&—RK == D5 M ARK
]
20 |
0L
0 20 40 &0 B8O 100 120 140 1e0 1BO
Time (min)
100 :d]
80
BO
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&0
50
1000 1500 2500

Agitation speed (rpm)

Fig 3. Effect of (a) pH; (b) time; (c) loading; and (d) agitation speed, on % removal of MB (performed at temperature
=25 °C, agitation speed = 2500 rpm, adsorbent loading = 0.05 g/mL, initial concentration = 50 mg/L, where appropriate)
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Fig 4. Effect of initial concentration towards MB removal (a), adsorption isotherm for RK and 0.5 M AAK (b)

The removal rate of RK and 0.5 M AAK was considered
fast, as more than 60% dye was successfully removed at
the earliest of 20 min initial time (Fig. 3(b)). Overall, the
equilibrium was attained after 60 min and the MB
removal remained constant henceforth. The fast MB
uptake by all kaolinites indicated a strong interaction
between MB and active sites on the kaolinite surface [4].

Effect of adsorbent loading on the adsorption of MB

For all adsorbents, the removal of MB was enhanced
as the adsorbent dosage was increased (Fig. 3(c)). These
findings were ascribed to more availability of surface
active sites of the adsorbent. The sufficient active sites will
allow more MB to be deposited and adsorbed [25]. The
removal percentage of RK and 0.5 M AAK was
maintained at above > 90% for all adsorbent loading. This
implies that both adsorbents have abundance active sites
with high affinity towards MB.

Effect of agitation speed on the adsorption of MB
Agitation is one of the important parameters in
adsorption phenomena as it influences the distribution of
the solute in the bulk solution and reduces the mass
transfer effect. The MB removal efficiency was enhanced
with the increase in agitation speed (Fig. 3(d)). At 2500
rpm, up to 96% of MB was successfully removed (Fig.
3(d)). High agitation speed may provide more energy to
minimize the mass transfer phenomenon [26] and
promote the more interfacial area of contact between
adsorbent (clay)-adsorbate (MB). Hence, a higher
removal percentage in an allocated time can be achieved.

Effect of initial concentration on the adsorption of
MB

A high initial dye concentration provides a
sufficient driving force to overcome the mass transfer
resistance between the aqueous and solid phases [27]. It
was observed that at an initial concentration of 20 ppm,
more than 90% MB removal was recorded by all
adsorbents (Fig. 4(a)). The maximum adsorption
capacity attained for RK and 0.5 M AAK at an initial
concentration of 20 to 70 ppm was 1.35 and 1.37 mg/g,
respectively (Fig. 4(b)).

Adsorption isotherm

To determine the best-fit adsorption isotherm
model in describing the MB adsorption, the adsorption
data were fitted into four models; namely Langmuir,
Freundlich, Dubinin-Radushkevich (D-R) and Temkin
model (Table 1). The Langmuir isotherm model works
based on the assumption of a monolayer and uniform
energies of adsorption. The Langmuir constant (K.) and
the

respectively obtained from the slope and the intercept of

maximum adsorption capacity (Qms) Were
a linearised Langmuir equation, shown by Eq. (3):

Te_ L, T )
9e (qmaXKL) 9max

where q. and C. is the adsorbed amount of MB (mg/g)
and concentration of MB (mg/L) at equilibrium,
respectively [10].
Meanwhile,

the Freundlich isotherm model

assumes a heterogeneous surface site with multilayer
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adsorption, and could be expressed by the following
relationship (Eq. (4)):

1
log e = logKf+;logce (4)

K¢ is the Freundlich constant (L/g), meanwhile, the 1/n
denotes the adsorption intensity [28].

Temkin model [29] takes into account the adsorbing
species-adsorbent interactions at the solid/liquid interface
equilibrium. The intercept and slope of q. plotted versus
In C. in the following Temkin equation (Eq. (5)):

q. =B tInAt +BtLnC, (5)
which will give the value of At associated with the Temkin
isotherm equilibrium binding constant (L/g), and Br
which depicts the Temkin isotherm constant, respectively.
The Bt value could be derived to calculate the b constant,
related to the heat of adsorption (kJ/mol), through Eq. (6):

RT
B =— 6
T (6)

The Dubinin-Radushkevich (D-R) isotherm model
does not follow the Langmuir model assumption on a
homogenous surface or a constant adsorption potential.
Rather, the D-R isotherm focuses on describing the
physical and chemical features of adsorption of a single
solute system. The linearized D-R isotherm is expressed as:
Ing, =Inq,,,, — P& (7)
where B is the coefficient related to the mean free energy
of adsorption [4] per mol of the adsorbate (mol*/J?). The
gmaxand {} were calculated from the slope and intercept of
the linear plot of In q. versus €. The ¢ is the Polanyi
potential expressed as:

1

€ —RTln(l—i—C—) (8)

€

in which R (J/mol K) is the gas constant and T (K) is the
absolute temperature. The value of B is related to sorption
energy E (kJ/mol) and is expressed by the relationship:
: 0.5 ©)
(2B)
The E value which falls in in the range of 1-8 kJ/mol
indicates the main mechanism of adsorption is physical

adsorption, a value between 8 to 16 kJ/mol is related to
ion-exchange, whereas chemisorption is predicted for E
value in the range of 20-40 kJ/mol [30].

Meanwhile, error analysis was performed using
squares of the errors (SSE), residual root mean square
error (RMSE), and Chi-square test, x?, to evaluate the
fitness of the isotherm data with the regression
coefficient, r*, determined from the linearized model.

n
SSE = z(qe,meas ~Ye,calc )2 (10)
i=1
n
RMSE = \/Z (qe,meas ~Ye,calc )2 ( 1 1)
i=1
c 2
Z(qe,meas ~Ye,calc )
Chi - square, x* =1=L (12)
9e,meas

where Qemes, and Qecac is the equilibrium adsorption
capacity (mg/g) that is measured experimentally and
calculated from the isotherm adsorption model,
respectively, while n is referred to the number of
experimental observations.

The adsorption data of both RK and 0.5 M AAK
poorly fit the linearized Langmuir isotherm and gives an
unusual negative value of Ky and gm. (Table 1). This
showed the linearized Langmuir isotherm is unsuitable
to be used to describe the adsorption process for both
adsorbents.

On the other hand, both the empirical data of RK
and 0.5 M AAK is well-fitted with the Freundlich
adsorption isotherm model (r* > 0.94) (Table 1) thus
allowing a fair comparison on adsorption isotherm
properties between both adsorbents. A good agreement
with the Freundlich isotherm model indicated a
multilayer and heterogeneous adsorption. The typical
value of 1/n is usually ranged from 0 to 1, however, the
1/n values obtained from the Freundlich model were
above 1 (Table 1). This suggested that cooperative
adsorption may occur raised by attractive adsorbate-
adsorbate interaction. The binding of an MB molecule
to one site on kaolinite may synergically facilitate the
adsorption of subsequent molecules towards the active
sites. Previous studies on the adsorption of dyes had also
reported similar findings [26,31]. Furthermore, these
results were in accordance with the S-type adsorption
isotherm (according to classification by Giles et al. [32]
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Tablel. Parameters of adsorption isotherm model for all

adsorbents
Isotherm model/Adsorbent RK 0.5M AAK
Langmuir
Qmax (ME/g) -1.125 -2.786
K. (L/mg) -0.1707 -1.3282
r? 0.7724 0.3518
SSE 0.0223 1.2410
RMSE 0.1492 1.1140
Chi-square (x?) 0.0299 1.2553
Freundlich
1/n 2.4014 1.2814
K¢ (L/g) 0.1289 0.5834
r? 0.9441 0.9452
SSE 0.0318 0.0236
RMSE 0.1783 0.1536
Chi-Square (x?) 0.0427 0.0300
D-R
Qmax (ME/g) 2.077 1.906
E (kJ/mol) 0.707 1.118
r? 0.9221 0.9551
SSE 0.3341 0.3530
RMSE 0.5780 0.5941
Chi-square (x?) 2.4754 2.7423
Temkin
Ar (L/g) 0.906 1.849
Br 1.3074 1.009
b (kJ/mol) 1.895 2.455
r? 0.8782 0.9520
SSE 0.0683 0.0269
RMSE 0.2613 0.1640
Chi-square (x%) 0.0767 0.0292

observed from the plot of adsorption data from both
adsorbents (Fig. 4(b)). This type of adsorption isotherm is
particularly experienced when the adsorbate has large
hydrophobic components, like most dyes [31]. At very
low concentration, dye-kaolinite interaction was small
and in a concave shape, probably due to the competition
with solvent (water). But as the MB concentration
increased, the amount of adsorption was enhanced (Fig.
4(b)). The empirical data for the Freundlich isotherm
model also demonstrated a small SSE, RMSE and Chi-
square x* value. A small error value indicates the close
fitness of the measured experimental data with the
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theoretical value calculated from each model [33].
Meanwhile, the empirical data of RK demonstrated
less fitness to D-R and Temkin isotherm, as compared to
0.5M AAK (Table 1). D-R isotherm is used to differentiate
between the physical or chemical adsorption. The
theoretical E value from the D-R model (Table 1) for
both RK and 0.5 M AAK implies that the adsorption is
governed by physisorption as the E < 8 kJ/mol [30]. The
theoretical max value (1.906 mg/g) obtained from the D-R
isotherm was in close agreement with the experimental
value obtained by the 0.5 M AAK (1.37 mg/g). Temkin
isotherm is less suitable to describe the RK adsorption
(r* < 0.9) but showed good fit with 0.5 M AAK (r* > 0.95)
with small x* value. A positive value of b retrieved from
the Temkin isotherm model suggested that the
adsorption is of endothermic process. The heat of
adsorption is also less than 8 kJ/mol indicating a physical
adsorption process, which is in good agreement with the
findings obtained from the D-R isotherm previously.

Kinetics

The kinetic studies were performed and fitted
through the pseudo first order and second order model.
The linear form of the pseudo first order model (known
as Lagergren model) [34] is expressed by:

Klt
~3303 (13)
where q;and q. are the amounts of MB adsorbed in mg/g

log(q, —q;) =logq,

at time t (min) and at equilibrium, respectively. K, is
assigned to the pseudo first order adsorption rate
constant (min™') obtained from the slope of the plots of
log(q. — q¢) versus t.

Meanwhile, the pseudo second order model [35]
assumes chemisorption as the rate limiting step and
could be expressed by the Eq. (14):

L L (14)
9 h qe

where h is the initial sorption rate (mg/g.min). The
values of q. and h were calculated from the slope and
intercept of the linear plot of t/q, against t, respectively.
In addition, the pseudo second order constant, K,
(g/mg.min) is derived from the relationship in Eq. (15):
h=K,q, (15)
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The pseudo second order kinetic model
demonstrated the best fit (r? > 0.98 and smaller SSE, RMSE
and x?) to the adsorption data for both RK and 0.5 M AAK
compared to pseudo first order model (Table 2). Therefore,
chemisorption is deduced to be the rate limiting step for
MB adsorption by both kaolinite adsorbents [28].

Desorption Experiments

Desorption studies are important in order to
investigate the retention stability of adsorbent-adsorbate
and validate their reliability for regeneration purpose.
Strong adsorbent-pollutant interaction is necessary to
ensure no leaching of adsorbed pollutant occurred during
the treatment process. On the other hand, if the research
emphasizes towards generating a cost-effective treatment,
efficient desorption (or recoveries) of a pollutant from
spent adsorbent is the first crucial step to allow the
adsorbent to be regenerated. Interestingly, although both
adsorbents showed almost similar removal percentage of
MB during adsorption (95.3 and 96.8% for RK and 0.5 M
AAK, respectively), their desorption profile exhibit a
distinctive pattern. The 0.5 M AAK showed less desorption
percentage than RK at pH 8, but the trend was reversed at
pH 4 and 6 (Fig. 5). It was proposed that activation may
cause protonated surface sites as a consequence of H*
(from HCI) interaction with clay’s surface during activation
[22]. Furthermore acid activation may induce changes in
pore structure and size distribution [22]. The protonated
surface of 0.5 M AAK and broad band of pore size hence
create less retention capability to hold the adsorbed MB
molecules, causing a greater MB released during desorption
studies. Besides, the prevalence of H* ions in the acidic
solution (especially at pH 4) may be exchangeable with
the MB deposited on kaolinite’s surface and trigger the
desorption of MB into the solution [36].

Meanwhile, at pH 8, deprotonation by excessive
hydroxyl ions (OH") on part of 0.5 M AAK surface was
predicted. This
delocalization and concurrently strengthen MB-kaolinite

deprotonation may cause charge
retention. Hence less embedded MB was released towards
the aqueous solution during desorption. It was also
proposed that the low desorption percentage of dyes in
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Table 2. Kinetic analysis on the adsorption of MB by RK
and 0.5 M AAK (performed at initial [MB] = 50 mg/L,
agitation speed 2500 rpm, at 0.05 g/mL loading, at 25 °C)

Kinetic model/Adsorbent RK 0.5 M AAK
Pseudo first order
q. (mg/g) 0.5652 0.2412
ki (min™) 0.0404 0.0324
r? 0.7127 0.7180
SSE 1.9027 1.4078
RMSE 1.3794 1.1865
Chi-square (x?) 1.9959 1.2863
Pseudo second order
qe (mg/g) 1.0933 1.0054
k; (g mg™ min™) 0.0641 0.1939
h (g mg™' min™) 0.0801 0.2120
r? 0.9896 0.9975
SSE 0.0167 0.0121
RMSE 0.1294 0.1101
Chi-square (x?) 0.0289 0.0162
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Fig 5. MB desorption efficiency (%) by spent kaolinites

highly alkaline eluent could probably be due to new
complexes that were formed [36]. As the MB desorption
percentage in RK was less than 5%, it can be concluded
that the kaolinite-MB retention on RK was stronger and
0.5 M AAK
Nevertheless, for the purpose of regeneration and

irreversible as compared to the

adsorbent recycling, 0.5 M AAK is a more promising
material as the loaded MB is easier to be leached out
from the spent clays during desorption process.

m CONCLUSION

Acid activation provides a simple and inexpensive
approach for kaolinite modification. The 0.5 M AAK gave
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higher removal percentage (up to 97%) but of similar
performance against raw kaolinite. The removal of MB by
kaolinites in aqueous water is achieved via physisorption
while the rate limiting step is governed by the
High
concentration, and agitation speed have enhanced the MB

chemisorption. adsorbent loading, initial
removal percentage. While the MB removal performance
between RK and 0.5 M AAK was analogous, the findings
from the desorption experiment showed that the
kaolinite-MB retention in the spent RK was irreversible
and more stable against pH influence. Hence, the
forthcoming regeneration process of spent acid-activated
kaolinite for re-use in water treatment is expected to be
more feasible as compared to raw clays. Overall, kaolinite
has shown a promising application in treating dyes from

contaminated water.
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Abstract: Benalu batu (Begonia sp.) had been used traditionally as an anticancer
medicinal plant by Wana tribe in Morowali, Central Sulawesi, This study aims to
evaluate the cytotoxic activity of 2-O-f-glucopyranosil cucurbitacin D, isolated from the
ethyl acetate soluble fraction of Benalu batu (Begonia sp.) and to determine its action
on apoptosis induction. Benalu batu (Begonia sp.) herb was extracted by maceration
using ethanol 96% as a solvent. Vacuum liquid column chromatography and preparative
thin layer chromatography have been applied on fractionation and isolation of the
compound. The structure elucidation was performed by extensive analysis of 1D/2D
nuclear magnetic resonance (NMR) and Mass Spectrophotometer (MS). Cytotoxic
activity against human breast adenocarcinoma (MCF-7) and human colon colorectal
carcinoma (HCT-116) cell lines were performed by 5-diphenyltetrazolium bromide
(MTT) method. Annexin V-FITC assay was employed to determine the apoptosis
induction. 2-O-B-glucopyranosil cucurbitacin D showed potent cytotoxic activity
against MCF-7 and HCT-116 with the ICso of 19.913 and 0.002 ug/mL, respectively.
Annexin V-FITC assay clearly exhibited the cytotoxic mechanism on MCF-7 and HCT-
116 via apoptosis induction with a significant percentage of early and late apoptosis of
75.8 and 78.4%, respectively. This study reveals the potential cytotoxic activity of 2-O-
B-glucopyranosil cucurbitacin D isolated from Benalu batu and its mechanism via
apoptosis induction.

Keywords: Begonia sp.; 2-O-f-glucopyranosil cucurbitacin D; cytotoxic; MCF-7;
HCT-116

m INTRODUCTION

Medicinal plants were abundant in Indonesia and
used by local people to traditionally treat several diseases.
Moreover, medicinal plants were also a rich source for

discovering new drugs, and

development, they can lead to being a potent drug which
can be used in clinical practice. More than 60% of the
drugs available in the market were derived from natural

source [1-3].

Begoniaceae, a plant family with approximately
1600 species, widely distributed along with subtropical

after research and

and tropical areas over the world [4]. Our literature
survey found that only about 10 species of Begonia
plants were studied up to now regarding the chemical
composition and biological activity study. Most of the
compounds reported from Begonia species are
flavonoids, triterpenoids, steroids, and their glycosides
along with alkaloid [5]. The biological activity was
ranging from antibacterial [6-7], antioxidant [8], anti-
hyperglycemic [9], antiviral to cytotoxic activities [10-12].

Benalu batu (Begonia sp.) was traditionally used as
an ethnomedicinal plant by Wana tribe in Morowali,
Central Sulawesi, to treat several diseases, such as tumor,
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cancer, asthma, dry cough, lumbago, kidney failure, ulcer,
laxatives, waging irregular menstruation, urolithiasis,
tuberculosis, diabetes, eczema, and gout. Our previous
study has established the anticancer activity of the
methanol extract of this herb plant against breast and
cervical cancer cell lines (T47D and HeLa cells) [13]. In
our interest to investigate the phytochemical anticancer
agents from this herb plant, a preliminary in silico docking
study to early identify the predictive potential natural
product compounds type from Begonia species have been
performed. An alkaloid, a steroidal glycoside, flavonoid
glycoside, and triterpenoid glycoside were recommended
compounds that might have possible action to inhibit the
proliferation of cancer cells [5]. This study reports the
isolation and structure elucidation of one of the targeted
compounds, a terpenoid glycoside, assigned as 2-O-f-
glucopyranosil cucurbitacin D (Fig. 1) from ethyl acetate
soluble fraction of Benalu batu (Begonia sp.). To the best
of our knowledge, this is the first report of bioactive
compound reported from Benalu batu (Begonia sp.), and
type
compounds on Begonia species. Cytotoxic activity and

it confirmed the presence of cucurbitacin
apoptosis assay of the isolated compound on several types
of cancer cell lines were also evaluated.

m EXPERIMENTAL SECTION
Materials

The whole plant (herb) of Benalu batu (Begonia sp.),
which grows in the mountain, was collected from
Morowali, Central Sulawesi, on April 2014. The plant was
still identified by Wisnu H. Ardi (Taxonomist) at Bogor
Botanic Garden, Bogor, Indonesia and deposited as a
dried specimen (BSP 00020414) at Phytochemistry
Laboratory, Tadulako
University.

Department of Pharmacy,

Instrumentation

TLC aluminium sheets 20 x 20 cm silica gel 60 Fass
was used. Silica gel 60 (Merck) for vacuum liquid column
chromatography (230-400 mesh) was used. Preparative
precoated TLC glass plates SIL G-25 UVs4, 0.25 mm silica
gel and Sephadex LH-20 (Sigma, St. Louis, USA) were
used for isolation and purification of the compounds. Spots

| OH

z

Fig 1. 2-O-fB-glycopyranosil cucurbitacin D

on TLC were visualized by using spraying reagent of
methanol-sulphuric acid and p-anisaldehyde-sulphuric
acid for terpenoid detection. Nuclear magnetic
resonance (NMR) were recorded for 1D and 2D on
Avance" Bruker WM 600 MHz for 'H and 150 MHz for
C. Chemical shifts are given § (ppm) relative to TMS as
internal standard, and deuterated chloroform was used
as solvents. Electron impact mass spectra were determined

at 70 eV using a Kratos GCMS-25 instrument.
Procedure

Extraction and isolation

The herb plant was dried in the shade at room
temperature. The dried simplicia (250 g) was extracted
with ethanol 96% (3 x 0.8 L, 24 h for each batch) at room
temperature. The solvent was removed in a vacuum until
reached a residue (15 g) referred to as crude ethanol
extract. The ethanol extract (10 g) was suspended in
water and successively partitioned with n-hexane and
ethyl acetate to obtain n-hexane and ethyl acetate soluble
fraction. The ethyl acetate fraction (3 g) was
chromatographed on silica gel (60-120 mesh), and the
packed column was eluted by employing gradient
system of the solvent of n-hexane 100%, n-hexane/ethyl
acetate mixture, followed by ethyl acetate/methanol
mixture and methanol 100%. Forty fractions of 50 mL
each were collected. Similar fractions were collected
together according to TLC pattern in eight fractions (F1-
F8). The fourth fraction, which is detected to contain
terpenoid, was continued to further isolation using
successive TLC preparative with a solvent system of
methanol: chloroform (8:2) as a mobile phase. A spot
with R¢2.40 (purple color with H.SO4/MeOH) was taken
to give the compound (5.6 mg).
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Compound

Identification of 2-O-B-glucopyranosil cucurbitacin
D was determined by using the spectroscopic method on
MS, 1D/2D NMR and comparison with the literature. The
chemical structure of isolated compounds can be seen in
Fig. 1.

2-0-B-glucopyranosil cucurbitacin D. Gummy
material, HRESIMS (positive-ion mode), m/z = 679.8068
[M + H]* (Calc. for CssHss012, 679.3610).

"H NMR (600 MHz, CDCl;): 6H 7.088 (1H, d (10.8),
H-24), 6.806 (1H, d (10.8), H-23), 5.716 (1H, br s, H-6),
4.834 (1H, br s, H-2),4.431 (1H, br s, H-1"), 4.256 (s, OH-
20), 3.941 (2H, m, H-6’), 3.936 (d (3.0), OH-16), 3.780
(1H, m, H-16), 3.650 (1H, m, H-5"), 3.569 (1H, m, H-4"),
3.548 (s, OH-25), 3.488 (1H, m, H-3’), 3.417 (1H, m, H-
2’),3.337 (1H, d (9), Ha-12), 2.902 (1H, br d (7.2), H-10),
2.668 (1H, d (9), Hb-12), 2.367 (1H, d (8.4), H-17), 2.353
(1H, m, Ha-1), 2.315 (1H, d(4.8), Hb-7), 1.997 (1H, m, H-
8), 1.993 (1H, d(4.8), Ha-7), 1.957 (1H, m, H-15a), 1.626
(1H, m, H-15b), 1.450 (1H, m, Hb-1), 1.384 (3H, s, H-21),
1.357 (3H, s, H-28), 1.259 (3H, s, H-27), 1.236 (3H, s, H-
29), 1.227 (3H, s, H-26), 1.127 (3H, s, H-30), 1.011 (3H, s,
H-19), 0.951 (3H, s, H-18).

BC NMR (150 MHz, CDCl;): 6C 216.452 (C-11),
212.155 (C-3), 202.591 (C-22), 156.748 (C-24), 140.222
(C-5), 119.944 (C-6), 118.218 (C-23), 102.969 (C-1’),
79.600 (C-2), 78.901 (C-20), 77.204 (C-16), 76.425 (C-5’),
76.257 (C-3°), 73.839 (C-2°), 71.271 (C-25), 70.255 (C-4),
61.988 (C-6°), 50.815 (C-4), 50.612 (C-14), 50.335 (C-9),
48.820 (C-12), 48.390 (C-17),47.824 (C-13),42.374 (C-8),
34.770 (C-1), 34.581 (C-15), 33.917 (C-10), 29.686 (C-28),
29.234 (C-27),28.069 (C-26), 24.034 (C-21), 22.679 (C-7),
21.310 (C-29), 19.656 (C-18), 19.183 (C-19), 18.148 (C-30).

Cytotoxic activity

The cytotoxic activity was performed by MTT
colorimetric assay as described in our previous study [14].
About 1.0 mg of compound were dissolved by 1.0 mL of
RPMI-1640 medium to obtain stock solutions of
1000 pg/mL. Then, the sample was diluted to desired
concentrations of 6.25, 12.5, 25, and 50 pg/mL using
dimethylsulphoxide (DMSO) in which the DMSO
concentration in each sample was 1% v/v. The cancer cells
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of human breast adenocarcinoma (MCF-7) and human
colon colorectal carcinoma (HCT-116) were batch
cultured for 10 d, then seeded in 96 well plates of 1 x 10*
cells/well in fresh complete growth medium in 96-well
flat bottom culture plates at 37 °C using incubator in 5%
CO, humidified atmosfer (CelCulture, Esco Medical
ApS, Denmark). After 24 h incubation, the medium
(without serum) was added and cells were incubated for
48 h either alone (negative control) or with different
concentrations of the sample. Then, the cells were added
with 10 pL/well of MTT (5 mg/mL) and incubated again
for 4 h in an incubator at 37 °C in 5% CO, humidified
atmosphere. The reaction was stopped by adding 100 pL
dimethylsulfoxide (DMSO) and the plate was then
placed for 15 min in the shade room. The absorbance of
each well was read at 550 nm wavelength in Elisa Reader
(Infinite M200 pro NanoQuant, Tecan, Switzerland),
using wells without cells as blanks. All experiments were
performed in triplicate. Anticancer drugs of doxorubicin
and fluorouracil were used as a positive standard. The
effect of compounds on the proliferation of cancer cells
was expressed as the % cytoviability, using the following
formula:

Absorbance of treated cells

% Cytoviability = x100%

Absorbance of control cells

The probit analysis on SPSS 17.0 (SPSS Inc.,
Chicago IL, USA) was used to calculate the ICsy by
plotting the series of concentration and the percentage
of cytoviability.

Annexin V-FITC apoptosis assay

Briefly, 1 x 10° of cells lines (MCF-7 and HCT-116)
were treated with 5.0 uL annexin V-FITC and 5.0 pL
propidium iodide (PI) using the apoptosis detection kit
(BD Biosciences, San Jose, CA) according to the
manufacturer’s protocol. Flow cytometry on FACScanto
II (BD Biosciences, San Jose, CA) was used to analyze the
binding of Annexin V-FITC and PI without gating
restrictions  using 10,000  cells.  Logarithmic
amplification of both the FL1 (FITC-A) and the FL2 (PI-
A) channels were performed to obtain the data.
CellQuest software was used for analysis the quadrant of
coordinate dot plots. The photomultiplier voltage and
compensation setting adjustment to eliminate the
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spectral overlap between the FL1 and the FL2 signals was
done by using the unstained cells.

m RESULTS AND DISCUSSION
Cytotoxic Activity

The result of the cytotoxic activity of 2-O-f-
glucopyranosil cucurbitacin D can be seen in Fig. 2. It is
clearly showed that 2-O-B-glucopyranosil cucurbitacin D
has ability to inhibit the proliferation of both MCF-7 and
HCT-116 cell lines. However, the inhibition on HCT-116
was higher than on MCEF-7, where at the concentration of
25 ug/mL, the percentage of cell viability on HCT-116 was
6.88% compared to MCF-7 (48.26%). Therefore, the ICs,
of 2-O-B-glucopyranosil cucurbitacin D on HCT-116 was
also higher than on MCF-7 with the value of 0.002 and
19.913 pg/mL, respectively (Table 1).

Annexin V-FTIC Apoptosis Assay

The result of annexin V-FTIC of 2-O-f-
glucopyranosil cucurbitacin D can be seen in Fig. 3. It
clearly showed that the significant percentage of early and
late apoptosis of 2-O-B-glucopyranosil cucurbitacin D on
HCT-116 and MCEF-7 was 78.4 and 75.8%, respectively.

Compound 2-O-f-glucopyranosil cucurbitacin D
was isolated as a gummy material. Liebermann-Burchard
test supported that the compound is a terpenoid.
Moreover, it gave a reddish spot on a TLC plate after
spraying with p-anisaldehyde as well. The analysis of
HRESI-MS at m/z 679.3610 [M + H]* supporting the
molecular structure of glycosidal triterpenoid with the
molecular formula of CsHs401, that can be suggested to
have 10 degrees of unsaturation. The "C NMR spectral
data exhibited 36 signals of a carbon atom which is
categorized by DEPT into eight methyls, six methylene,

twelve methines, and ten quaternary carbons. The
presence of glycopyranosil moiety was supported by the
resonance of an anomeric carbon at 102.969 ppm,
together with four methines at 76.425, 76.257, 73.839,
70.255 ppm and one methylene carbon at 61.988 ppm.
Three carbonyl carbons observed at 216.452, 212.155,
and 202.591 ppm
cucurbitacin triterpenoid skeleton attached by single

supporting the skeleton of
monosaccharide moiety. The carbonyl group was
assigned to C2, C11, and C22, respectively. Moreover,
four olefinic carbon signals (118.218, 119.944, 140.222
and 156.748) supported the main skeleton of cucurbitacin
type triterpenoid by suggesting the presence of
trisubstituted double bond at C5-C6 and a disubstituted
double bond at C23-C24.

The '"H NMR revealed the skeleton of cucurbitacin
type triterpenoid in the form of a glycosidic compound,
proven by the presence of eight methyl singlet signal in
the area between 0.951-1.384 ppm, the vicinal coupling of
AB system between H-23, resonating at 6.806, and H-24
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Fig 2. The percentage of cell viability of 2-O-f-
glucopyranosil cucurbitacin D on MCF-7 and HCT-116

Table 1. Cytotoxic activity of 2-O--glucopyranosil cucurbitacin D

Compound ICso (ug/mL)

MCE-7 HCT-116
2-O-pB-glucopyranosil cucurbitacin D 19.2 + 5.094 0.002 +0.019
Doxorubicin® 0.02 £ 0.038 -
Fluorouracil® - 21.7 +4.019

“Doxorubicin was used as a positive control on MCF-7, *Fluorouracil was used as a
positive control on HCT-116, Data are presented as mean + standard deviation, SD
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Fig 3. Effect of 2-O-B-glucopyranosil cucurbitacin D on HCT-116 and MCF-7 on annexin V-FITC-positive staining.
The four quadrants identified as LL (healthy cells); LR (early apoptotic); UR (late apoptotic) and UL (necrotic)

at 7.088, where its J value of 10.8, suggesting the
stereochemistry for C-23-24 is Z configuration [15]. A
broad singlet proton signal at 5.716, assigned for C6. A
typical triplet signal at 3.780 for H-16, a characteristic of
geminal coupling of H-12 as two duplets at 2.668 and
3.337 (] = 9 Hz), an upfield shift at 4.834 for H-2, which
are attributed by the glycosidic linkage of this position
and also from carbonyl group at C-3. A single
monosaccharide moiety was revealed by an anomeric
proton at 4.431, together with five signals of oxygenated
carbon in the range of 3.417-3.941.

Cucurbitacin  type
encountered in the cucurbitaceae family plant. However,

triterpenoid was mostly
the presence of this compound was also reported from the
genus of Begoniaceae. Among the begoniaceae plants,
only Begonia heracliofera and Begonia nantoensis were
reported to contain cucurbitacin type compounds [11-
12]. Therefore, this compound, 2-O-B-glycopyranosil

cucurbitacin D, found for the first time in Benalu batu
(Begonia sp.), can be a marker compound for the species
of Begonia.

The cytotoxic activity of cucurbitacin type
compounds was intensively studied. Cucurbitacin B,
cucurbitacin E, and cucurbitacin I have been reported to
inhibit the cell proliferation of human breast cancer [16-
18]. Cucurbitacin B, cucurbitacin D, and
dihydrocucurbitacin D inhibited the growth of human
(KB)
embryonic fibroblasts (313) cells, human prostate

nasopharyngeal carcinoma cells, murine
carcinoma (PC-3) cells, murine methylcholanthrene-
induced fibrosarcoma (MethA) cells [11]. Cucurbitacin
B and dihydrocucurbitacin B inhibited the cell
proliferation of mouse embryonic fibroblast (NIH3T3)
and virally transformed form (KA3IT) [19]. In the form
of glycoside, cucurbitacin I glycoside and cucurbitacin E

glycoside has been reported to inhibit Hepatoma Cell
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Line (HepG2) and mice-bearing tumor of Ehrlich’s ascites
carcinoma (EAC) [20]. This fact showed the potential
anticancer activity for this type of compounds.

2-O-B-glycopyranosil cucurbitacin D exhibited
potent cytotoxic activity against MCF-7 and HCT-116
cancer cell lines with the ICs of 19.913 and 0.002 pug/mL,
respectively. This result encourages us to further study its
mechanism on apoptosis induction. Both cell lines were
stained by annexin A and gave a proper indication on
early and late apoptosis, as shown in Fig. 3. The result
showed that there is a significant increase in the
percentage of annexin V-FITC-positive apoptotic cells
(early + late apoptotic) on HCT-116 and MCF-7 when
compared to the untreated cells (Fig. 4). Therefore, it can
be concluded that 2-O-f-glycopyranosil cucurbitacin D
inhibited the cell proliferation of HCT-116 and MCF-7
via apoptosis induction. Some studies had reported
cucurbitacin type compounds could induce apoptosis
mechanism, such as cucurbitacin D exhibit anticancer
activity in human breast cancer by inhibiting Stat3 and
Akt signaling and cucurbitacin B induces apoptosis by
inhibition of the JAK/STAT pathway [21-22]. Therefore,
2-O-B-glycopyranosil cucurbitacin D might also induce
apoptosis in this same mechanism.

100 1

&0 1

Percentage (%)
[=F]
o)

e
=1

20 -

0 ntreated "HCT-116 = Untreated " MCF-7 +
HCT-116 GCD MCF-T GCD
BHealthy Cells mNecroticCells mEarly + Late Apoptotic

Fig 4. The percentage of healthy cells, necrotic cells and
early + late apoptotic cells on HCT-116 and MCEF-7 cell
lines after exposed by2-O-B-glucopyranosil cucurbitacin
D (GCD)

m CONCLUSION

2-O-B-glycopyranosil ~ cucurbitacin D was
successfully isolated for the first time from Benalu batu
(Begonia sp.). This result indicated that the presence of
cucurbitacin type triterpenoid could be a marker
compound for Begonia plant species. It exhibited potent
cytotoxic activity against HCT-116 and MCF-7 as well

via apoptosis induction.
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= INTRODUCTION Therefore, these plants need to be investigated further so
Humans have a dependence on herbal medicines in that native Ind.o.ne51an plénFs can continue to be main
sources of traditional medicine [2].

One of the important part of medicine for human
is their antimicrobial activity [3]. The use of antibiotics

has reached an alarming level of resistance. The

treating various diseases. Herbal medicines have been
used long before the discovery of modern synthetic drugs,
as traditional medicines that have always been a part of

human traditions and cultures [1]. The sources of

traditional medicine can be obtained from plants, emergence of toxicity and the reduced effectiveness of

including abundant native Indonesian plants [2]. using synthetic drugs are other problems that must be
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resolved [4]. Therefore, it is necessary to do research to
look for compounds from natural ingredients that have
This study is to test the
antimicrobial activity on native Indonesian plants. The

antibacterial activity [4].

qualitative methods of the antimicrobial test include bio-
autography and diffusion methods, while the quantitative
method of antimicrobial test is performed by the dilution
method so that the minimum inhibitory concentration
value can be obtained [5].

Garcinia latissima Miq. (Clusiaceae) is a plant that
grows in tropical and subtropical regions. The fruit of this
plant is sweet, sour and rich in nutrition. A previous study
showed that 2% of the G. latissima Miq. fruit ethyl acetate
extract in dimethyl sulfoxide (DMSO) gave inhibition
zone diameter against B. subtilis of 9.62 mm and the
minimum inhibitory concentration (MIC) against B.
subtilis of the extract was 2500 ppm [6]. The extract was
fractionated by column chromatography. Fraction C had
the highest activity from 11 fractions (FA-K). The result
of the activity test against B. subtilis from the previous study
of the fraction C 2% in DMSO provided inhibition zone
diameter of 9.46 mm and MIC of 1250 ppm [7].

In this study, isolation of fraction C was performed
as well as antibacterial test of the isolated result. The
presence of pharmacophore groups in the active
compound can be used as antibacterial treatment against
B. subtilis [8]. The positive control that was used as an
antibacterial agent against B. subtilis was erythromycin
The
mechanism of erythromycin in the system was observed

that works by inhibiting protein synthesis [9].

by the formation of a peptide bond with a ribosomal 50S
subunit of bacteria (1:1) thereby inhibiting peptidyl
transferase activity present in the 23S rRNA in the 508
subunit [10]. rRNA 23S consists of six domains, two of
which are peptidyl transferase sites that are domains V
and II connected by 5S rRNA [11]. Erythromycin binds
specifically to adenine 2058 in domain V to inhibit the
synthesis of a nascent 50S ribosomal subunit from B.
subtilis [11]. This causes the distribution mRNA to be
inhibited and affects the binding of peptidyl tRNA [10].
Molecular docking studies can further find more effective
antibacterial agents [8].

Indones. I. Chem., 2020, 20 (4), 773 - 781

6-Deoxyjacareubin isolated from Calophyllum
zeylanicum, and Kielmeyera speciosa woods (Guttiferae)
was reported to have antimicrobial activity [12]. 6-
Deoxyjacareubin compound has been reported to be
inophyllum L. [13].
Calophyllum inophyllum stem bark methanol extract

isolated from Calophyllum

acts as an antibacterial agent against Pseudomonas
aeurginosa, Staphylococcus aureus and Staphylococcus
epidermidis at 25 pg/mL concentration and against
Bacillus licheniformis, Bacillus subtilis, Escherichia coli
and Klebsiella pneumoniae at 50 pg/mL concentration
[14]. Oil from C. inophyllum L. has an antibacterial
activity against Gram negative bacteria [15].

m EXPERIMENTAL SECTION
Materials

The fruits of G. latissima Miq. were obtained from
Bogor Botanical Gardens and has been identified by the
center for plant conservation Bogor Botanical Garden,
Indonesian Institute of Sciences (LIPI).

The chemical materials used in this study were n-
hexane, ethyl acetate, methanol, distilled water, glacial
acetic acid, thin layer chromatography-silica gel 60
GFas4, silica gel Gg, H.SOs AlCL;, nutrient agar,
cetrimide, Thiazolyl blue tetrazolium bromide, p.a.
solvents such as n-hexane, ethyl acetate, ethanol,
chloroform, dichloromethane, methanol, and acetone.

n-Hexane, ethyl acetate, methanol, and distilled
water were from Brataco Chemica, the p.a. solvents were
purchased from Smart Laboratory, glacial acetic acid
was purchased from Merck, thin layer chromatography-
silica gel 60 GF,ss, silica gel Geo, H2SO4, AICLs, nutrient
agar, and cetrimide was purchased from Merck, while
Thiazolyl blue tetrazolium bromide was purchased from
BBI Life Sciences.

Instrumentation

The equipment used in the study were a rotary
evaporator, column chromatography equipment, thin
layer chromatography equipment, vials and bottles,
micro pipet, UV-Vis spectrophotometer, analytical
balance, glasswares, CAMAG UV cabinet 4, electric stove,
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Memmert oven, refrigerator, infra-red spectrophotometer,
High
Chromatography-Mass

nuclear magnetic resonance spectroscopy,

Performance Liquid
Spectrometry-Mass Spectrometry, microplate 96-well
and Memmert incubator.

Procedure

Extraction, fractionation, and isolation processes

The extraction process of G. latissima fruits (8.9 kg)
by successive maceration (by three solvents: n-hexane,
ethyl acetate, and methanol) was performed according to
the study by Ambarwati et al. [6]. Moreover, the G. latissima
fruits ethyl acetate extract (157 g) was fractionated. The
fractionation =~ was  conducted using  column
chromatography according to the study by Ambarwati et
al. [7] and resulted in 11 fractions (A-K).

The material used for the isolation was the fraction
C of ethyl acetate extract of G. latissima Migq. fruits (1.53 g).
Fraction C was separated on silica gel column
chromatography (CC) (305 mm X 23 mm i.d) with n-
hexane/ethyl acetate (100:0-0:100, v/v) as eluents and
then purified by recrystallization and thin layer
chromatography-silica gel. The recrystallization of fraction
C was processed by modifying the non-polar solvent
(hexanes) and the semi-polar solvent (ethyl acetate). And
then, fraction C was purified further using preparative
thin-layer chromatography (p-TLC) method. From the
purification, 6-deoxyjacareubin was obtained and then
identified using thin-layer chromatography with n-hexane-
chloroform (1:4, v/v) as the mobile system. The retention
factor (Rf) value of the isolate obtained from thin-layer

chromatography with n-hexane-chloroform was 0.4.

Antibacterial activity

The antibacterial activity of the compound was
evaluated against B. subtilis ATCC 6633 which was taken
from the laboratory of Microbiology, Faculty of
Pharmacy, Universitas Indonesia. The bacterial cultures
were developed by selective nutrient agar at 37 °C for 24 h
[1]. The nutrient broth was used for the preparation of
inoculum of the bacteria, and nutrient agar was used for
the screening method. The antibacterial activity test
against B. subtilis was carried out by microdilution
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method using yellow indicator tetrazolium salt (MTT)
so that the MIC value (in triplicates) is obtained.

In silico molecular study

Crystal structure of peptidyl transferase was
downloaded from the RCSB protein data bank
complexed with erythromycin (PDB ID: 1JZY) [16]. The
macromolecule enzyme was reduced by removing
several of the nonessential residues to minimize the
macromolecule size. Docking method was validated by
re-docking the co-crystallized ligand (erythromycin)
into the same active site of the enzyme using AutoDock
Tools, and the results were determined by values of Root
Mean Square Deviation (RMSD). Subsequently, the
ligand (6-deoxyjacareubin) was optimized by adding
charge using Antechamber and docked into the same
active site. Gasteiger charge was added to both ligands;
free binding energy values were calculated and analyzed.
The ligand-residue interaction was visualized using
LigPlot to observe involved residue which contributed to
the values of binding affinity.

m  RESULTS AND DISCUSSION

The 6-deoxyjacareubin compound obtained was
observed as yellow needles crystals (16.8 mg) which were
obtained from chloroform solution. The molecular
formula was determined to be CisH4Os from its quasi-
molecular ion peak at m/z 311.43 [M+H]* (molecular-
weight or exact mass was calculated 310.0841) in the
Liquid Chromatography-Mass Spectrometry spectra
which are shown in Fig. 1.

The results of the UV isolate spectrum (Fig. 2)
showed that the isolate using chloroform solvent, had
the maximum A absorption, at 308 and 329 nm. The
maximum wavelength (329 nm) indicates that the
compound contained a conjugated unsaturated ketone.
The unsaturated conjugated bond is a single and double
bond that alternate each other [17]. The maximum
wavelength of 308 nm indicates the presence of a
substituted benzene ring, the xanthone framework [18].

The hydroxyl group (-OH) was detected in the IR
spectrum at 3425 cm™ (shown in Fig. 3). The absorption
bands at 2900 and 2800 cm™' indicate the vibration of the
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Fig 1. The Liquid chromatography-mass spectrometry spectra of compound 1
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Fig 3. The IR spectrum of compound 1

CH (CH, CH,, CHj3). The presence of an absorption band
at 1680 cm™ indicates the vibration of the phenyl group
[18]. From these infra-red spectra data, it is estimated that
these compounds contain hydroxyl groups, phenyl
groups, and CH, CH,, or CHj; groups.

The 'H-NMR spectrum showed a specific peak in
the aliphatic region at 8u 1-2 ppm (Fig. 4). There is also a
peak that characterizes a xanthone derivative of a dimethyl

group present at 8u 1.49 (s, 6H) and two doublet protons
(as a chromene) at 8y 5.78 (d, J = 10.4 Hz) and 6y 7.06
(d, J=10.4 Hz) [19]. A coupling constant ] value (in Hz)
in NMR proton provides information in measuring the
interaction of proton pairs. Protons in an ortho
relationship show large coupling (8-12 Hz, but normally
about 10); protons with a meta relationship show a small
coupling (2-6 Hz). Furthermore, there is one singlet
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Fig 4. The spectrum of H-NMR

Table 1. 'H-NMR and "C-NMR data compound 1 compared with 6-deoxyjacareubin

Compound 1 (in acetone-d6)

6-Deoxyjacareubin (in acetone-d6) [19]

No 8 BC-NMR 8 'H-NMR (m, J in Hz) 8BC-NMR  §'H-NMR (m, ] in Hz)

1 116.0 7.0 (dd, 8.4; 2.0) 116.7 7.66 (dd, 7.8, 1.6)

la 122.6 - -

2 121.9 731 (t, 8,4) 122.6 7.27 (,7.8)

3 122.6 7.39 (dd, 8.4, 2.0) 122.6 7.35 (dd, 7.8, 1.6)
146.8 - 144.3

4a 147.5 -

5 99.9 6.21 (s) 6.40 (s)

5a 164.2 - -

6 153.0 - 159.5 -
104.5 - 106.3 -

8 162.3 13.1 (s) 162.7 13.33 (s)

9 182.5 - -

9a 102.7 - -

10 116.5 7.06 (d, 10.4) 6.69 (d, 10.1)

11 128.4 5.75 (d, 10.4) 5.76 (d, 10.2)

12 78.3 -

13,14 28.2 1.50 (6H, s) 1.48 (6H, s)

proton at 8y 6.21 (s) and aromatics with an ABC system
appearing at Ou 7.39 (dd); 7.31 (t) and 7.71 (dd). The
presence of particular groups in the highly downfield
region of 8u 13.10 (s), is also a characteristic that this
compound is thought to be a xanthone derivative [19].
The 'H-NMR and "“C-NMR data compound were
compared with 6-deoxyjacareubin (chromenoxantone
group) [20]: see Table 1. We concluded this structure to
be as described in Fig. 5.

Fig 5. The structure of compound 1
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Fig 6. The HMBC correlation the compound 1

The assignments of all carbons were confirmed by
the HMBC experiment. In the HMBC spectrum, the long-
range correlation from the aromatic proton signal at 8y
5.75(d,J=10.4 Hz) to the carbon signals at 5 28.2 (13,14-
CHs), 78.3 (C-12), 104.5 (C-7) indicated 6,6-dimethyl-
3,6-dihydro-2H-pyran at C-7 of the phenol. The cross-
peaks between 6.21 (1H, s), 8¢ 102.7 (C-9a) and 164.2 (C-
5a) suggested the connection of but-1-ene in the phenolic
unit. The position of 6,6-dimethyl-3,6-dihydro-2H-pyran
was determined by the correlations of the proton signal at
Ou 7.06 (1H, d, ] = 10.4 Hz) with the carbon signals at ¢
78.3 (C-12), 153.0 (C-6), and 162.3 (C-8). The position of
the phenolic group was determined by the correlations of
the proton signal at 8u 7.31 (1H, t, ] = 8.4 Hz) with the
carbon signals at 8¢ 122.6 (C-3), 146.8 (C-4) and the
correlations of the proton signal at 61 7.39 (1H, dd, ] = 2.0,
8.4 Hz) with the carbon signals at 8¢ 116.0 (C-1) and 146.8
(C-4). The cross-peaks between 7.70 (1H, dd, J = 2.0, 8.4
Hz) and &8¢ 122.6 (C-1a), 147.5 (C-4a), and 182.5 (C-9)
suggested the connection of the phenolic group with the
pyran unit. The HMBC correlation is thoroughly
illustrated in Fig. 6.

Antibacterial Activity

The test result of the antibacterial activity with
microdilution method of 6-deoxyjacareubin is shown in
Fig. 7. The MIC of 6-deoxyjacareubin and erythromycin
against B. subtilis respectively were 156.25 and 25 ppm.
The 6-deoxyjacareubin MIC value was greater than the
positive-controls (erythromycin) MIC value, which
means that the sensitivity of 6-deoxyjacareubin against B.
subtilis was lower than erythromycin.

The mechanism of inhibiting bacteria by antibacterial
compounds is by damaging the cell walls of the bacteria.

5000 ppm
2500 ppm
1250 ppm
625 ppm
2.5 ppm
156.25 ppm
78125 ppm

control

Fig 7. The result of MIC the compound (6-
deoxyjacareubin) test using the microdilution method
with an indicator of tetrazolium salt (MTT)

Molecules of nucleic acid and protein are also changed
after the damaging of the cell wall. The damage also
inhibit the works of enzymes, by inhibiting the synthesis
of nucleic acid and protein from the bacterial cells which
leads to its death [21].

The test of MIC isolate against B. subtilis bacteria
resulted with a MIC value of 156.25 ppm, while the value
of MIC from the ethyl acetate extract of the fruit (fraction
C) is 1250 ppm (obtained from previous research). Those
results show that the isolate is more active than the
fraction. The isolate is a polyphenol compound that can
inhibit hydrolytic enzymes (protease) which are found
in microbes [22]. The protease enzyme is a proteolytic
enzyme that catalysts the termination of peptide bonds
in proteins that has a role in cell growth [23].

6-Deoxijacareubin is a chromenoxanthone
[24].
compound that has a tricyclic aromatic system with an

compound The xanthone compound is a

anthraquinone base structure and is also known as an
anti-bacterial agent [25]. Xanthone compounds contain
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Table 2. Calculated estimated binding free energy and inhibition constant in docking of 6-deoxyjacareubin to

erythromycin
No Compound Binding free energy Inhibition constant
1 Erythromycin (redocking) RMSD 2.00 A RMSD 2.00 A
-5.75 kcal/mol 61.27 uM
2 6-Deoxyjacareubin Best rank Best cluster Bestrank  Best cluster

-5.66 kcal/mol

6/10 = -5.66 kcal/mol  70.87 yM  70.87 uM

two benzenes with O atoms and ketones, have lipophilic
properties and some of these compounds have been
studied as anti-B. subtilis [26].

The isolate with a MIC value of 156.25 ppm shows
that anti-bacterial activity against B. subtilis is low since
the value of MIC > 100 ppm [27]. This also corresponds
with the fraction C activity from the fruit's ethyl acetate
extract that has a value of 1250 ppm. The value from
fraction C shows that it has a low activity against B. subtilis
since the value of MIC > 625 ppm [27].

In Silico

The ligand stability is defined by RMSD value
obtained from docking studies. Ligand stability is
determined by RMSD value which describes the different
coordinates to the best docking score. In this study, the
ligand exhibited RMSD value of below 2.00 A. Thus it
shows that by using reduced macromolecule, the ligand
was able to maintain the coordinate stability by showing
similar coordinates within 10 runs of docking. Further
molecular dynamic study is required to understand the
properties of reduced macromolecule [28].

The affinity and inhibition constant (ki) were -5.75
kcal/mol and 61.27 pM, respectively. 6-Deoxyjacareubin
resulted in lower affinity compared to the cocrystal
structure of erythromycin with binding energy and
inhibition constant of -5.66 kcal/mol and 70.87 pM,
respectively. Docking results of 6-deoxyjacareubin
showed interaction with several residues in concordance
to the residues bonded with erythromycin. These residues
included U2588, C2589, G2484, and U2590, indicating
similar activity of 6-deoxyjacareubin with erythromycin.
The table of calculated estimated binding free energy and
inhibition constant in the docking of 6-deoxyjacareubin to

™ U 45

Erythromycin 6-Deoxyjacareubin

Fig 8. The interaction between erythromycin and 6-
deoxyjacareubin with amino acids on the A2042 PDB
receptor using the LigPlot program was illustrated

erythromycin can be seen in Table 2 [17].

Erythromycin involved hydrogen bonding with
A2042 which was not shown on deoxyjacareubin. The
hydrogen bonding might have contributed to
erythromycin affinity which was slightly higher than
Both exhibited

hydrophobic interaction with several residues. The

deoxyjacareubin. ligands similar
interaction between erythromycin and 6-deoxyjacareubin
with amino acids on the A2042 PDB receptor using the

LigPlot program is illustrated in Fig. 8.
m CONCLUSION

Deoxyjacareubin compounds were isolated from
the ethyl acetate extract of G. latissima Miq. fruit, and
acted as an antibacterial agent against B. subtilis with a
MIC value of 156.25 ppm. According to the docking
study, 6-deoxyjacareubin showed similar hydrophobic
interaction with several amino acid residues (including
C2565, C2589, (G2484, U2590, and U5588) between a
native ligand.
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Abstract: The zircon powder from Zircon Minerals Malaysia is a pure premium grade
zircon sand milled 1.5 um that contain ZrSiOy, ZrO,, HfO,, SiO., Al,Os, TiO,, and Fe;0;.
The monoclinic zirconia powders were synthesized from the zircon sand of Zircon
Minerals Malaysia, by caustic fusion method at calcination temperatures between 500 °C
to 800 °C. The as-synthesized zirconia was characterized through X-Ray diffraction
(XRD), scanning electron microscopy (SEM), thermogravimetric and differential thermal
analysis (TG-DTA), and X-Ray fluorescence (XRF) techniques. The XRD results show
two monoclinic phases of microcrystalline zirconia. Zirconia that was calcined at 600 °C
obtained the highest value of ZrO,, which was 54.48%; followed by zirconia calcined at
700, 800, and 500 °C, which obtained the ZrO; values of 53.58, 52.41, and 51.53%,
respectively, based on the XRF analysis. As-synthesized zirconia showed monoclinic
phases where the surface areas were 0.0635g, 0.135, 0.0268, and 0.0288 m?/g, for zirconia
calcined at temperatures of 500, 600, 700, and 800 °C, respectively. The surface structure
of the powder that had been calcined at 600 °C showed similarities with the commercial
zirconia. The similarities of the synthesized zirconia and commercial zirconia showed
that the zirconia powder could be synthesized using zircon sand by caustic fusion method,
even though the content of zirconia was lower compared to that of the commercial
zirconia powder.

Keywords: zirconia; zircon sand; monoclinic; caustic fusion method

m INTRODUCTION

enamels [2]. The melting point of the natural zirconia as
mineral baddeleyite is high, which is 2715 °C, and its

Zirconia (ZrO,) powder is a white crystalline known
as zirconium oxide. This powder is chemically inert and
can withstand high temperatures, corrosion, and thermal
shock [1]. The condition of the zirconia can either be in
natural form or processed form. Zirconium oxide is the
condition when the zirconia is in the natural form, known
as mineral baddeleyite. The zirconia is calcined to high
temperatures to produce zirconia oxide. Many researchers
are interested in studying the zirconia powder because it
is widely used in ceramic materials and many applications,
such as in dentistry, scaffold bone tissue engineering, and

boiling point is 4300 °C, which makes the toughness of
the zirconia very high [3]. Zirconia has unique properties
because of its complex and temperature-dependent
phase transition. Pure zirconia exists in three crystal
phases: monoclinic, cubic, and tetragonal, depending on
the temperature [4]. The material can have sharp edges
and a very smooth surface when the powder is in fine
grain size. However, the weakness of the zirconia in its
physical characteristics is shown during phase change,
when it is heated [5]; the addition of stabilizers can
overcome this problem. Yttria partially stabilized zirconia
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exists when the yttrium oxide is added as a stabilizer,
making it one of the solutions in solving this problem [6].

There are several methods to produce zirconia
powder, such as hydrothermal oxidation, thermal
decomposition, precipitation, and hydrolysis [7]. The
method used to produce different characteristics of
zirconia powder is based on the desired product. The best
result obtained for zirconia powder is using chemical
routes, but it is not an economical method for industrial
manufacturing compared to the conventional milling
method [8]. However, the high-quality nanometer-sized
powder is obtainable using the technology of
precipitation. Nevertheless, these powders are relatively
expensive even though it produces high purity zirconia.
Zircon can be used to overcome the problem because
zircon is the main mineral precursor. Zircon is the main
type of heavy mineral species, and it can be found at the
beach along the coast of Brazil [9]. In industrial minerals,
zircon is commercially important. The use of zircon in the
production of zirconia is quickly increasing because it is
capable of resisting high temperatures and chemical
attacks, creating good refractory for furnaces, steel ladles,
and foundry sand used [10]. The production of zirconia is
simple, and it requires low capital and operational cost by
concentrating the zircon through caustic fusion [11-12].
These facts show that the caustic method is essential for
compound production. The fusion method is generally
used to synthesize the zirconia from zircon. In this
method, different chemicals can be used, such as sodium
hydroxide, and calcium carbonate. However, sodium
hydroxide is commonly used in caustic fusion method for
the production of zirconium oxide or zirconia. Thus, in
this study, to synthesize the zirconia powder, zircon sand
will be used to produce high purity and economical
zirconia by using caustic fusion method.

m EXPERIMENTAL SECTION
Materials

Table 1 shows the chemical composition of
Australian Zircon sand obtained from the Zircon
Minerals Malaysia. The commercial zirconia powder was

obtained from Vistee Technology Services.
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Table 1. Chemical composition of zircon sand

Name of substances Composition percent (%)

Zirconia + Hafnia (ZrO, + HfO,) 64.2
Silica (SiO;) 33.8
Alumina (ALOs) 0.90
Titania (TiO,) 0.14
Iron Oxide (Fe,O3) 0.06
Instrumentation

Analysis were conducted to evaluate the physical
and chemical characterizations of all of the synthesized
zirconia powders. The thermal behavior of the powders
was analyzed by thermogravimetric and differential
thermal analysis (Mettler Toledo TGA/DSC SDTAS851).
The powders were then heated from room temperature
to 1000 °C at a heating rate of 10 °C/min in a flowing
Ultima IV Rigaku X-Ray
diffractometer was used at a scan speed of 2 °C/min over

nitrogen atmosphere.

a scan range between 10°-90° to examine the phase that
is present in the powder. The particle size distribution of
the powder was measured using Malvern Instrument
type Mastersizer 2000. Brunauer-Emmett-Teller (BET)
analysis was used to measure the specific surface area,
and X-Ray fluorescence (XRF) PAN Analytical Axios
was used to determine the chemical composition in the
powder. The surface structure of the powders was
assessed using a scanning electron microscopy (SEM)
image (Zeiss LEO 1525).

Procedure

Synthesis of zirconia powder

The zirconia was synthesized by using the caustic
fusion method. NaOH was weighed at 30 g and zircon at
33 g [13]. The weight was determined by calculating the
number of moles according to the chemical reaction
below [13]:
ZrSiO () +4NaOH,

4(s) (1)
M)NaZZrO3(S) + Na,8i0; +2H,0,,

Next, the acid leaching method was used to
produce ZrOCl, by dissolving the mixture in 120 mL of
5 M HCI solution. The process was conducted at 85 °C
for 30 min. Then, the ZrOCl, produced was reacted with
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NH,OH 1 M until the pH of the solution becomes 9 to
obtain the Zr(OH)..
ZrOCly,, +2NH,OH,,,

—HERE 5 7r0(OH),  +2NH,Cl, ¥

The process was done by stirring at 90 °C. The
Zr(OH), was produced after 24 h, and then filtered and
washed using hot water to get a pH solution of 7 . Before
the zirconia powder was obtained by the calcination
process, the residue was heated at 150 °C for 3 h to remove
the moisture content [13].

Dried at 150°C
ZrO(OH),  —=*==>ZrO(OH),  +H,0(,
Wet Dry
The calcination process was done at 800 °C for 5 h

and repeated with different temperatures which were 500,
600, and 700 °C.

ZI‘O(OH) Calcined at 800°C ZrOz(S) n Hzo(g) (4)

3)

2(s)
m  RESULTS AND DISCUSSION
Thermal Analysis

Fig. 1 shows the TG-DTA curves of the hydrous
zirconia, ZrO(OH), after it was dried at 150 °C. The TG-
DTA curve exhibited several endothermic peaks below
1000 °C which indicates that the samples obtained would

mg
PR

18 4 | S |

be denatured at a temperature of 765.8 °C. However, the
sample structures illustrate that the samples calcined at
more than 700 °C had started to melt, as shown in Fig.
7(c), and hardened when they were cooled at room
temperature. Based on the DSC curves, the melting
point of ZrO(OH), was 59.94 °C. The melting point of
ZrO(OH), should be 318 °C [13]. This result showed
that the presence of impurity components added during
the synthesis of ZrO(OH),, such as ammonium ion, had
accelerated the degradation of the polymeric network,
while the chloride ions that had affected the thermal
stability of caustic fusion were not significant, compared
to the ammonium ions.

Crystallization

Fig. 2 shows XRD patterns of the samples that were
prepared at different temperatures in the calcination
process, which ranged from 500 to 800 °C for both the
synthesized and commercial zirconia powders. The X-
Ray diffractogram showed two monoclinic phases of
nanocrystalline zirconia 28.1° (111), 31.4° (111) (JCPDS
card no.78-1807) and tetragonal 30.2° (101), 50.2° (112)
and 60.2° (211) (JCPDS card 79-2769) [14].

In Fig. 2(b) to (e), based on the samples used, the
X-Ray pattern on the line of the synchrotron beam showed

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950°C

0 5 10 15 20 25 30

mg/min
-0.04.;
014 4
=029 i
\ / Onset59.94°C
-0.31 L1
-0.44

-0.54

35 40 45 50 55 60 65 70

75 80 85 90 95 min
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A
Onset 765.681 °C
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g0 65 90 S3min

Fig 1. TG-DTA curves of the hydrous zirconia, ZrO(OH), precipitated after dried at 150 °C
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Fig 2. XRD patterns for commercial zirconia and hydrous zirconia, ZrO(OH); after calcination at various temperature

that the synthesized zirconia was a nearly pure monoclinic
zirconia (> 95%) [15]. The synthesized zirconia did not
possess the tetragonal structure because the calcination
temperature was not above 1170 °C, based on the XRD
pattern obtained. Fig. 3 shows the three crystallographic
structures that occurred in pure zirconia [18]. First, the
monoclinic form that remained stable until 1170 °C.
Second, the tetragonal form that remained stable between
1170 and 2370 °C. Third, the cubic form that remained
stable above 2370 °C. The volumetric expansion of 3-5%
is related to both martensitic natures in considerable
technological importance in the changes of zirconia from
tetragonal to monoclinic structure [16]. Afterwards, the
significant effect of calcination on the phase purity of the
zirconia powder was determined. Thirty two percent of
the total zirconia was in the monoclinic phase and above
1170 °C, in which it will totally change to the tetragonal
form. Then, during the calcination process, the presence
of cations was resulted from the migration of cations
when the existing diffusion pathway was inactivated or
not fully in the crystalline phase. This is because the
transformation process is indicated by the endothermic
peak and is irreversible [17].

However, the preparation of synthesized zirconia
can affect its structure. The material was prepared using
zircon sand and produced at a pH of 10 when the
precipitation was formed, which means it was able to
obtain a high percentage of monoclinic form. A medium
pH range (8-11) could produce monoclinic zirconia,
while alow pH (3-5) and high pH range (13-14) produces
tetragonal phase based on previous researches [15]. This
is because the initial zirconium species are well detached,

h.
[al b
o 'i,f_. o ) l__”
& Q 0 o2 a o
° 5 fz %o g o
L SR dpih
Q9 o9 go ¥
o 25 i O
. o 0 09
P2yfe P zfnme Fm3m
AL -2310°C
mongchinic tetragonal ——® cubic
~E50°C -1000°C
Fig 3. Zirconia phase transformations. As the

temperature increases, the zirconia transforms from (a)
monoclinic to (b) tetragonal to (c) cubic [18]

Istikamah Subuki et al.



786

and could probably be because it is a monoatomic species
of the zirconium [15]. The application for monoclinic
structure can be used for components in refractory
materials, molten metal filters, additive to mixed oxide
systems, and nozzles and stoppers of transfer/holding
ladles.

Meanwhile, the commercial zirconia contained
tetragonal zirconia at a high percentage. The commercial
zirconia had fully changed from the monoclinic to
tetragonal form since the thermal treatment of the
commercial zirconia was above 1170 °C. Within the
temperature of 1170 to 2300 °C, the zirconia was in a
stable tetragonal form [19-20]. The effect of pH can be the
main factor for the zirconia produced in the tetragonal
phase because it can be obtained at either a low pH (3-5)
or high pH (13-14) range [15].

Particle Size and Morphology

The particle size distribution parameters of the
synthesized zirconia powder are shown in Fig. 4. Usually,
the most significant aspect in the particle size distribution
is the three-point distribution, nominated as D10, D5, and
Do using Eq. (5).

g = 2.56

v D
loglo [90]
DlO

The ideal condition of the value S,, can either be less

(5)

than 2 or greater than 7, showing a very broad (S, = 2 or
Dy = 19Dyo) or very narrow distribution (S = 7 or Dy =
2.3Dyo) [21]. Based on the results tabulated in Table 2, the
synthesized particle width distributions were 4.52, 2.26,
2.81, and 5.53, where they correspond to a broad
distribution because their S, was less than 7. For the
commercial zirconia, the S, value was 2.49. The particle
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width distribution and specific surface area of zirconia
and commercial zirconia at 600 °C were almost similar,
which were 0.1350 and 0.1310 m?/g, respectively. The
results obtained from this analysis showed that the
zirconia powder could be synthesized by using zircon
sand. By using commercial zirconia as an indicator, it is
possible to determine if the powder produced is similar
to the commercial one or otherwise.

Fig. 5 shows that the increase of temperature made
the particle size distribution less narrow, except for the
synthesis of zirconia at a temperature of 600 °C.
Calcination temperature influences the size of the
zirconia and densification of the samples. However, in
this result, the value of the specific surface area was not
consistent. The smaller the size, the larger the specific
surface area. The particle size of the powder is directly
dependent on the calcination temperature because at
high temperatures, shrinkage is likely to occur on the
zirconia [22]. From the observation made, the lower the
calcination temperature, the narrower the distribution.

E;.
—— Z0-500
& Z0-600
74 Z0-T00
. Z0-800
& —70C
LA
1 /)
EER f \
(=] 1
= 7 f \
] !
Z \
11 )
0 += ; - ——— .
o 100 200 300 400 500

Particle Size (pm)
Fig 4. Particle size distribution for synthesized zirconia
powder of different temperatures of calcination

Table 2. Parameter of the particle size distribution

Particle size (um) Particle width Specific surface
ZrO, powder e
Dy D5 Dy distribution (Sy) area (m*/g)

ZrO, 500 °C 38.725 121.380 142.802 4.52 0.0635
Zr0, 600 °C 21.928 153.055 299.111 2.26 0.1350
ZrQ, 700 °C 190.251 930.022 1546.454 2.81 0.0268
ZrO, 800 °C 507.257 993.615 1473.014 5.53 0.0288
Commercial ZrO, 23.645 110.514 252.177 2.49 0.1310
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Primary distribution of the particles are broaden with the
equivalent of decreasing volume fraction, as the
calcination temperature increases [22]. In Fig. 5, the
influence of the particle size on the phase of zirconia is
shown when the calcination had been completed to
produce zirconia. The calcination temperature had
affected the size of the distribution in which the highest
surface area was obtained at calcination temperature of
600 °C. This is probably because the zirconia was defined
as amorphous zirconia due to its high surface area and the
presence of small particles, as well as the presence of the
surfactant that can be induced [23]. However, the particle
size is probably the influencing factor because the
embryonic nuclei is responsible for the nature of the
phase obtained. Improvement on the digested zirconia
had increased its resistance to thermal calcination of up to
800 °C when compared to the undigested zirconia. As the
time of digestion increased, the loss in the surface area
decreased with calcination temperature up to 800 °C [24].
Hence, the smallest particle size width was 2.26, which
was synthesized zirconia at 600 °C, that also had the largest
specific surface area of 0.1350 m*/g, in which it is almost
similar to that of the commercial zirconia at 0.1310 m*/g.

In the BET analysis, the specific surface area, Sger,
and pore distribution were determined. In Table 3,
parameters of the BET analysis of the synthesized zirconia
are stated.

The highest BET surface area of the synthesized
zirconia was 1.8915 m*/g, which was calcined at 700 °C,
and the lowest surface area was 0.6811 m*/g at 600 °C. For
the total volume in pores, the highest was 0.00439 m*/g,
belonging to the synthesized zirconia at 600 °C, and the
lowest was 0.00147 m’/g. However, as the calcination
temperature increased, the total area in pores of the
synthesized zirconia also increased.

Fig. 6 shows the surface area against the pore width of
the synthesized zirconia calcined at 500, 600, 700, and
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800 °C. The pore width widened with increasing
calcination temperature, except for the synthesized
zirconia calcined at 600 °C. The pore width reached the
largest value with an incremental surface area when the
synthesized zirconia was calcined at 600 °C. The graph
pattern for the synthesized zirconia at 600, 700, and
800 °C were unimodal, and for the synthesized zirconia
at 500 °C, it was bimodal. The synthesized powders
contained voids or pores. In addition, the particle’s slow
growth is a direct influence to its loose porous structure
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monochinic Zr:

mad-range
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Fig 5. Influence of the precursor particle size on the
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Fig 6. Surface area against pore width of synthesized
zirconia at different calcination temperatures

Table 3. Parameter of the BET analysis

ZrO, Powder  BET surface area, Sger (m?*/g) Total area in pores (m*/g) Total volume in pores (m?*/g)
Zr0, 500 °C 1.0721 0.239 0.00147
Zr0O, 600 °C 0.6811 0.329 0.00439
Zr0, 700 °C 1.8915 0.546 0.00205
Zr0, 800 °C 1.5074 0.750 0.00268
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and the ability to sustain its amorphous nature during
calcination of up to 500 °C [25]. At 600 °C, the
intermediate temperature for zirconia transformed the
phase from an amorphous to crystalline nature of
t-zirconia, and at 800 °C, stabilization was found for
t-zirconia with a porous structure [25]. An assumption
can be made that ceramics with spherical shape and large
pores had caused the presence of particles with hollow
spherical shape in the source powder since the average
size of the powder corresponds to large pores with an
average size in calcined materials [26].

Table 4 indicates the chemical composition of ZrO,
samples at different calcination temperatures and also the
composition of commercial zirconia. The results showed
that the synthesized zirconia could produce the highest
amount of ZrO, at a temperature of 600 °C, which was
54.48%. The amount of Na,O in synthesized zirconia was
too large. However, the amount of Na substance in
zirconia is detrimental to its strength and ionic
conductivity, which is an important characteristic of
zirconia-based materials [27]. The importance of zirconia
containing a high amount of Na can also be seen in when
it is used in the thermal barrier, making the high content
of sodium in powders acceptable [27]. This can be
correlated to the chemical composition of zircon sand in
Table 1. The composition of zirconium ions inside the

Indones. I. Chem., 2020, 20 (4), 782 - 790

sand was not pure, due to the presence of other
substances which affect the purity of the synthesized
zirconia.

Fig. 7 shows the SEM images for the surface and
topography of zirconia, synthesized at different
calcination temperatures, and also images of
commercial zirconia. The structure in Fig. 7(a) showed
an amorphous-like structure because it is unlikely to be
crystalline. Meanwhile, the differences in Fig. 7(c) and
7(d) are that the shape of the agglomerated powder was
reduced when the temperature of calcination increased.
Furthermore, Fig. 7(b) showed a similarity in shape with
that in Fig. 7(e). The powders calcined at 600 °C had the
same shape as commercial zirconia. Based on this
observation, the synthesis of zirconia powder can be
performed using zircon sand when calcined at 600 °C.

However, the structure of zirconia calcined at more than

Table 4. Chemical composition of ZrO, samples
XRF Chemical Composition (wt.%)

Samples X

ZrO, Na,O SiO, CaO
Zr0, 500 °C 51.53 43.77 7.59 0.18
Zr0O, 600 °C 54.48 46.40 7.86 0.23
Zr0, 700 °C 53.58 41.20 12.09 0.30
Zr0O, 800 °C 52.41 35.72 16.33 0.36

Commercial ZrO, 100 - - _

o8

Fig 7. SEM images of (a) synthesized zirconia at 500 °C, (b) synthesized zirconia at 600 °C, (c) synthesized zirconia at

700 °C, (d) synthesized zirconia at 800 °C, and (e) commercial zirconia
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700 °C showed that the structure becomes denatured
because it will start to melt at that temperature.

Based on a previous study, the calcination of local
zircon sand from Indonesia using the same method of
synthesis, which is the caustic fusion method, at calcination
temperature of higher than 500 °C gives good ionic
conductivity [13]. The slopes of zirconia calcined between
600 to 700 °C showed the greatest ionic conductivity
based on their researches [13]. However, in this study, the
synthesis of the zirconia differs from what was performed
in the previous study. In the present study, the synthesis
of zirconia was conducted using different raw materials,
which was the zircon sand supplied from Zircon Minerals
Malaysia Sdn. Bhd. However, the same method of synthesis
was successfully applied to synthesize the zirconia. The
results obtained showed that zirconia calcined at 600 °C had
produced an almost similar structure with commercial
zirconia. In addition, other characteristics, such as the
surface area and pore volume of the synthesized zirconia,
were the greatest when compared with other zirconia.

m CONCLUSION

The synthesized zirconia powder can be produced
from a caustic fusion method using the raw material of
zircon sand. Based on the results using the XRD analysis,
BET, SEM, and by investigating the particle size of the
synthesized zirconia powder, it was shown that the obtained
powder had achieved almost similar characteristics to that
of the commercial powder. However, the structure of the
synthesized and commercial zirconia based on the XRD
analysis was different in which the synthesized zirconia
was in a monoclinic structure, while the commercial
zirconia was in tetragonal. The SEM images, showed that
the structures were the same for both powders. This is
proven from observing the particle size width and specific
surface area, where results for both powders were almost
the same. Hence, the synthesis of zirconia powder using
the zircon sand supplied from Zircon Minerals Malaysia
Sdn. Bhd. was successful.
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transformation from kaolinite to metakaolinite had occurred. According to SEM-EDS data,
the activation of metakaolinite by NH,OH allowed the dealumination of metakaolinite.
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The increase in the Si/Al ratio was almost twice as high as in kaolinite. BET-N, analysis
showed that the specific surface area and the total pore volume increased significantly
after activation. Its adsorption properties were tested against bixin. Bixin adsorption on
dealuminated metakaolinite followed pseudo-second order kinetic where k; = 0.20 g/mg min.
The adsorption isotherm followed the Langmuir model where gm = 0.72 mg/g.

Keywords: ammonia; adsorption; bixin; metakaolinite

m INTRODUCTION Due to the passivity of kaolinite, acidic or alkaline
activation was also studied from metakaolinite. It is a
metastable phase obtained by calcination of kaolinite,
which has been reported to be more reactive in chemical

Kaolinite [ALSi,O3;(OH)4] is a mineral clay that is
relatively inexpensive. It is effective as a support material.
This behavior is governed by the extent and nature of the

: treatments. Metakaolinites are obtained by calcination
outer surface, the interspace, and the crystal structure that

] ; ] . of kaolinite at temperatures between 500 and 900 °C
can be modified by appropriate processing techniques [1-
3]. Acidic or alkaline activation has been widely studied as

a chemical treatment to improve the characteristics of

[5,8]. This transformation occurs by losing its structural
water and a reorganization of the structure. Only a small

. L part of AlOs octahedron is maintained, while the rest is
natural kaolinite. However, activation from natural . )
. ) ] ) o transformed into much more reactive tetra and
kaolinite shows that improving the properties of kaolinite ; ) ) )

pentacoordinate units. This process of dehydroxylation

hemical is difficul f the high
by chemical processes is difficult because of the hig is presented in following equation [5].

Al,0,(SiO H,0), (kaolinite) = Al,O,(SiO H,O
affected by acidic or alkaline treatments, even under 203(810),(H;0); (kaolinite) +iz3(x)1H23)ZEF 20
—X)d;

passivity of this material. Thus, it was not significantly

concentrated solution conditions [4-7].
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The calcination conditions of kaolinite strongly
influence the reactivity of the solids obtained. The best
conditions for obtaining a highly reactive metakaolinite
were discussed by various authors who reported
calcination values between 600 and 800 °C [5,9-10].
Calcination at higher temperatures leads to the formation
of mullite and cristobalite. In this study, we used the
calcination temperature of 600 °C according to the
adapted protocol written by Belver et al. [5].

Rahmalia et al. [6] previously studied the
characterization of HCl and KOH treated kaolinite and
their adsorption properties against bixin (Fig. 1). The
results showed that there was only little change in the
kaolinite structure after treatment. However, the
activation of kaolinite using alkaline solutions allowed the
increase of the adsorption capacity of bixin, both
isotherms adsorptions, and kinetics. Bixin was chosen in
this study because it is a carotenoid dye that is widely used
in industry, cosmetics, pharmaceutical products, as food
coloring, textile dye [11-14], sensitizer in the solar cell
[15-17] and photodynamic therapy [18]. The double
bonds structure of bixin renders it unstable to light,
temperature, and oxygen exposure [19-20]. Incorporating
bixin into the surface or interlayer space of clay minerals
is one of the efforts to increase its stability [21-22].

In line with the development of environmentally
friendly technologies, NH,OH is a less toxic alternative to
KOH. KOH strongly attacks cell constituents by
dissolving keratin, hydrolyzing lipids, and degrading
proteins. The destructive effect of KOH on the eyes is
particularly serious. The effect of NH,OH is less severe.
The corrosive effects of NH,OH cause destruction of
single tissues, while KOH causes severe tissue destruction
[23]. NH,OH enters the nitrogen cycle. It is produced in
the soil by bacterial methods. NH4OH is also produced
naturally from the decomposition of organic matter [24].
So we used NH4OH in this work. Since the alkaline
properties of NH4,OH are almost the same as KOH, it is
advantageous to develop a new activator which has less
toxicity, and is believed to also improve surface properties
of natural kaolinite.

Although the bixin adsorption rate on kaolinite is
faster when acetone acts as a solvent, it is preferred to use

Indones. I. Chem., 2020, 20 (4), 791 - 800

dimethyl carbonate (DMC) since it can increase the
adsorptive capacity of bixin on kaolinite [6]. Most
properties of DMC make it a truly green reagent [25]: (1)
DMC is a non-toxic compound. Since the mid-1980s, it
is no longer produced from phosgene, but rather by
oxidative catalytic carbonylation of methanol with
oxygen. In addition to improving the safety of the
procedure, this manufacturing process avoids phosgene
contamination and eliminates the need for inorganic
salts as by-products. (2) DMC is classified as a flammable
liquid just like methanol, and has no irritant or mutagenic
effects, either by contact or by inhalation. Therefore, it
can be handled safely without the special precautions
required for toxic and mutagenic methyl halides. (3)
DMC has a versatile and flexible chemical reactivity that
depends on experimental conditions.

Thus, the objective of this work is the activation of
metakaolinite using concentrated NH,OH solution to
obtain the metakaolinite with better properties. The
treatment of kaolinite using concentrated NH,OH was
also done for comparative study. The parameters studied
are the properties of kaolinite and metakaolinites after
activation and its adsorption characteristics against bixin.

m EXPERIMENTAL SECTION
Materials

Bixin crystals containing 88.11% cis-bixin and
11.75% di-cis-bixin and an unknown compound (0.14%)
were obtained by the extraction and purification
processes described by Rahmalia et al. [26]. Natural
kaolinite (A,OSi,-2H,0), CAS Number 1318-74-7, was
supplied by Sigma-Aldrich (Germany), together with
analytical grade ammonium hydroxide (NH;OH, NHj3
28.0-30.0%) and dimethyl carbonate (99%) were
supplied by Sigma-Aldrich, Germany.

Procedure

Preparation and activation of metakaolinite by
NH,OH

The kaolinite was calcined at 600 °C in an oven to
give the corresponding metakaolinite. The calcination
was carried out under an air atmosphere in a
programmable furnace, with a program for heating from
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room temperature to the calcination temperature by
10 °C min' and maintaining the calcination temperature
for 6 h. The metakaolinite obtained was named Kca.
Activation was performed by adding 10 g of Kca in 100 mL
of a 5 M NH,OH solution. The mixture was stirred on a
vibrating table continuously (300 rpm) for 6 h at room
temperature. The suspension was filtered and the residue
was washed using distilled water until neutral and dried
in an oven at 103 °C for 24 h. This process was repeated 3
times to optimize the activation process. The final product
obtained was called Kca. The activation of kaolinite
without calcination was also done by a similar method,
and the final product obtained was called Ka. Kx, Kca, and
Kca were characterized by XRD, FTIR, SEM-EDS, and
BET-N.,.

Adsorption of bixin on KB and KCA

The adsorption process was carried out by adopting
the experiment optimum condition of Rahmalia et al. [6].
Stock solutions of bixin (20 mg/L) were prepared in
dimethyl
concentrations (3-18 mg/L) were prepared by dilution of
the stock solution. The adsorbent (0.05 g) was then added
to a solution of 5 mL of bixin (3-18 mg/L). The mixtures

carbonate. Solutions at the required

were stirred on a vibrating table continuously (300 rpm)
at room temperature (~22 °C). Samples were taken after
4 h (predetermined equilibrium time) and small aliquots
of the supernatant were removed and diluted to an
appropriate concentration, if necessary. The absorption
spectrum was determined immediately with a Shimadzu
UV-1800 UV-visible spectrophotometer. Concentrations
of bixin in the solutions were determined by a UV-visible
spectrophotometer calibrated at 456 nm dimethyl
carbonate [27]. For contact time studies, the residual
concentration of 5 mL of bixin solution (10 mg/L) with
kaolinite (0.1 g) was determined at various time points
from 5 to 360 min. The experiments were performed in
triplicate and mean values were reported.

m RESULTS AND DISCUSSION
Characteristics of Dealuminated Metakaolinite

The XRD diftractograms (Fig. 1) show the amorphous
patterns for Kca and Kca. The calcination process resulted
in significant crystallographic transformations of kaolinite.
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Fig 1. XRD diffragtograms of K, (black), Kca (blue), and
KCA (red)

Two intense diffraction reflections at 20 values of 12.3
and 24.9° which were observed at K, had disappeared,
while peaks attributed to quartz (20 of 21.22 and 27.45°)
remained unchanged. A diffractogram for K showed no
significant difference with respect to kaolinite before
activation as reported in Rahmalia et al. [6]. The
calcination product patterns are similar to those
reported for metakaolinites [5,9]. Since the activation of
metakaolinite was performed at room temperature, the
XRD pattern of Kca did not show significant variations
from Kca. This indicates that treatment with NH,OH at
room temperature leads to very small alterations in the
crystal structure of metakaolinite. However, the
International Centre for Diffraction Data (ICDD) shows
that Kca (PDF 01-076-5970) contains a small amount of
sodium aluminum silicon oxide. It is the precursor
component of zeolite formation. This mineral is not
present in the Kca. This result shows that NH,OH has
the ability to convert metakaolinite to zeolite although
activation was performed at room temperature.

FTIR analysis (Fig. 2) confirm the transformation
of kaolinite during calcination and activation. The FTIR
spectra patterns of Kx showed no significant differences
between kaolinite before and after treatment, indicating
an absence of significant change in the kaolinite samples.
The FTIR spectrum of natural kaolinite published by
Rahmalia et al. [6] was also presented for comparison. The
FTIR spectrum of natural kaolinite characteristic bands
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Fig 2. The FTIR spectra of K, (black), Kca (blue), Kca (red)

of kaolinite: at 3696, 3669, 3652, and 3619 cm™ correspond
to the stretching of inner-surface-hydroxyl groups, at
3443 cm™ corresponds to stretching of the hydroxyl group
of water, 1631 cm™ corresponds to the O-H deformation
of water, 1114 cm™ corresponds to Si-O stretching
(longitudinal mode), 1030, and 1006 cm™" correspond to
in-plane Si-O stretching, 937 cm™ corresponds to the -OH
deformation of inner-surface hydroxyl groups, 911 cm™
corresponds to AI-OH deformation, 794 cm™" corresponds
to Si-O vibration, 755 and 696 cm™ correspond to Si-O
perpendicular vibrations, 536 cm™ corresponds to Al-O-Si
deformation, 468 cm™" corresponds to Si-O-Si deformation,
and 428 cm™' corresponds to Si-O deformation.

The calcination process of kaolinite caused the almost
complete disappearance of the water and hydroxyl bands.
The stretching of inner-surface-hydroxyl groups bands at
3696, 3669, 3652 and 3619 cm™’, and the ~-OH deformation
of inner-surface hydroxyl groups band at 937 cm™ also
disappeared. This proves that the dehydroxylation process
occurred. The significant decrease in Al-OH deformation
band at 911 cm™ and Al-O-Si deformations at 536 cm™
indicates that the evolution of octahedral AI’* coordination
in the kaolinite structure towards coordination tetrahedral
in metakaolinite was observed.

The spectrum of metakaolinite shows a very simple
spectrum, consisting of three broad bands centered at
1079, 777, and 470 cm™'. The first corresponds to the

vibrations of the tetrahedral sheet, clearly showing the
deformation of this sheet during calcination. The second
band corresponds to silica or free quartz, unaffected by
calcination. Finally, the third band corresponds to the
structural flexural vibrations. The simplification of this
region also shows the structural deformation of kaolinite
in metakaolinite.
Glukhovsky et al
mechanism for the alkaline activation of materials

[28] proposed a general

consisting mainly of silica and reactive alumina. The
mechanism of the Glukhovsky model is composed of
joint destruction-coagulation-condensation-crystallization
reactions. The first step is a decomposition of the Si-O-Si
and Al-O-Si covalent bonds, which occurs as the pH of
the alkaline solution increases. These groups are therefore
transformed into a colloidal phase. Then, an accumulation
of destruction products occurs, which often interacts
with each other to form a coagulated structure, which
leads to the third phase, the generation of a condensed
and crystallized structure. In another study, Steinerova
[29] reported that metakaolinite in a strong alkaline
medium allows hydrolysis of metakaolinite source
components and their disintegration during which
bridging oxygen (BOS) converses to non-bridging oxygen
(NBOs) precursors release (BOS > NBOs), leading to a
solution of the hydrated units of SiO, and AlO.. As a
consequence, we did not observe any significant
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differences between the IR spectra of Kca and Kca. On the
other hand, the Al-O-Si deformation band at 536 cm™!
completely disappeared, followed by the decrease in
intensity of the Si-O-Si band at 468 cm™.

Alkaline attack on the structure of metakaolinite
produces a release of silicate and aluminate species in
solution, with 5 or 6 Al coordinates converted into 4-
coordinations during dissolution. In this case, the release
of Al may be faster than that of Si [30]. This can be
explained by the decrease in the percentage of Al in
metakaolinite after activation as observed by elemental
analysis using SEM-EDS (Table 1). According to SEM-
EDS data, the activation of metakaolinite by NH,OH
allowed the dealumination of metakaolinite. The increase
in the Si/Al ratio was almost twice as high as in natural
kaolinite, K, and Kca.

Table 2 shows that monolayer volume, surface area,
and total pore volume decreased during calcination due
to particle aggregation when water molecules was removed
from the structure. Meanwhile the average pore diameter
showed an increase, indicating that the high temperature
calcination process also allowed pore opening by
minimizing organic contaminations of natural kaolinite.

795

probably due to the ability of concentrated NH,OH to
dissolve aluminic and silicic part of metakaolinite.

Due to the change in chemical composition, the
mapping of the elements was conducted for natural
kaolinite and Kca using SEM-EDS with a magnification
of 2000x to know their distributions of chemical elements.
The results of the analyses are shown in Fig. 3. It is found
that the elements of O, N, Mg, Al, Si, and K of natural
kaolinite were homogenously distributed. After calcination
followed by activation, a new phase was observed
forming more pores. Activation by NH,OH lead to the
formation of pore domains that were larger in the clusters
site of chemical elements such as O, Si, and Al. This
figure also shows the change in the distribution of the
chemical elements of Na, Mg, and K but less important.

Adsorption of Bixin on Dealuminated Metakaolinite

For the comparison study with respect to natural
kaolinite, HCl treated kaolinite, and KOH treated
kaolinite, that Rahmalia et al. [6] had studied previously,
we carried out the adsorption of bixin on K, and Kca

Table 1. SEM-EDS analysis data

The specific surface area and the total pore volume  Element — wt.%
. o Natural kaolinite [11]  Ku Kca Kca
increased significantly after treatment for Kca because of o 569 53.0 535 560
the reorganization of the Kca structure. These results 0.42 045 029 037
show that metakaolinite is more reactive under treatment Mg 0.15 026 031  0.19
compared to natural kaolinite. NH,OH is capable of  A] 18.4 18.2 19.8 13.7
activating kaolinite by increasing slightly the surface area i 23.1 225 245 281
and average pore diameter of Ka. NH4OH was capable of K 0.79 038 072  0.83
dealuminating metakaolinite by increasing the surface  Fe 0.22 022 022 023
area by up to 16 times more than natural kaolinite. It is ~_S/Al 1.26 123 124 206
Table 2. BET-N; analysis data
Kaolinites Natural kaolinite [11] Ka Kcal Kca
Weight of sample (g) 0.21 0.22 0.21 0.19
Saturation vapor pressure (kPa) 99.22 99.78 97.18 97.14
Volume of monolayer, V,, (cm® STP g™) 1.76 1.88 1.64 28.57
BET Constant of energy, C (first layer) 42.94 3599  122.07  2877.50
Parameters  Surface area BET, a; BET (m*g™") 7.65 8.15 7.13 124.33
Analysis Total pore volume, p/po = 0.99 (102 cm® g™") 3.62 2.89 2.34 7.43
Average pore diameter, d, (nm) 8.20 14.17 13.16 2.39
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Fig 3. Cartography of elements of natural kaolinite (a) and Kca (b)

using dimethyl carbonate as the solvent. The effect of
contact time showed that bixin in dimethyl carbonate
needed 240 min to wait for equilibrium (Fig. 4). The result
was the same when natural kaolinite, HCI treated kaolinite,
and KOH treated kaolinite were used as adsorbents.

The absorption spectrum of the supernatant
solution of bixin in dimethyl carbonate before and after
adsorption by K, and Kca for 240 min is shown in Fig. 5.
In contrast to the adsorption properties of bixin on
natural kaolinite and treated kaolinite, the spectrum of
bixin after adsorption on Kcax showed a small red
displacement (bathochromic). It appeared in the visible
region and gave a maximum absorbance at 462 nm,
moving 6 nm with respect to the bixin spectrum before
adsorption (456 nm), and is associated with the position
of the 0-1 band of vibrations. This behavior is an
advantage in bixin applications as a photosensitizer. That
is, less energy is needed for the bixin to be excited from
HOMO to LUMO compared to bixin adsorbed on natural
kaolinite and treated kaolinite.

In order to explain the design of an adsorption system
and the interaction between bixin and metakaolinite in
this study, we used the most common types of isotherms,
which are the Langmuir and Freundlich models. They are
the best models to explain the trend of adsorption based
on the essence of absorbents saturated with adsorbate after
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Fig 4. Effect of contact time on adsorption of bixin using

K. (A) and Kca (o)
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Fig 5. Supernatant solution absorption spectrum of
bixin in dimethyl carbonate before (a) and after
adsorption on K, (b) and Kca (¢)
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enough contact time. Freundlich isotherm is applicable to
adsorption processes that occur on heterogonous
surfaces. This isotherm gives an expression which defines
the surface heterogeneity and the exponential distribution
of active sites and their energies. The linear form of the
Freundlich isotherm is as follows [31]:

1
logq, =logK; +;logCe (1)

where q. is the amount of the adsorbate at equilibrium
(mg/g), C. is the equilibrium concentration of the
adsorbate on the adsorbent (mg/L), K; is adsorption
capacity (L/mg) and 1/n is adsorption intensity; it also
indicates the relative distribution of the energy and the
heterogeneity of the adsorbate sites.

In the Langmuir model, the mass of solute adsorbed
per unit mass of adsorbent increases linearly with solute
concentration at low surface coverage, approaching an
asymptote as the adsorption sites become saturated. Eq. (2)
is based on three important assumptions: (1) the energy
of adsorption is identical for all sites and is independent
of surface coverage, (2) adsorption occurs only at
localized sites, with no interaction between adjoining
adsorbed molecules, and (3) the sorption maximum
represents monolayer coverage. The linear form of the
Langmuir Eq. (2) can be expressed as follows [32]:

C
Ce 1 J{che )
9e KL “dm dm

where K. is Langmuir constant related to adsorption
capacity (mg/g), which can be correlated with the variation
of the suitable area and porosity of the adsorbent which
implies that large surface area and pore volume will
result in higher adsorption capacity, and qn is maximum
adsorption capacity (mg/g).

Table 3 shows that the equilibrium data did not
correspond to the Freundlich equation for K and Kca in
dimethyl carbonate. The poor fit of these models was
demonstrated by the very low correlation coefficient (r
< 0.95) and the values of n > 1. The Langmuir equation
gave a better fit, with > > 0.95. This indicates the presence
of a homogeneous active site and the coverage of the
adsorbent surface with a monolayer of bixin. Depending
on the values of qm, the bixin adsorption on Kca is
favorable compared to K. This is predictable as the
adsorption capacity of adsorbents increased with an
increase in the specific surface area of BET.

The adsorption kinetics (k; and k,) were also
calculated for Kx and Kca as well as the correlation
coefficient, the values of q.; and e (calculation) and g.
(experiment) by using the Lagergren’s pseudo-first
order and pseudo-second order models to investigate the

Table 3. Adsorption parameters for the adsorption of bixin on K, and Kac

Adsorption isotherm parameters Ka Kac

K¢ (L/mg) 0.36 0.60

Freundlich N 0.14 8.76
r’ 0.42 0.30

K. (mg/g) 7.89 6.16

Langmuir qm (mg/g) 0.47 0.72
r’ 0.99 0.98

Adsorption kinetic parameters Ka Kac

q. exp (mg/g) 0.44 1.43

Pseudo-first order Gt (mg/g) , 0.19 046
k; (1072) (1/min) 3.57 10.4

r’ 0.84 0.73

ge2 (mg/g) 0.44 1.41

Pseudo-second order h (107%) (mg/g min) 20.1 399
k, (mg/g.min) 1.05 0.20

r’ 0.99 0.99
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dynamics of the bixin adsorption process. The pseudo-
first order model assumes that the rate of change of solute
uptake over time is directly proportional to the difference
in saturation concentration and the amount of solid uptake
over time. In most cases, the adsorption reaction involves
diffusion across a boundary (3) [33]. The adsorption
process with chemisorption controls the rate, according
to the pseudo-second order model (4) [34].

log(q. —q;)=logq, —k;. ( 3)

_t
2.303)'

1 {L] t (4)
9% (kyq2) \9m

where k; is pseudo first order adsorption rate constant

(1/min) and k; is pseudo second order adsorption rate
constant (g/mg min). Values of k; and k, were calculated
from the intercept of the corresponding plots of log (q. -
qu) against t and t/q; against t.

As seen in this table, the values of the correlation
coefficients for the pseudo-second-order rate equation
were found to be higher than those of the pseudo-first-
order rate equation. Although the r* values for plots are in
the range of 0.7329 after applying the pseudo-first order
model, the calculated qe; values obtained from this model
do not give reasonable values because they are very small
relative to the values of the experimental q.. The values of
qe2 and qe were close in agreement with the other values
for the pseudo-second order model. These results confirm
that the bixin adsorption process on both Ki and Kca
follow the pseudo-second-order kinetic model. These
results prove that adsorption occurs in this experiment by
chemisorption [35].

m CONCLUSION

The treatment of metakaolinite with NH,OH is a

good method for producing the dealuminated
metakaolinite with a very large surface area. The nature of
the adsorption process depends on the physical and
chemical characteristics of the adsorbents, as well as on
the conditions of the system. The product obtained can
also slightly decrease the energy required to excite the
electrons of the bixin from HOMO to LUMO. It can also
increase the capacity of kaolinite to adsorb bixin to almost

twice the amount of activated kaolinites without an initial

Indones. I. Chem., 2020, 20 (4), 791 - 800

calcination phase. Finally, dimethyl carbonate has
potential to be a good solvent for increasing the
adsorptive capacity of bixin on kaolinite.
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Abstract: Thermal and electrical conductivity studies of Cyclic Natural Rubber
nanocomposite with graphene 1 and 2 phr (G1 and G2), and modified 1 and 2 graphenes
(mG1 and mG2) have been carried out. Graphene was activated with cetrimonium
bromide (CTAB), was isolated from Sawahlunto coal (Bb) by the Hummer modification
method. The nanocomposite was fabricated through the mixing solution method using
xylene as a solvent. The characterizations of nanocomposites, which were performed by
Fourier Transform Infrared (FT-IR) and X-Ray Diffraction (XRD) reveal an interaction
between graphene, CTAB, and the CNR matrix. Furthermore, the results of Scanning
Electron Magnetic (SEM) and Transmission Electron Microscopy (TEM) analysis
indicate that the particle size becomes smaller, and the particle distribution is more in
accordance with CTAB. Thermal analysis of nanocomposites using Differential Scanning
Calorimeter (DSC) showed an increase in thermal conductivity from 3.0084 W/mK to
3.5569 W/mK. Analysis of electrical conductivity using the Two-Point Probe shows
2 phr mG (mG2) capable of increasing electrical conductivity from 0.1170 x 107* S/cm to
0.2994 x 10 S/cm.

Keywords: CNR; graphene; coal; CTAB; electrical conductivity

m INTRODUCTION

Graphene functionalization has good solubility in

The addition of a small amount of graphene to the
polymer matrix was found to increase the electrical
conductivity of nanocomposites significantly [1-2]. The
electrical conductivity of the nanocomposite can be
increased by chemically reducing GO [3-4]. Pure graphene
is not compatible with all types of organic polymers, and
composites obtained have inhomogeneous morphology.

On the other hand, the surface functionalization of
graphene can increase the dispersion of graphene into the
polymer matrix and also increase the interaction between
phases between graphene and the polymer matrix [5-6].

organic solvents and good interface interaction with
organic polymers [6]. Another reason for graphene
functionality significance is that hydrophobic graphene
usually forms irreversible agglomeration and produces
graphite through van der Waals bonds. This
phenomenon has the effect of reducing the surface area
of graphene and reducing the electrical properties of
graphene [7].

Kim et al. showed an increase in dispersion between
styrene butadiene (SBR) latex and multi-layer
graphene/CTAB. Multi-layer graphene is more effective
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and stably dispersed in the SBR matrix by CTAB because
of the electrostatic attraction between fillers and negatively
charged colloidal SBR particles [7]. Based on this, CTAB-
graphene functionalization is used to enhance interface
interactions in the matrix [8-9].

CNR has weak adhesion properties to polar surfaces
[10-11] as a non-electrically conductive material, and it
has a great potency to develop CNR as a conductive paint.
Many previous studies employed natural rubber
nanocomposite as a matrix and graphene or functionalized
graphene as a filler [12-14], but for graphene fillers
obtained from Sawahlunto coal, it has never been
reported before. Cyclic Natural Rubber (CNR) has also
never been reported as a matrix with graphene fillers. This
study used CNR as an insulator as a matrix and graphene
from Sawahlunto coal as a nanofiller. The resulting
nanocomposite is expected to be a conductive paint resin.

Therefore, the aim of this research is to prepare and
evaluate the electrical and thermal conductivity of
CNR/graphene composite by looking at the effect of the
amount of graphene and modification of graphene, which

is added as nanofiller.
m EXPERIMENTAL SECTION
Materials

Materials used were natural graphite (coal) from
Sawahlunto River Parambahan village of Stone Tanjung
District of Talawi Cit, Central Sawahlunto, West Sumatra,
Indonesia. The Cyclic Natural Rubber (CNR) obtained
from PTPN III, Sumatera Utara — Indonesia. Sulfuric acid
98%,
hydrochloric acid 36%, hydrogen peroxide, CTAB were

sodium nitrate, potassium permanganate,
all of analytical-grade and obtained from Sigma-Aldrich
(USA), demineralized water and xylene were purchased

from Bratachem, Medan-Indonesia.
Procedure

Synthesis of graphene oxide and graphene from
Sawahlunto coal

The fine powder of Sawahlunto coal was placed in
an oven at 125 °C for 24 h. The powder was converted into
GO by the oxidation process. The amount of 1 g of
graphite Sawahlunto coal (g-Bb) and 50 mg of sodium

Indones. I. Chem., 2020, 20 (4), 801 - 809

nitrate was introduced into 70 mL of sulphuric acid (98
wt.%), the reaction was placed in the ice bath. After that,
as many as 3 g of KMnO, was added into the solution
gradually. The solution was stirred for 2 h, and it was
diluted using deionized water. The 30% of hydrogen
peroxide was added into the previous solution until the
color was turned into bright yellow. It indicated that the
oxidation process of graphite was perfectly done. The
mixture was filtrated and washed with dilute HCI to
remove the other mineral. The pH of the previous
solution was neutralized using deionized water. The
obtained graphite oxide dispersion was treated using
ultrasonication with frequency 50-60 Hz for 90 min
[7,15-16]. The brown color of water dispersion indicated
the presence of a stable Nano sheet’s graphene oxide
(GO-Bb). The reduction process of the exfoliation
results (GO-Bb900) was performed using the 1% NaBH,
in 0.2% NaOH. The mixture was stirred for 1 h, and 6 M
HCI was added drop by drop until the air bubbles were
disappeared. After that, the precipitate was formed and
then washed with DM water until the pH was neutral.
The precipitate was then dried at 100 °C for 12 h. Finally,
the graphene powder was successfully manufactured
from Sawahlunto coal (G-Bb900). The obtained
graphene oxide (GO-Bb) and graphene (G-Bb) were
evaluated using XRD, SEM, TEM and FT-IR analysis.

Graphene functionalization and nanocomposite
preparation

Two gram of graphene oxide (GO-Bb) was
dispersed in 100 mL of deionized water that assisted with
ultrasonication. On the other side, 2 g of CTAB was
dissolved in 100 mL of ethanol. Those two solutions
were mixed and stirred for 24 h at room temperature.
This treatment was continued with the addition of 10 mL
of 1 wt.% NaBH, and 0.2 wt.% NaOH and stirred for 24 h.
The obtained black powder (mG) was washed several
times using a mixture of deionized water and ethanol
with the ratio 1:1, and the powder was dried at 60 °C
until the weight was constant [17-18]. The composite was
prepared using solution mixing between CNR and mG.
The amount of land 2 phr mG was dispersed in 20 mL
of xylene using ultra-sonication for 1 h. Then, as many
as 10 g of CNR was added into that dispersion and stirred
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until CNR was perfectly dissolved [13]. The solution was
cast into an acrylic plate and dried at room temperature
for 72 h. The obtained nanocomposites were labeled as m-
Gland m-G2 that referred to the addition of 1 and 2 phr
of mG.

Characterization

The FT-IR spectra of the as-prepared GO and
nanocomposite were determined using ATR-IR Bruker
Alpha Platinum with the wavenumber range between
4000-500 cm™. The wide-angle X-Ray diffractogram of
GO and nanocomposite was evaluate using Shimadzu
7000 with the source of irradiation Ka Cu. The scan speed
was 2°/min, and the range of 20 was 7°-70°. The
morphology and microstructure of GO and nanocomposite
were determined using SEM JEOL 6510(LA), accelerating
voltage of 20.00 kV, magnification x2,500 and TEM JEM-
1400, accelerating voltage of 120 Volt, magnification
150,000, while the thermal conductivity was measured
using DSC-60, flow rate 30 mL/min, scanning from 25 to
600 °C at the rate 15 °C/min. The measurement of GO and
nanocomposite’s electrical resistivity was conducted
using a two-point probe.

m RESULTS AND DISCUSSION
The Characterization of GO

Fig. 1(a) shows the diffractogram of graphite of (g-
Bb), graphene oxide (GO-Bb), and graphene (G-Bb)

(a)

Intensity {a.u.)
{

Intensity (a.u.)

803

obtained from Sawahlunto coal. For the graphite, it shows
a peak at 20 of 24.58° with d-spacing 0.1776 nm. The
graphene oxide shows a peak at different 20, around
11.08°, with the value of d-spacing of 0.4008 nm [18].
The shifting of a peak to the lower value of 260 and the
increase of the d-spacing value were caused by the presence
of some functional group in graphene oxide, i.e., epoxy
and carbonyl. The reduction process of graphene oxide
was conducted using 1 wt.% NaBH; as a result, the signal
is shifting to 24.0° of 20. This value of 26 indicated that the
graphene had been successfully obtained by the reduction
process of graphene oxide. The increase of 26 value in
graphene also gives an impact on the decrease of d-
spacing value to be 0.1894 nm due to the disappeared of
epoxy and carbonyl group in graphene [19-21].

The FT-IR spectra of graphene oxide and graphene
can be seen in Fig. 2(a). The particular peak of graphene
oxide can be found at 3354, 2086, 1621, 1163 and 1040
cm™. The peak at 3354 cm™ indicated the presence of
hydroxyl group or van der Waals interaction between
water and graphene oxide. The second peak at 2086 cm™
confirmed the presence of vibration of C=0 stretching
from aldehyde, ketone, and ester. The C=C bonding of
aromatic and aliphatic also can be found at 1621 cm™.
The last peak was found in 1163 and 1040 cm™, which
indicated the presence of C-O-C and C=C-H or Ar-H
[22-24].

(b)
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Fig 1. (a) Crystallographic of g-Bb, GO-Bb, G-Bb (b) Crystallographic of CNR, G1/CNR, and mG1/CNR
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Fig 2. (a) FTIR spectra of GO-Bb and G-Bb, (b) FTIR spectra of CNR, G1/CNR, and mG1/CNR

Kumar et al. (2014) have already synthesized
graphene from bituminous. The FT-IR of the reduced
graphene oxide showed the functional group that contains
oxygen almost disappeared. The particular peak of
graphene in this research showed a similarity with the
previous work, and it appears at 1600 cm™' that refers to the
skeleton of graphite that was not perfectly oxidized [18].

Fig. 1 (b) showed the crystallographic of G1 and
mGl that dispersed in the CNR matrix. There is a shifting
signal at 20 of 24° and 14° that is caused by the graphene’s
intercalating in the non-polar matrix of CNR. In the
nanocomposite mG/CNR, there is no particular signal of
mG; it is dominated by the signal of material, which has a
long carbon structure [25], i.e., CNR, but the presence of
CNR increase the crystallinity of nanocomposite [26]. The
other characteristic of nanocomposite was identified
using FT-IR to show the functional group that presence in
the material. Fig. 2(b) shows the FT-IR spectra of CNR,
G1/CNR, and mG1/CNR; those spectra have a similar
peak at 2920-2925 cm ™" and 1441-1452 cm™ that indicated
the presence of vibration of C-H stretching and C-H
bending. The disappeared of the peak at 1139, and 1721 was
interpreted as the formation of C-H and C=C that obtain
from the interaction between graphene and CTAB [27].

Graphene modification was conducted reacting
graphene oxide with CTAB, which was then reduced
using NaBH.. In a graphene peak of 1441 cm™, it shows

C-OH groups originating from unreduced graphene
oxide and not bound to CTAB [28]. The spectra of
mG1/CNR FTIR also showed almost the same peak, the
presence of CTAB was also marked at peak 1453 cm™
[29]. Similarly, the two peaks of G1/CNR and mG1/CNR
state that graphene modification only occurs on the
surface of the graphene plane.

The dispersion of unmodified graphene and
modified graphene in a CNR matrix were investigated
using SEM and TEM (Fig. 3 and 4). SEM micrographs
show that most xylene the matrix area is not filled with
graphene filler (Fig. 3(a)) [29]. Modified graphene with
CTAB has a better surface because mG looks more
evenly spread on the CNR matrix.

Fig. 3 shows the nanocomposite microstructure, as
shown in the picture, the particle of graphene (G) and
modified graphene (mG) in the CNR’s matrix has good
distribution. Meanwhile, in Fig. 4, the particle of CNR
and the nanocomposite is obtained as agglomer. The
single particle size in the agglomer of CNR is 25 nm.
However, after the addition of graphene or unmodified
graphene, the particle size of a single particle of
nanocomposite has changed to be 27 nm, and the
addition of modified graphene has changed the particle
size of a single particle of nanocomposite significantly, to
be 6.2 nm. The increase of particle size after the addition
of unmodified graphene is due to the incompatibility of
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Fig 3. SEM images of (a) CNR, (b) G1/CNR, (c)
mG1/CNR

those two materials. The effect of graphene surface
modification using CTAB has a big impact on the
enhancement of compatibility between graphene and
CNR, evidenced by a significant change in the decrease in
nanocomposite and graphene particle size well bound to
the CNR matrix [3-4,27,29].

The Thermal and Electrical Conductivity of the
Nanocomposite

Thermal conductivity

The differential scanning calorimetry has been used
to measure the thermal property of nanocomposite. Based
on the literature, graphene has good thermal
conductivity; it was about ~5000W/mK and has been
utilized as a nanofiller in the polymer matrix to enhance
the thermal conductivity property. Also, in the previous
research graphene has been combined with natural
rubber with a good thermal conductivity property [29].

Thermal DSC becomes one technique used to
measure the thermal conductivity of solid material by
measuring the curve slope. The equation below can be

used to determine the thermal conductivity:

Slopesz—Pzg (1)
ATb R

Fig 4. The TEM images of (a) CNR, (b) G1/CNR, (c)
mG1/CNR with the 150,000 magnification
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Fig 5. DSC and regression curve of (a) CNR, (b)

G1/CNR, (c) mG1/CNR, (d) mG2/CNR

where AP is the differential value of heat flow after
subtracted with the baseline, Tp is the temperature of
DSC during measurement, and R is the total of
resistance [30-31]. The thermal DSC and regression
curve along with thermal conductivity of CNR matrix
after the addition of unmodified and modified graphene
can be seen in Fig. 5 and Fig. 6, respectively.
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Fig 6. Thermal conductivity of CNR and nanocomposite
measured by DSC

After the addition of unmodified graphene, the
thermal conductivity value increased to 4.0203 W/mK,
but after the addition of 1 phr of modified graphene, the
value decreased to 3.1635 W/mK and observed an
increase in being after the addition of 2 phr modified
graphene. This decrease in thermal conductivity of
graphene modification 1 phr (mG1/KAS) is due to the
non-polar long alkyl group on CTAB [32].

The addition of unmodified graphene to the CNR
matrix reduced the CNR Tg from 96.21 to 95.02 °C. Also,
there was a slight decrease in Tg with modified graphene
from 96.21 to 92.83 °C and 94.21 °C for 1 phr and 2 phr of
mG. Furthermore, the Tg showed that modified graphene
did not show a significant effect on changes in matrix Tg.
However, the modified graphene Tg was much lower than
the unmodified graphene. This is due to the fact that
modified graphene is more integrated into the CNR
matrix than unmodified graphene [31-32].

Electrical conductivity

The electrical conductivity is the ability of a material
to conduct electricity. Graphene, with its electrical
conductivity, is able to change the polymer property from
an insulator to be a conductive material [29]. Fig. 7 shows
the change of electrical conductivity after the addition of
unmodified and modified graphene in the NR matrix,
which is an insulator.
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Fig 8. The result characterization of G/CNR and
mG/CNR nanocomposite using Two-Point Probe method

Based on Fig. 8, the addition of 1 and 2 phr of
unmodified graphene into the CNR matrix contribute to
an increase in the thermal conductivity of CNR to be
0.1781 and 0.2453 x 10° S/cm. After the addition of
modified graphene with the same concentration, it gave
a value of 0.2262 and 0.2994 x 10°° S/cm. Based on this
value, unmodified and modified graphene changes the
electrical property of CNR from an insulator to be
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semiconductor [29]. This trend shows that the increase in
electrical conductivity is depending on the concentration
of unmodified and modified graphene. The low value of
this electrical conductivity was caused by the presence of
the agglomeration process between CNR and the
unmodified and modified graphene (Based on TEM
result) [33-34].

m CONCLUSION

The fabrication of nanocomposites with Cyclic
Natural Rubber (CNR) as a matrix, and graphene oxide
(isolated from Sawahlunto coal) mixed with cetrimonium
bromide (CTAB) cationic surfactant, which was then
reduced with NaBH, with the solution mixing method
was conducted and was proven to be able to increase the
CNR/graphene nanocomposite functionalization. The
nanocomposite electrical conductivity was measured by
using the Two-point probe. The resulted non-polar CNR
matrix with the addition of unmodified graphene filler
and modified graphene was able to increase the electrical
conductivity into semiconductor nanocomposite. By
using Differential Scanning Calorimeter (DSC), it shows
an increase in thermal conductivity with the addition of
unmodified graphene and modified graphene from CNR.
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Abstract: The unique characteristics of sulfurous river sediment located in Ungaran,
Indonesia, are a reservoir of novel fungi with manganese bioleaching properties. Fungi
are known to produce metabolic organic acids that have a potential for the industrial
application of leaching metal from the ores. This application has high advantages,
including low cost, low energy, and creates minimal environmental damage. Therefore,
this research was performed to analyze the manganese bioleaching activities of two fungal
isolates (KA2B2 and KB4B) from Indonesian sulfurous river sediment on pyrolusite and
determine their phenotypic characters. These activities were investigated in terms of
changes in fungal biomass, soluble manganese concentration, pH reduction, and organic
acid production during 16 days of leaching. Soluble manganese concentrations were
measured by atomic absorption spectrometry (AAS), whereas organic acid concentrations
were analyzed by high-performance liquid chromatography (HPLC). According to
bioleaching investigations, KA2B2 strain was more efficient than KB4BI strain in
extracting manganese from 0.02 g/cm’ pyrolusite. It also produced higher levels of organic
acids, such as oxalic acid and citric acid, than KB4B1 strain, proving that strain of KA2B2
could be used to extract manganese from pyrolusite. Based on the phenotypic characters,
both strains were identified as genus Penicillium.

Keywords: pyrolusite; soluble manganese; oxalic acid; citric acid

m INTRODUCTION

growing role as agents of geochemical change. Most
previous research was conducted to isolate fungi from

Manganese is an important heavy metal that serves
several industrial purposes. Due to an increase in its
demand for use in industrial products, the development
of an effective and environmentally safe method of metal
extraction is necessary. Recently, bioleaching has been
reported as the most effective, low-cost, and promising
green technology for metal extraction. This method
involves the activities of microorganism groups, such as
chemoautotrophic bacteria (sulfur-oxidizing bacteria),
heterotrophic bacteria, and fungi [1-4]. Fungi are a
ubiquitous group of microbial communities that play a

peculiar habitats such as acids, mine drainage, mining
areas, the igneous oceanic crust, and rocks [5-8]. Fungal
strains have been reported to extract several heavy
metals such as gold, copper, nickel, and lithium by
processes of bioleaching [9-11].

Fungal bioleaching processes, which are necessary
for mining industry development, involve several
mechanisms, including matrix solubilization, complex
metal forming results from organic acids or amino acids
excretion reaction, reduction of ferric iron mediated by
oxalic acid, and metals bioaccumulation by fungal
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myecelia. In addition, fungal bioleaching has advantages
over bacterial bioleaching because fungi have a shorter lag
phase during growth, the ability to tolerate toxic
materials, a faster leaching rate, and capability to grow
over a wide range of pH (from acidic to alkaline
conditions) and in sulfurous environments [12-18].

A sulfurous river located in Ungaran, Indonesia, is
one of the places that has the unique characteristics of a
high sulfur concentration and a wide temperature range.
In such sediment ecosystems, fungi can exhibit a variety
of tolerance and survival mechanisms. These unique
habitats can also serve as a reservoir of novel fungi with
extraordinary properties. In consequent, the fungi with
the potential for metal extraction could be isolated from
these habitats. However, there is no recent study reported
indigenous fungi from the Indonesian sulfurous river,
which have potency for metals extraction. Therefore, in
this study, fungi that have bioleaching ability were
isolated from this habitat, and their phenotypic characters
determined. Their manganese bioleaching ability was also
investigated based on fungal growth, changes in pH
values, manganese solubility, and organic acid production.

m EXPERIMENTAL SECTION
Materials

The pyrolusite used in this research was collected
and originated from Kliripan, Kulonprogo, Yogyakarta,
Indonesia (7°51'48"'S-110°07'00"E). The ore was dry
ground to a mean particle diameter of 0.1-0.2 mm [19-
20]. The mineralogical components of the ore samples
were analyzed as 25% Mn, 30.4% Fe, and 34.0% S. These
samples were subsequently used for bioleaching
experiments. The second set of sediment samples were
collected from the sulfurous river in Ungaran, Middle
Java, Indonesia. These samples were kept at 4 °C and used

only for isolating fungi.
Instrumentation

The pH of the leachate was measured by using a
digital pH meter (Metrohm). Dissolved manganese was
analyzed by wusing a flame atomic absorption
spectrophotometer (Hitachi, Z-2000) [21]. The organic
acid components

were investigated using high-

performance liquid chromatography (HPLC, Knauer)
equipped with a Zorbax C18 column (250 mm X 4.6 mm)
and a detector with diode array at 210 nm. The mobile
phase was composed of 0.01 mol/L KH,PO4-H;PO, (pH
2.6) and 3% methanol (v/v) at 0.5 mL/min flow rate.
Finally, to quantify organic acids, an external standard
method has been used [22].

Procedure

Fungal isolation and screening

One gram of the second sample was diluted in 9 mL
sterilized H,O and was inoculated into sucrose liquid
medium with a pulp density of pyrolusite of 0.02 g/cm’
(final pH: 6.0). The mixture was incubated at 30 °C with
rotary shaking at 120 rpm. The sucrose liquid medium
consisted of the following composition (gL™'): sucrose
(100), NaNO:s (1.5), KH,PO, (0.5), MgSO47H,0 (0.025),
KCl (0.025), and yeast extract (1.6) [9]. After 7 days of
incubation, it was plated on sucrose solid medium with
a pulp density of pyrolusite of 0.02 g/cm’. This culture
was incubated for 7 days until single colonies as pure
cultures of the fungal strain were obtained. Sixteen pure
strains were isolated from the second sample and then
transferred into a sterilized liquid sucrose medium with
a pulp density of pyrolusite of 0.02 g/cm’. Through
analyzing shifts in media pH values, fungal strains were
selected within 7 days based on their ability to
significantly lower the pH of the medium from more
than 7.3 to 3.0. These strains were selected for further
experiments.

Bioleaching investigations

Two fungal strains selected (KA2B2 and KB4B1)
were incubated on potato dextrose agar slants for 7 days.
After incubation, their spores were washed from the
cultures using a physiological saline sterile solution (9 gL ™
NacCl). Spores were enumerated under a microscope at
400x magnification using a hemocytometer of 1 mm
depth, and their number was determined at about 10’
spores/mL with a physiological saline sterile solution
[23].

One milliliter part of the spore suspension was
inoculated into 100 mL of sterilized sucrose medium
with a pulp density of pyrolusite of 0.02 g/cm® in a 250 mL
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Erlenmeyer flask. Each strain was incubated at 30 °C and
120 rpm for 16 days. On experimental days 0, 2, 4, 6, 8, 10,
12, 14, and 16, samples were collected from each flask,
centrifuged for 10 min at 5000 rpm and filtered through a
0.42 pm Whatman membrane filter. The filtered samples
were then measured for their value of pH, soluble
manganese concentration, and organic acids. Whereas,
the filter paper containing mycelia was then dried at 80 °C
for 24 h for fungal biomass measurements.

Phenotypic characterization

Both strains were further observed for their
phenotypic characters based on a macroscopic and
microscopic investigation in two types of identification
media: Czapek yeast auto lysate (CYA) and malt extract
auto lysate (MEA). Fungal cultures were incubated
following the recommended of previously mycology
researches [24-25]. The macroscopic observations studied
included the diameter of the colony, the color of obverse
and reverse colonies, and the presence or absence of
exudates. Whereas, microscopic characters of the fungal
isolates were observed using an optical microscope.

Statistical analysis

The data were analyzed using a Statistical Analysis
Systems (SAS 9.4, SAS Institute, Inc., Cary, NC, USA)
software package. Statistical analysis differences between
average values were analyzed using analysis of variance
(ANOVA) and Duncan Multiple Range Test (DMRT)
method, respectively. The results were reported as means
of three replicates. Their mean values were then
compared using a significance level of p < 0.05.

m  RESULTS AND DISCUSSION

In this investigation, two fungal cultures (strain
KA2B2 and KB4B) were isolated and selected from the
five strains for subsequent observations. These selections
were evaluated by analyzing shifts in media pH values
produced during acidolysis by fungal strains. As reported
by previous researchers, the main mechanism of
bioleaching by fungal strains is the acidolysis of organic
acids [9,26]. Both filamentous fungal strains were
observed to significantly lower the pH of the medium
from more than 7.3 to 3.0 in 7 days.

Indones. I. Chem., 2020, 20 (4), 810 - 817

Changes in Fungal Biomass, pH, and Manganese
Concentration during the Bioleaching Process

Bioleaching experiments were conducted at pH 6
and 30 °C with a particle size of 0.1-0.2 mm and
agitation at 120 rpm. The initial inoculum size was
107 spores/mL, the pulp densities of pyrolusite were
0.02 g/cm’ and the incubation time was 16 days. In this
research, the two fungal strain Penicillium KA2B2 and
Penicillium KB4B1 were selected and compared as
bioleaching agents. Fig. 1 compares the changes in
fungal biomass, pH, and yield of extracted manganese
between the two strains during 16 days of bioleaching
investigations.

Penicillium KA2B2 yielded larger biomass and had
a shorter lag phase compared with Penicillium KB4B1.
During 4 days of Penicillium KA2B2 growth, the
biomass had a maximum value of 30 g/L, and the pH of
the medium steadily decreased, reaching 1.5 on the 16™
day. This increase in the biomass value and decrease in
pH at the fourth day indicated that Penicillium KA2B2
was in its logarithmic growth phase. A similar trend of
increasing biomass and declining pH values during the
logarithmic growth phase of Penicillium KA2B2 was also
observed in the culture of Penicillium KB4B1. In
comparison, Penicillium KB4B1 took longer to reach the
logarithmic growth phase, which was observed at 6 days’
incubation. The maximum value of its fungal biomass
was 18 g/L, and the minimum pH was 2.6.

The acidification phenomenon in both cultures led
to manganese solubilization, as shown by the increase in
their yield of leached manganese. Penicillium KA2B2
extracted as much as 25% of the manganese from
pyrolusite under optimal conditions at 8 days’
incubation. On the other hand, Penicillium KB4B1
extracted less (20%) manganese from pyrolusite under
optimal conditions at 10 days’ incubation. As reported
by previous researchers, the phenomenon of culture
acidification is caused by organic acids provided by
strains, which are important in the metal bioleaching
process. These acids could supply both protons and
metal-complexing anions, leading to free metal cations
released. The reactions between organic acids (oxalic acid,
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Fig 1. Changes in biomass (a); pH value (b); and manganese yield (c); between Penicillium KB4B1 and Penicillium

KA2B2 at a pulp density of pyrolusite of 0.02 g/cm’ during 16 days of leaching

citric acid) and metallic ion (M"*) are described below
[27-28].

The dissociation (1, 2) and complexation reactions (2, 3)
of oxalic acid are:

C,H,0, - C,HO; +H" (pK,, =1.25) (1)
C,HO; —»C,03” +H" (pK,, =4.14) ()
n[C,HO; |+ M™ — M[C,HO, ], (Oxalic metallic complex) (3)
n[CZOi_] +2M"" — M, [C,0,], (Oxalic metallic complex) (4)
Whereas the dissociation (5, 6, 7) and complexation
reactions (8, 9, 10) of citric acid are:

C¢HgO, — CcH,07 +H' (pK,; =3.09) (5)

C4H,0; = CcH03™ +H" (pK,, =4.75) (6)
C4H4OF — CcH;03™ + H' (pK,, = 6.40) (7)
n[C¢H,0; ]+ M™" — M[C(H,0,], (Citric metallic complex) (8)
n[C6H6O§_] +2M"" - M, [C¢H,O0, ], (Citric metallic complex) (9)
n[C6H50;_] +3M™" - M;[C¢H;0,], (Citric metallic complex) (10)

Organic acid analysis by HPLC revealed that the

Penicillium  KA2B2
production of citric acid and oxalic acid at 13.5 and

culture reached optimum
17 mmol/L, respectively. In contrast, the maximum
production of citric acid and oxalic acid of Penicillium

KB4B1 were 5 and 8 mmol/L, respectively (Fig. 2).
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Fig 2. Organic acid production in Penicillium KB4B1 (a) and Penicillium KA2B2 (b) at pulp densities of pyrolusite of

0.02 g/cm’ in the 16-day leaching process

There were similar trends of oxalic acid and citric
acid secretion in Penicillium KA2B2 and Penicillium
KB4B1. Within the logarithmic growth phase of these
fungi, the production of oxalic acid was highly increased,
and then slowly decreased; however, a significant amount
of oxalic acid remained in the medium at the end of the
incubation. In contrast, the production of citric acid by
both strains occurred within the stationary phase, which
was characterized by a decreased rate of growth in these
fungi. In comparison with pH measurements, it is clear
that the increase in citric acid and oxalic acid secretion by
the two strains occurred at pH values less than 3. When
the pH of the medium measured was above pH 3, acid
production was reduced.

Oxalic acid biosynthesis from glucose occurs when
oxaloacetate is hydrolyzed to oxalate and acetate,
catalyzed by cytosolic oxaloacetase, while citric acid is
formed as an intermediate in a cycle of tricarboxylic
acids involving a polysaccharide such as sucrose [29].
Therefore, sucrose present in the medium during the
bioleaching experiment was used as a substrate by the
strain for oxalic acid and citric acid biosynthesis.
Glucose was first released from sucrose, then absorbed
and catabolized to two molecules of pyruvate. In the
following step, it was converted into oxaloacetate and
acetyl-CoA,
condensation of these two precursors, which was then
secreted from mitochondria and mycelia [30-32]. From

and finally, citric acid formed by
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these results, it was clear that the increase in citric acid
production by the cultures was followed by a reduction of
the concentration of oxalic acid present in the cultures.

Compared to previous studies, both fungi were
about 54% lower in extracting manganese than Aspergillus
niger PTCC 5210 isolated from mining deposits in India
[29]. Those fungi were also 22% lower in extracting metals
than Penicillium chrysogenum Y5 isolated from heavy
metal contaminated areas [33]. In this study, the low
ability of metal extraction from both fungi due to the
optimization processes of bioleaching has not been done.
Optimization of the parameters that enhanced fungal
bioleaching was related to their production of metabolic
organic acids, including organic carbon, nitrogen,
phosphorous, micronutrient (MgSO, and MnSO4), and
aeration.

Phenotypic Characters of Fungi

For phenotypic identification, fungal isolates were
characterized according to previously researchers [24-25].
Macroscopic observations showed heterogeneity between
the fungal isolates that being examined (Table 1). The data
obtained exhibit that colony diameters of fungal strain
KA2B2 varied over a wide range on different agar media:
from 3.6 mm (CYA) to 14.3 mm (MEA). In addition, the
examined fungal cultures displayed variations in surface
and reverse colony colors. Strain KA2B2 had a green to
the grey surface and orange to bright yellow colony color

815

on CYA. Its surface and reverse colony colors on MEA
were green and orange to bright yellow, respectively.

Observation of fungal microscopic characters such
as conidiophore branching and its elements are key to
the identification of fungi. Two types of fungal
conidiophores, metulae, phialides, conidia, and stipe
characters, were observed (Table 2). Fungal strain
KA2B2 had a mono-verticillate conidiophore branching
pattern. The metulae had a compact terminal character.
The type of fungal phialides was ampuliform. The
conidia size was less than 10 pum, with a globose and
smooth morphology. Fungal strain KB4B1 also had a
mono-verticillate conidiophore branching pattern. The
metulae had a tuberculate character. The fungal
phialides were cylindrical and short with a wide neck.
The conidia size was also less than 10 um, with a globose
and smooth morphology. Thus, based on both
macroscopic and microscopic investigations, both of
strain KA2B2 and KB4B1 was identified as genus
Penicillium.

m CONCLUSION

Penicillium KA2B2
sulfurous river sediment is highly efficient for

isolated from Indonesian

manganese extraction with a pulp density of pyrolusite
of 0.02 g/cm’. The culture extracted manganese by
producing oxalic acid and citric acid from the sucrose in
the medium. These investigations indicate that oxalic acid

Table 1. Macroscopic characters of two selected fungi isolated from sulfurous river sediment

On CYA On MEA
Strain Surface colony ~ Reverse colony ~ Diameter Surface colony ~ Reverse colony ~ Diameter
color color (mm) color color (mm)
KA2B2 Green-gray Orange to bright 3.6 Green Orange to 14.3
yellow bright yellow
KB4B1 Dark green Green 333 Dark green Yellow 333

Table 2. Microscopic characters of two selected fungi isolated from sulfurous river sediment

Strain Conl('hophore Metulae Phialide Conidia Stipes
Branching Pattern
KA2B2 Mono-verticillate  compact terminal Ampuliform < 10 pm, globose, Rather long, smooth-
smooth-walled walled, vesiculate
KB4Bl1 Mono-verticillate  tuberculate Cylindrical, short, < 10 um, globose, Relatively short

and wide neck

smooth-walled
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and citric acid contribute significantly to manganese
leaching from pyrolusite. This strain is strongly

recommended for further studies in field observations.
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synthesized polyacetylenes ranged between 13,900-18,400 g/mol. In particular, the molecular
weight of poly(1) could be increased by the addition of menthol. Practically, these polymers

were found to have a stable helical structure and soluble in common organic solvents.
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= INTRODUCTION

Eugenol (4-allyl-2-methoxyphenol) has been
recognized to approximately covering 80-90% of the clove
oil weight. In fact, it is primarily produced and continued
to grow in Indonesia [1-2]. In general, the eugenol
compound has the molecular formula of C;0H,0,, which
contains several functional groups, including allyl (-CH,-
CH=CH,), phenol (-OH), and methoxy (-OCHj3). Those
functional groups allow eugenol to be used as a raw
material for the synthesis of other more valuable
compounds. For instance, Miao et al. [3] have utilized
eugenol as a bio-based heat-resistant epoxy resin. Deng et
al. [4] have utilized eugenol as polymeric oil-absorbent
microspheres. Meanwhile, Liu et al. [5] have applied
eugenol as a bio-renewable thermosetting copolymer.

On the other hand, the helical polyacetylenes have
been attracting interests due to their unique structure,
chiroptical properties and potentials for being utilized in
various critical applications, including as a stimuli-
responsive chiral material, enantioselective catalysts, a
chemical sensor, chiral discrimination, and optical
crystalline material [6]. In poly(N-propargylamides) and
poly(N-propargyl carbamates), the amide groups could
stabilize the helical structure by an intramolecular hydrogen

bond as well as steric repulsion between their side
chain(s) [7]. In other words, a combination of the steric
repulsion and the strengthened intramolecular hydrogen
bond will result in a far more stable helical structure.

A recent study demonstrated that poly(N-
propargyl carbamates) containing eugenol scaffold has
been successfully synthesized by using (nbd)Rh*[76-
CsHsB(CsHs)s] catalyst. In fact, the monomer is known
to have a splitting methoxy group, where the
corresponding polymer would have a moderate
molecular weight. If recrystallization is conducted on the
monomer until its methoxy group is not splitting
anymore, molecular weight (M,) and polydispersity
index (PDI) of the monomer will significantly increase.
The polymer can function as a smart material [8]. On the
other hand, there is another possibility to increase the
molecular weight and PDI of a novel derived eugenol
having the methoxy group splitting. Shiotsuki et al. [9]
revealed that the chiroptical properties of the amino acid
based polyacetylenes strongly depend on their molecular
weight. Therefore, this study was aimed to prepare novel
polymers by introducing eugenol moiety to poly(N-
propargyl carbamates) and phenylacetylene, which
contain carbamate group. In general, this article reports
the synthesis and characterization of novel polymers
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from derived from eugenol, as a starting material, by
utilizing (nbd)Rh*[76-C¢HsB(CsHs)s] as an effective
catalyst in the polymerization of monosubstituted acetylene.

m EXPERIMENTAL SECTION
Materials

Methyleugenol  (4-allyl-2-methoxyphenyl)  was
provided by Indesso Co., Ltd. 1-(3,4-Dimethoxyphenyl)-
propane-2-ol was prepared by reacting methyl eugenol
with formic acid, which would then be hydrolyzed with
potassium hydroxide [10]. Besides, (nbd)Rh*[;°-CsHsB~
(CsHs)s] was prepared by reacting [(nbd)RhCl], with
NaB(CeHs)s [11]. While [(nbd)RhCI], was provided by
Aldrich, other reagents were commercially provided by
Wako Pure Industries. In this
tetrahydrofuran (THF) used for polymerization was

Chemical study,

purified by applying a standard purification procedure.
Instrumentation

The 'H and C NMR spectra were recorded in
chloroform-d (CDCl;) on a JEOL EX-400 spectrometer.
The IR spectra, on the other hand, were measured by
applying a Shimadzu FTIR-8100 spectrophotometer.
Furthermore, the melting points were determined with a
Yanaco micro melting point apparatus. Carlo Erba 1106
was applied in this study as an elemental analyzer, while
Jasco J-810 spectropolarimeter was used to record Circular
Dichroism (CD) spectra. The specific rotation [a]p values
were measured on a Jasco DIP-1000 digital polarimeter
with a sodium lamp as the light source. The number-
average molecular weight (M,) and weight-average
molecular weight (M,) were estimated by using gel
permeation chromatography (GPC) with Shodex K804,
K805, and K806 columns eluted with THF as an eluent,
polystyrene calibration, refractive-index, and UV detectors.

Procedure

Synthesis of monomers

1-(3,4-Dimethoxyphenyl)propane-2-yl prop-2-ynyl
carbamate (1). First, 1-(3,4-dimethoxyphenyl)-propane-
2-01 (19.6 g, 0.1 mol, 1 equiv.) was added to a solution of
tryphosgene (25 g, 0.1 mol 1 equiv.) in dry ether (200 mL)
at 0 °C, and the resulting mixture was stirred at the same
temperature for 1 h. Next, propargylamide (7.97 g, 0.1 mol,

819

1 equiv.) was added to the mixture, and the mixture was
continuously stirred at 0 °C overnight. After that, a white
precipitate was filtered off, and the filtrate was
concentrated. Ethyl acetate (100 mL) was later added to
the residue. The organic phase was washed with 2 M HCl,
saturated with aqueous NaHCO:s, dried over MgSO,, and
then concentrated. In the end, monomer 1 was isolated
and purified by applying column chromatography with
silica gel as solid adsorbent, which was then eluted by
using 3/2 (v/v) n-hexane/ethyl acetate to form a white solid.
Yield: 25%: mp 90-93 °C; [&]p = 0° (¢ = 0.1 g/dL in
CDCI3). 'H NMR (400 MHz, CDCl, §): 1.21-1.37 (m,
3H, CH;), 2.22 (s, 1H; =CH), 2.53-2.89 (d, ] = 3.4 Hz,
2H,-CH,-Ar), 3.86 (d, ] = 3.4 Hz, OCH3), 4.17 (s, 1H, -
NHCO-), 4.98-5.02 (m, 2H, -CH-), 6.23 (s, 1H, -CHa-
NH-), 6.71-6.80 (m, 3H, Ar); "C NMR (400 MHz,
CDCl;, 9): 17.1, 19.0, 32.8, 42.3, 53.1, 56.3, 68.3, 71.6,
80.4,114.9,115.2,121.6, 144.9,147.7,132.1, 157.5, 175.7;
IR (KBr, cm™): 3320 (N-H), 3291 (H-C=), 1660 (C=0);
Anal. caled. for C;sHuN,Os: C, 64.97%; H, 6.91%; N,
5.05%; found: C 64.90%, H 6.93%, N 7.73%.
1-(3,4-Dimethoxyphenyl)propane-2-yl

phenylcarbamate (2). This
synthesized from 3-ethynylaniline in a similar manner

3-ethynyl
compound 2 was

to 1. It was later isolated and purified by using column
chromatography with silica gel as solid adsorbent, and
then eluted by using 3/2 (v/v) hexane/ethyl acetate to
form a colorless liquid.

Yield: 30%: bp 185 °C; [&]p2o = 0° (¢ = 0.1g/dL in CDCL);
'H NMR (400 MHz, CDCl, 8): 1.35-1.37 (d, 3H, CH;),
2.66-2.92 (d, ] = 3.4 Hz, 2H; —CH,—Ar), 3.83 (d, ] =
12.7 Hz, 6H; OCHs), 4.05 (s, 1H, CH), 4.52 (s, 1H, CH),
6.74-7.81 (m, 7H, Ar), 9.86 (s, 1H, NH); C NMR (400
MHz, CDCl;, 9): 21.1, 42.9, 56.1, 71.6, 81.4, 82.3, 112.5,
121.3, 121.4, 112.5, 121.4, 122.9, 126.4, 127.9, 128.5,
130.0, 135.5, 147.1, 152.3, 149.9; IR (CHCIl;, cm™): 3322
(N-H), 3290 (H-C=), 1661 (C=0); Anal. calcd. for
CoH2NOy: C,70.78%, H 6.24%, N 4.13%; found: C
70.75%, H 6.25%, N 4.12%.
1-(3,4-Dimethoxyphenyl)propane-2-yl
phenylcarbamate (3). This
synthesized from 4-ethynylaniline in a similar manner

4-ethynyl
compound 3 was

to 1. It was later isolated and purified by applying
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column chromatography with silica gel as solid adsorbent,
and then eluted by using 3/2 (v/v) hexane/ethyl acetate to
form a brown solid.

Yield: 20%: mp/bp 20 °C; [a]p20 = 0° (¢ = 0.1 g/dL in CDCls);
'H NMR (400 MHz, CDCl,, 8): 1.35-1.37 (d, 3H, CH,),
2.66-2.92 (d, ] = 3.4 Hz, 2H; —CH,—Ar), 3.83 (d, J = 4.9
Hz, 6H; OCHs), 4.05 (s, 1H, CH), 4.52 (s, 1H, CH), 6.74—
7.81 (m, 7H, Ar), 9.86 (s, 1H, NH); *C NMR (400 MHz,
CDCl;, 6): 21.1, 42.9, 56.1, 71.6, 81.4, 82.3, 112.5, 121.3,
121.4,112.5,121.4,122.9,126.4,127.9, 128.5, 130.0, 135.5,
147.1, 152.3, 149.9; IR (KBr, cm™): 3323 (N-H), 3290 (H-
C=), 1660 (C=0); Anal. calcd. for C,0H,1NOy: C, 70.78%,
H 6.24%, N 4.13%; found: C 70.79%, H 6.26%, N 4.15%.
(25)-1-(3,4-Dimethoxyphenyl)propane-2-yl 2-((prop-
2ynyloxy)carbonylamino)propanoate (4). This
compound 4 was synthesized from (S)-2-amino-N-(prop-
2-ynyl)propanamide in a similar manner to 1, in which 1-
(3-dimethylaminopropyl)-3-ethyl carbodiimide hydro
chloride (EDC.HCI) was applied as a condensing agent. It
was later isolated and purified by column chromatography
with silica gel as solid adsorbent, and then eluted by using
3/2 (v/v) hexane/ethyl acetate to form a colorless liquid.
Yield: 25%: mp/bp 180 °C; [&]p2 = -7.5° (¢ = 0.1 g/dL in
CDClL); 'H NMR (400 MHz, CDCl;, §): 1.22-1.38 (m, 6H,
CHs3), 2.66-2.92 (d, ] = 3.4 Hz, 2H; —CH,—Ar), 3.83 (d, ]
=4.9 Hz, 6H; OCHs), 4.05 (s, 1H, CH), 4.52 (s, 1H, CH),
6.74-7.81 (m, 7H, Ar), 9.86 (s, 1H, NH); “C NMR (400
MHz, CDCl;, §): 21.1, 42.9, 56.1, 71.6, 81.4, 82.3, 112.5,
121.3,121.4,112.5,121.4,122.9,126.4, 127.9, 128.5, 130.0,
135.5, 147.1, 152.3, 149.9; IR (CHCls, cm™): 3323 (N-H),
3290 (H-C=), 1660 (C=0); Anal. calcd. for C;sH;NOg: C,
61.88%, H 6.64%, N 4.01%; found: C, 61.89%, H 6.66%, N
4.02%.

Polymerization of monomers 1-4

In this process, a monomer solution ([monomer] =
0.1 M) in THF was added to (nbd)Rh*[7°-CsHsB~(CsHs)s]
solution ([monomer]/[Rh] = 50) under nitrogen, and it
was kept at 30 °C for 1 h. The resulting solution was later
poured into n-hexane (600 mL) to precipitate a polymer.
Next, it was isolated by filtration, which was then dried
under a reduced pressure to form a powder.

Polymerization with the addition of menthol

Menthol (1% weight) was added to the monomer
solution ([monomer] = 0.1 M) in THF. Next, the mixture
was added into (nbd)Rh*[5*-CsHsB (CsHs)s] solution
([monomer]/[Rh] = 50) under nitrogen atmosphere, and
then kept at 30 °C for 1 h. The produced solution was
later poured into n-hexane (600 mL) to precipitate a
polymer. Then, it was isolated by using the filtration
process, which was followed by a drying process under
reduced pressure to form a powder.

Spectroscopic data of the polymers

Poly(1). "H NMR (400 MHz, CDCl;, §): 1.09-1.33 (m, 3H,
CHs), 2.53-2.92 (m, 2H, -CH,-Ar), 4.24 (s, 1H, -NHCO-),
4.89 (s, 1H, -CH-CHs), 6.59-6.65 (m, 5H, -CH=C, NH,
Ar); IR (CHCL): 3430 (N-H), 2980, 2950, 2650 (C=0),
1561.

Poly(2). 'HNMR (400 MHz, CDCl;, §): 1.35-1.37 (d, 3H,
CHs), 2.66-2.92 (d, ] = 3.4 Hz, 2H; —CH,—Ar), 3.83 (d,
6H; OCH3), 4.05 (s, 1H, CH) ,5.52 (s, 1H, NH), 6.74-7.81
(m, 7H, Ar); IR (CHCls): 3432 (N-H), 1733 (C=0), 1512.
Poly(3). '"H NMR (400 MHz, CDCl;, §): 1.35-1.37 (d, 3H,
CHa), 2.66-2.92 (d, J = 3.4 Hz, 2H; —CH,—Ar), 3.83 (d,
6H; OCHs), 4.05 (s, 1H, CH), 5.55 (s, 1H, NH), 6.74-7.81
(m, 7H, Ar); IR (CHCL): 3431 (N-H), 17.33 (C=0), 1514.
Poly(4). '"H NMR (400 MHz, CDCl;, §): 1.09-1.36 (m,
6H, CHs), 2.64-2.86 (m, 2H, -CH,-CH-), 3.79 (s, 8H,
OCHs;, CH=CCH,), 4.24 (s, 1H, -CH-NH-), 4.68 (s, 1H,
-CH-CH,-Ar), 5.02 (s, 1H, -NH), 6.38 (s, 1H, -CH=),
6.65-6.70 (m, 3H, Ar); IR (CHCL): 3430 (N-H), 1732
(C=0), 1510.

m RESULTS AND DISCUSSION
Synthesis of Monomers

The synthetic routes for novel monomers 1-4 was
displayed in Fig. 1. First, eugenol derivative was
transformed into monomers 1-4 in moderate yield. In
addition to elemental analysis, the monomers were
identified by "H NMR and “"C NMR in IR spectroscopy.
Apparently, the IR spectra of all monomers showed
absorbances from carbamates at 3300-3500 cm™ (N-H)
and 1661-1750 cm™ (C=0). The characteristic absorption
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Fig 1. Synthesis of monomers 1-4

of H-C= stretched appeared at 3290 cm™, while the
absorption at 2169 cm™ showed C=C stretching groups.
Furthermore, confirmation of monomer 1-4 structures
was conducted by applying 'H NMR analysis. In fact, the
hydrogen resonance at 2.20 ppm showed protons from
triple-bond acetylene from monomers. In addition,
resonance at about 1.50 and 4.80 ppm showed hydrogen
atoms from CH; and CH from eugenol derivatives. The
resonance at 3.3 ppm was experiencing splitting, which
was typical for the methoxy group of eugenol derivative
(Fig. 3). In addition, the C NMR shows the present peak
for H-Cs, indicated the
monomers had been successfully synthesized.

and elemental analyses

Polymerization

The polymerization of monomers 1-4 by applying

(nbd)Rh*[76-CsHsB(CeHs)s]  catalyst, which  was
particularly effective for the polymerization of
monosubstituted  acetylenes  [12-19], gave the

corresponding poly (1)-(4) in very good yields (Fig. 2).
Based on FTIR analysis, the disappearance of absorption
for H-C= and C=C at 3390 and 2169 cm™, showed that
to be
polymerized. Moreover, the proton resonance of

triple-bonds from monomers completely
acetylene at 2.22 ppm was, in fact, not visible, showing
that polymerization had taken place (Fig. 3). Other
polymers poly(1-3)s showed a similar spectra. Practically,
polymerizations of 1-4 with the application of Rh
catalyst gave the corresponding polymers with molecular
weights ranging from 13,900-18,400 g/mol (Table 1).

It is interesting to note that the molecular weight of
poly(1) (13,900 g/mol) could be increased by the addition
of menthol (Fig. 4). As a matter of fact, this study was the
first to report the addition of menthol into (nbd)Rh*[76-
CesHsB(C¢Hs)s] catalyst to significantly increase molecular
weight in high quantitative yield (=99%). Monomer 1
was observed to be in a splitting methoxy group, hence
the molecular weight of the resulting polymer could be
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Fig 3. '"H-NMR spectra of monomer 4 and poly(4)

technically increased. In the work of Rahim [8], the
recrystallizing monomer to produce no splitting methoxy
group had been proven to increase its molecular weight
and PDI significantly. Practically, the addition of menthol
may induce the recrystallization of monomer 1; hence, its

Table 1. Polymerization of 1-4 with the application of
[(nbd)Rh*[#°-CeHsB (CeHs)s]*

Monomer Polymer
Yield M,* M,/ My* [a]p ()¢
1 99 13,900 1.6 0
2 98 18,400 2.4 0
3 97 18,200 2.5 0
4 98 16,400 1.7 350

%) polymerization conditions = [M]o = 0.1 M in THF; (nbd)Rh*[#°-
CeHsB(CeHs)s] = 2 mM; [M]o/[Rh] =50; T=30°C;t=1h

®) n-hexane-insoluble part

€) determined by GPC (THF elution and polystyrene standards)

4) measured by polarimetry (concentration = 1 g/dL, CHCls)

molecular weight and PDI would significantly increase.
From the technical point of view, it would be easier to
synthesize the polymer, while the time required to
conduct the synthesis would be faster compared to the
typical method without recrystallization. In the current
situation, rationales behind this finding have not been
clear; hence, it requires further works.
Poly(N-propargylamides) and poly(N-propargyl
carbamates) were found to be less stable, which
unfortunately limited their applications [7]. In fact,
applying an appropriate substituent would increase the
stability of their helix. This study found that eugenol
may be potentially used as the appropriate substituent. In
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o)
B O (nbd)RN"[1f-CHsB(CoHo ] B
%\H O_E_CHZ OCHs Menthol (1% weight) {—HC th
OCH, NH CH,
1 A
o) O—?—CHZQOCHg
H
Poly(1) OCHs
Mn = 26,700
MM, =27
Fig 4. Synthesis of poly(1) in the presence of menthol
Table 2. Solubility of poly(1)-poly(4) in various solvent*
Solvent CH,Cl, CHCl; THF Acetone Benzene Toluene DMF DMSO Hexane
Poly(1) (¢} (@) (@) (@) (@) O (@) O X
Poly(2) (¢} (@) (@) (@) (@) O (@) O X
Poly(3) (6] (@) (@) (@) (@) O (@) O X
Poly(4) O (0] (0] (0] (0] O O O X

®* O = soluble; x = insoluble (3.0 mg of polymer/1 mL of solvent)

general, the helix content could be tuned by adjusting
temperature [9]. In this work, poly(4) showed a large
specific rotation, which was indicated by a one-handed
helical structure. Meanwhile, poly(1), poly(2), and
poly(3) showed no specific rotation, which indicated their
helical structures to have a racemic form. In fact, poly(1)-
poly(3) were observed to contain eugenol moieties in a
racemic form, resulting in 0 (zero) specific rotation.
Meanwhile, poly(4) was revealed to contain an optically-
active substituent (L-Alanine), and its main chain of
polymer helix was stabilized by hydrogen bonding, hence
resulting in a very large specific rotation ([a]p = -350°).

Solubility of Polymers

Table 2 shows that poly(1)-poly(4) have very good
solubility in various organic solvents. In other words,
these polymers could completely dissolve in common
solvents, including CH.Cl,, CHCL, THF, Acetone,
Benzene, Toluene, DMF, and DMSO. However, they
would not be soluble in n-hexane.

The solubility of monosubstituted polyacetylene
was, in fact, dependent on their substituent. The poor
solubility of monosubstituted polyacetylene could be
attributed to the rigid structure and stronger hydrogen
bonding strength. As an example, poly(N-propargylamides)
containing azobenzene and fluorene moieties was not
soluble in acetone, benzene, toluene, DMF, or hexane

[7,10]. Thus, polyacetylenes had various drawbacks in
their applications. They were particularly insoluble in
solvents, making it essentially impossible to process
these materials [20]. To address the problem, this study
demonstrated that the introduction of the eugenol
derivative scaffold might improve the polymer solubility;
hence, it would be easily processed.

m CONCLUSION

Polymerization of a monomer containing
carbamate and eugenol scaffolds in the presence of
[(nbd)Rh*[#°-CsHsB~(CeHs)s]

corresponding polymers in high vyields with the

catalyst gave the

molecular weight ranging from 13,900-18,400 g/mol.
Besides, adding menthol to the catalyst has successfully
increased molecular weight of the polymers. The
polymers were found to be soluble in common organic
solvents and have a stable helical structure.
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Abstract: In this study, the Box-Behnken Design (BBD) was employed to investigate the
effects of wood particle size, pyrolysis temperature, and pyrolysis time on the production
of wood vinegar from the Indonesian “bengkirai” wood (Shorea laevis Ridl).
Characterization of wood vinegar was conducted by gas chromatography-mass
spectrometry (GC-MS). Three variable designs consisting of wood particle size (2.00, 2.38,
and 3.36 mm), pyrolysis temperature (350, 400, and 450 °C), and pyrolysis time (105,
120, and 135 min) were employed in a BBD response surface methodology (RSM-BBD).
RSM-BBD results suggested that maximum wood vinegar yield would be obtained with a
wood particle size of 3.85 mm, pyrolysis temperature of 400 °C, and pyrolysis time of
93 min. In addition, the mathematical model indicated the maximum wood vinegar yield
would be 30.31%. The main compounds in wood vinegar were acetic acid, 1-hydroxy-2-
propanone, furfural, 2,3-pentanedione, phenol, 2-methoxy phenol, 2-methoxy-4-methyl
phenol, 2,6-dimethoxy phenol, and 1,2,4-trimethoxybenzene.

Keywords: wood vinegar; Shorea laevis; response surface methodology; Box-Behnken
design; pyrolysis temperature; wood particle size

m INTRODUCTION

were 37.8 and 30.5%, respectively [10]. Ratanapisit et al.

Wood vinegar, also known as pyroligneous acid, is a
yellowish or dark brown condensate prepared from a
wood or biomass carbonization process at a high
temperature in the absence of oxygen [1]. Wood vinegar
has been widely used as herbicide, insecticide, and
fungicide [2-3]. For example, Hagner et al. [3] reported
that wood vinegar from willow (Salid sp.) had insecticidal
activity against Rhopalosiphum padi. Various studies have
been reported about the effects of different types of wood,
wood particle size (particle size), pyrolysis temperature
and time on the yield of wood vinegar [4-7].

The wood types and pyrolysis temperature are
primary factors for wood vinegar yield [7-8]. For example,
Ma et al. [9] reported that wood vinegar yield from
Rosmarinus officinalis leaves was 25%, whereas those
from Eucalyptus urograndis and Mimosa tenuiflora wood

[11] found that the maximum wood vinegar yield from
rubber wood at a pyrolysis temperature of 550 °C was
27.45%.

The response surface methodology (RSM) is a
collection of mathematics- and statistics-based
techniques that are useful for modeling and analysis of
the effects of several independent variables, as well as the
interactions between them. Its objectives are to optimize
the response [12]. RSM has been successfully used to
maximize wood vinegar yield from Euphorbia rigida
[13] and palm kernel [14] by fast pyrolysis. Optimization
of operating parameters and process of wood vinegar
from Acacia mangium was studied by Crespo et al. [6],
who found that optimum pyrolysis conditions were
obtained at a temperature, heating rate, and particle size

0f 499.57 °C, 12 °C min™" and 0.46 mm, respectively, for
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a yield of 33.13%. Ngo et al. [14] used the RSM to study
the effect of feedstock feed rate, the particle size of
biomass, the temperature of pyrolysis, and residence time
on the fast pyrolysis of palm kernel; the optimal wood
vinegar yield was 49.50%.

However, the wood vinegar made from Shorea laevis
has not previously been tested for optimization of
The
“bengkirai” wood has been used as a raw material in the

production and characterization. Indonesian
home furniture industry, especially in West Kalimantan.
The home furniture industry produces a huge volume of
waste sawdust from wood. Therefore, the utilization of
“bengkirai” sawdust to produce value-added materials
would contribute to not only reducing waste but also to
support local communities. The aim of this study was to
predict the maximum yield of wood vinegar from the
Indonesian “bengkirai” wood using the RSM-BBD. The
chemical composition of wood vinegar was evaluated

using gas chromatography-mass spectrometry (GC-MS).
m  EXPERIMENTAL SECTION

Materials

The material was collected from a home furniture
industry in Pontianak, Indonesia, converted into wood
meals by a Willey mill and then air dried until reaching a
moisture content of 12.5%. The particle sizes of wood
wastes were 2.00 mm (mesh number 10), 2.38 mm (mesh
number 8), and 3.36 mm (mesh number 6).

Procedure

Pyrolysis of wood and experimental design

Pyrolysis of wood particles was conducted following
the method described in Tranggono et al. [15] and
Oramahi et al. [16]. The pyrolysis scheme in this study can
be seen in Fig. 1. Particles were placed in a closed reactor
that was then heated to the desired temperature of 350,

Indones. I. Chem., 2020, 20 (4), 825 - 832

400, and 450 °C, for pyrolysis times of 105, 120, and
135 min, for 15 runs. The optimization procedure was
designed based on a three-factor inscribed BBD with
independent variables consisting of particle size:
2.00 mm, 2.38 mm, and 3.36 mm; pyrolysis temperature:
350, 400 and 450 °C; and pyrolysis time: 105, 120 and
135 min, using three levels of each variable for a total of
15 runs, as shown in Table 1 and 2.

BBD was applied to optimize wood-vinegar yield
made from Shorea laevis. Particle size (Xi), pyrolysis
temperature (X;), and pyrolysis time (X;) were the
selected independent variables (Table 1). These variables
were coded as a low, medium, or high for the RSM
design points. As already mentioned, we used a BBD
design for the experiment to regard the influence of the
independent variables on the response [17-18].

For optimal point prediction, the second-order
polynomial equation was:

k k
Y =By + 2B X; + 2 Bkt +ZZBinin te (1)
i=1 i=1 i
where X, Xj are the independent variables and o, B, Pis
and [ are the regression coefficients [18-19]. To
examine the predictive value, both formula’s minimum
and maximum values were used for canonical analysis.
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Fig 1. Pyrolysis device series scheme

Table 1. The level of the variable used for the Box-Behnken Design

Coded variable level

Independent Variable Symbol Low Center High
-1 0 1
Wood particle size (mm) X, 2.00 2.38 3.36
Pyrolysis temperature (°C) X 350 400 450
Pyrolysis time (min) X3 105 120 135
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Table 2. The Box-Behnken design of the observed responses and predicted value for the wood vinegar yield from

Shorea laevis

Wood vinegar yield (%)

Run X X X Observed Predicted
1 -1 -1 0 5.89 8.22
2 -1 1 0 30.89 32.10
3 1 -1 0 28.89 27.68
4 1 1 0 34.44 32.01
5 -1 0 -1 25.33 23.00
6 -1 0 1 26.00 24.69
7 1 0 -1 28.89 30.19
8 1 0 1 34.44 36.77
9 0 -1 -1 17.56 17.46

10 0 -1 1 23.33 22.21

11 0 1 -1 31.00 32.12

12 0 1 1 35.56 25.66

13 0 0 0 26.67 28.37

14 0 0 0 29.11 28.37

15 0 0 0 29.33 28.37

The ANOVA for the response of the surface
quadratic model and the statistical significance of
influence was analyzed by F-tests. The significance of each
term was calculated using both the F-value and Prob > F
values, and larger F-values indicated the term was
significant [12,20].

Characterization of wood vinegar

Wood vinegar compound, retention time (RT), the
relative percentage of the area from S. laevis Ridl were
characterized using GC-MS (Shimadzu Manufacturing
Co. Ltd, Kyoto, Japan, QP-210S). The GC-MS analysis
conditions were as follows: capillary columns (DB-624);
30 m x 0.25 mm; temperature of injection: 250 °C; column
temperature program: 60-200 °C and He flow rate:
40.0 mL/min. The GC-MS was arranged in the electron
ionization mode at 70 eV with an interface temperature of
200 °C. Samples (1 pL) were injected into a column and
kept at 60-200 °C with an increasing rate of 5 °C/min. The
compounds were identified by comparison with the
standard library data [16,21] and calculated by the
integrated peak areas.

Statistical analysis
Statistica (version 6.0) and SAS (version 8.2, SAS

Institute Inc., NC. USA) were used for the analysis of the
results of the BBD.

m  RESULTS AND DISCUSSION

Maximizing the Yield of Wood Vinegar from
Indonesian “Bengkirai” Wood

To determine the best combination of particle size
(X1), pyrolysis temperature (X;), and pyrolysis time (Xs)
within the range of 2.00-3.36 mm, 350-450 °C, and
105-135 min, respectively, trials were designed based on
a BBD. To maximize the wood vinegar yield, combinations
of independent variables were selected (Table 2).

The stationer points in wood vinegar production
were 3.85 mm for particle size (1.50), 400 °C for pyrolysis
temperature (0.05), and 93 min for pyrolysis time
(-1.82). The calculated maximum wood vinegar yield
was 30.31%. Factors contributing to maximize wood
vinegar yield were pyrolysis temperature and particle
size [6]. The effect of pyrolysis time on wood vinegar
yield was negligible in this study.

The higher wood vinegar yield at a higher
temperature (Table 2) might have been due to the
complete pyrolysis at these temperatures. Similar results
were reported by Islam et al. [8] and Crespo et al. [6].
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Crespo et al. [6] observed that wood vinegar yield from
Acacia mangium ranged from 24.88-32.94% and that a
high wood vinegar yield was obtained at higher
temperatures of nearly 500 °C. In the present experiments,
at the lower pyrolysis temperature of 350 °C, the sawdust
could not be completely decomposed, so that lower wood
vinegar yields were obtained. A pyrolysis temperature of
300 °C resulted in lower vinegar yield than that of 450 °C
[8]. Wu et al. [22] reported that the highest wood vinegar
yield from Chinese fir (Cunninghamia lanceolata (Lamb.)
Hook) sawdust reached 25% in the pyrolysis temperature
range of 350-450 °C, and that wood vinegar yield
decreased to 21.22% with temperatures above 450 °C. The
yield of wood vinegar from walnut shell increased from
3.46 to 17.66% with a pyrolysis temperature increase from
140 to 290 °C. The yield increase was mainly due to the
increase of cellulose and lignin decomposition [23].

In addition, the lower particle size of 2.00 mm was
likely to depress the oxygen supply, while at the higher
particle size of 3.36 mm, wood particles could be completely
decomposed and higher wood vinegar yields obtained.
Islam et al. [8] reported that the wastepaper feedstock
producing a maximum percentage of the mass of liquid
were 45 and 52% for particle sizes 0-1 cm and 1-2 cm,
respectively. The coefficient value (CV) was 0.176,
representing a relatively good fit to response variables
(Table 3).

The model regression coefficient of determination
(R*) was 0.9542 for wood vinegar yield, which indicated

Indones. I. Chem., 2020, 20 (4), 825 - 832

95.42% of the variability could be explained by the
model, leaving only 4.58% residual variability for wood
vinegar yield. Sofina and Islam [24] obtained similar
results, with higher variability by the model. Oramahi et
al. [5] reported that the higher R* value showed that the
model could be efficiently applied to predict wood
vinegar yield. Table 3 shows that the main effects of the
regression model were obtained by the t-test in the order
of B2 (7.42) > B1 (5.09) > Bs (2.18). This indicated that the
X, (pyrolysis temperature) and X; (particle size)
variables were the most important factors, with the
strongest effect on wood vinegar yield. Meanwhile, X
(pyrolysis time) was not a significant factor in wood
vinegar yield (p < 0.05).

As shown in Table 3, the coefficient of variation
(CV=9.87%) was low, which indicated that the results
had very high precision. Wang et al. [25] contended that
the lower the CV value, the greater the reliability of the
study. Fig. 2(a-c) show the three dimensional (3D)
response surface curves of a graphical illustration of the
effect of particle size, the temperature of pyrolysis, and
pyrolysis time on wood vinegar yield.

As already mentioned, optimum conditions for
particle size, pyrolysis temperature, and pyrolysis time
were found to be 3.85 mm (1.50), 400 °C (0.05), and
93 min (-1.82), respectively. The ANOVA for the
quadratic model (Table 4) indicated that the contribution
of the linear model was significant (p < 0.05), while those
of the quadratic and cross product were not.

Table 3. Regression coefficients of the predicted quadratic polynomial model

Sources of variation ~ Coefficient of polynomial Error t-value Pr>t
Intercept 28.37 1.55 18.34 <0.000
Xy 4.82 0.95 5.09 0.004
X 7.03 0.95 7.42 0.000
X3 2.07 0.95 2.18 0.081
X * Xy -0.77 1.39 -0.55 0.605
X * Xy -4.86 1.34 -3.64 0.015
X2 * X, -2.57 1.39 -1.84 0.124
X3* Xy 1.22 1.34 0.91 0.404
X3* X, -0.30 1.34 -0.23 0.830
X3 * X, -1.07 1.39 0.76 0.480

Coefficient of variation = 9.87%, R?> = 0.95
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Fig 2. Response surface curve for wood vinegar yield showing the interaction between: (a) wood particle size (X;; mm)
and pyrolysis temperature (X;; °C), (b) wood particle size (X;; mm) and pyrolysis time (X5 min), (c) pyrolysis

temperature (X»; °C) and pyrolysis time (X3; min)

Table 4. Analysis of variances (ANOVA) for quadratic model

Regression DF  Sum of squares R*  p-value (prob > F)
Linear 3 615.09 0.78 0.001
Quadratic 3 32.00 0.04 0.330
Cross product 3 109.90 0.13 0.064
Total model 9 747.98 0.95 0.007

The responses of the BBD fitted with a second-order
polynomial equation to illustrate the wood vinegar yield
is given as follows:

Y =28.7 +4.82X, +7.03X, +2.07X5 —0.77X,% —2.57X,>

2)
~4.86X,.X, +1.22X,.X; —0.30X,.X5 —6.67X5>

The Chemical Compound of Wood Vinegar from
Shorea laevis

Table 5 shows the GC-MS analysis data for the wood
vinegar obtained from Shorea laevis Ridl at a pyrolysis
temperature of 400 °C (optimum condition). As may be
seen in Table 5, the main chemical compounds of the
wood vinegar were acetic acid (4.96%), 1-hydroxy-2-
propanone (2.50%), furfural (27.80%), phenol (15.26%),
mequinol (8.63%), 4-methylphenol (3.00%), and 2-
methoxy-4-methyl phenol (4.28%). The amounts of acid
and phenol content in wood vinegar were less than
furfural. Thus it was assumed that pyrolysis temperature
of 400 °C was optimal process condition for transforming
the compound of wood vinegar to be furfural. In addition,
the wood vinegar compound is affected by pyrolysis
temperature, the particle size of wood and polymers of

wood namely cellulose, hemicellulose, and lignin in the
raw material [26-28]. Wu et al. [22] found that the acids
compound of wood vinegar decreased as pyrolysis
temperature was raised from 250 to 350 °C, and the
highest compound was 19.31% at 250 °C, whereas the
acid compound decreased to 9.96% at 350 °C. However,
for this study, the researcher focused only on wood
vinegar obtained from Shorea laevis at a pyrolysis
temperature of 400 °C which was characterized.

Nam et al. [29] stated that the main component of
wood vinegar obtained from cotton stalk were acid,
ketones, furans, and phenols. The furans and acids were
furfural (30.54%) and acetic acid (29.42%), respectively.
Meanwhile, Wei et al. [30] reported that the wood vinegar
from walnut tree branches at 230-370 °C contained
32.68% phenols and 30.78% organic acid. The main acid
was acetic acid, accounting for 22.62%. They reported
that wood vinegar showed the strongest antimicrobial
to Phytophthora capsici, Colletotrichum

Valsa Cochliobolus
Helminthosporium sativum, and Phytophthora infestan.

activities

orbiculare, mali, sativus,

The phenol and organic acid were active compounds of
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Table 5. The GC-MS analysis of wood vinegar obtained from Shorea laevis at the optimum temperature pyrolysis

condition

No RT Wood vinegar compound Area (% rel)
1 3.708 Acetone 4.56
2 3.883 Diazene 2.02
3 7.575 Propanal 1.30
4 7.918 Acetic acid 4.96
5 9.442 2,3-Pentanedione 1.05
6 9.589 1-Hydroxy-2-propanone 2.52
7 16.288 Furfural 27.80
8 19.346 Ethanone 1.22
9 21.424 2-Butanone 3.98
10 21.508 2-Propoxy butane 2.99
11 21.689 5-Methyl-2-furancarboxaldehyde 6.40
12 24.117 Phenol 15.26
13 26.258 Mequinol 8.63
14 27.165 4-Methyl phenol 3.00
15 29.776 2-Methoxy-4-methyl phenol 4.28
16 35.270 2,6-Dimethoxy phenol 0.89

wood vinegar for antimicrobial activity.

Zheng et al. [31] identified 25 chemical compounds
by GC-MS analysis of wood vinegar prepared from giant
reed (Arundo donax L.) at 300-600 °C. The main
components were acetic acid, phenols, aldehyde, ketone,
alcohol, and esters. Meanwhile, Theapparat et al. [32]
obtained wood vinegar from Garcinia mangostana Linn.,
Durio zibethinus L., and Lansium domesticum Serr., and
found the main components were an organic acid, phenols,
and methoxyphenols. Pimenta et al. [33] reported that
wood vinegar from Eucalyptus urograndis contained 93
compounds: phenolics, furans, pyrans, esters, aldehydes
and ketones, and that the main components were
phenolics. Nakai et al. [34] demonstrated that wood
vinegar from solid wood and wood-base composites could
inhibit the growth of a white-rot fungus, T. versicolor, and
a brown-rot fungus, F. palustris. The higher phenolic
compounds in wood vinegar may have contributed to the
increased inhibition against fungal growth. Phenols and
organic acids are important compounds in wood
vinegar’s antifungal and antimicrobial activities, as well as
its termiticidal activity. Two kinds of wood vinegar from
the hull of spina date seed (HSDS) and the shell of peanut
(PS) had 32 major compounds, and phenolics were

dominant. The wood vinegar from HSDS and PS also
showed antioxidant activity [35]. Hagner et al. [3] stated
the pesticidal activity of wood vinegar obtained from
willow (Salid sp.) and found total acid and acetic acid.

m CONCLUSION

The pyrolysis temperature and particle size
variables were the most important factors with the
strongest effect on wood vinegar yield. Optimization by
the RSM-BBD the pyrolysis conditions for the maximum
wood vinegar yield for the Indonesian “bengkirai” wood
(Shorea laevis Ridl) was 3.85 mm particle size, 400 °C
pyrolysis temperature, and 93 min in pyrolysis time, for
a yield of 30.31%. The predominant compounds in the
wood vinegar were acetic acid, 1-hydroxy-2-propanone,
turfural, 2,3-pentanedione, phenol, 2-methoxy phenol,
2-methoxy-4-methyl phenol, 2,6-dimethoxy phenol,
and 1,2,4-trimethoxybenzene Further study are still
required, in particular, concerning the effectiveness of
wood vinegar for plant protection.
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Abstract: The complex containing Ni(1)-2,2*-bipyridin (bipy)-trifluoroacetate (TFA)
was prepared by direct interaction of the corresponding precursors in an aqueous
solution. AAS measurement for metal content, TGA-DTA analysis and electrical
conductance suggest the ionic complex of [Ni(bipy)s/(CF;COO),-6H;0. The magnetic
moment of 3.13-3.17 BM indicates the paramagnetism corresponding to two unpaired
electrons which is clearly higher than that of the spin only value (2.87 BM), and commonly
observed due to the spin-orbit coupling in Ni(II). UV-Vis spectral property revealed the
first two main ligand field bands centered at about 14200 and 18650 cm™, which are
attributed to the spin-allowed transition, >A>>To, and >A>’Ti(F), respectively. The
expected third band at higher energy seems to appear as a shoulder at 26500 cm™ (378 nm),
as it is masked by a strong intensity of charge transfer band centered at 31050 cm™. The
infrared spectrum exhibits mode of vibrations of the functional groups of ligand and TFA.
The powder diffractogram was refined by Le Bail method and found fit as monoclinic
system of space group of P2,/M, with figures of merit: R, = 3.62, Ryy = 5.76, Rexy = 3.48,

goodness of fitting (GOF) 2.745 and the derived Bragg R-Factor = 0.05.

Keywords: Rietica; Le Bail; bipy; trifluoroacetate; nickel(1I)

m INTRODUCTION

The chemistry of 2,2’-bipyridine (bipy) as a
bidentate ligand has been well known for tris-bipy
complex since long time ago [1]. However, the
crystallographic aspects of the corresponding single
crystals are scarcely reported. It is not surprising since the
preparation of a single crystal suitable for refining the
structural data of particular complex is sometimes quite
complicated and even unsuccessful. Rietica is one of
known programs of Le Bail to refine the lattice parameters
for various metal oxides [2-4] which are found to be fit,
and it seems also applicable for other powders of
complexes. The first complex refined by Le Bail program
was initially reported in 1999 [5] for octahedral
[Co(NH;)sCO;](NO;)-H,O complex which was found
very good result with the figures of merit to be Rs = 0.053,
R, =0.100, R,, = 0.119. Although the application to other
complexes were not continually reported since then it has
been applied to some complexes as reported quite recently
by Sugiyarto et al. [6], Kusumawardani et al. [7-8] and
Sutrisno et al. [9]. Therefore, refining diffractogram of

powder complexes seems to be an alternative way to
identify the corresponding lattice parameters.
Trifluoroacetate (TFA) of alkali metals have been known
to be ionic salts because the corresponding acid, HTFA,
is known as a strong acid (pKa = 0.23), being about
100,000 times stronger than that of acetic acid (pKa =
4.76) [10-11]. The highly electronegative fluorine atoms
in trifluoromethyl group should weaken the oxygen-
hydrogen bond and stabilizes the anionic conjugate
base. However, the coordination nature of oxygen atom
in acetate group is possible, and with transition metal
ions some polynuclear molecular complexes of TFA
have been synthesized [12]. The monodentate
coordinating with hydrogen bonding of N-H--O has
also been observed [13]. Some molecular complexes
containing monodentate  pyridine with  TFA,
[M(py)(CF5CO,)], where M = Cu(II), Ni(II), and Co(II),
have also been characterized [14]. TFA has been
considered as weakly coordinating ligand in [Ni(o-
MeO-dppp)(TFA).,], where dppp = 1,3-bis[di(o-
methoxyphenyl)phosphanyl]propane, as reported to
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undergo completely auto-ionized in polar solvents [15],
indicating that TFA was no longer to be a ligand in the
solution but a counter anion. Therefore, in the presence
of relatively strong ligand such as bipyridine (bipy), the
role of TFA might be considered as a counter anion, and
the preparation of Ni(II) with bipy and TFA should be
significantly evident as in this work. Moreover, to the
corresponding powder of the complex its cell parameters
might be then revealed by Rietica-Le Bail method, and
these are the main purpose of this work.

m EXPERIMENTAL SECTION

Materials

The main reagents, nickel(II) nitrate
(NI(NO3)26H20), 2,2’-b1pyr1d1ne (C]ngNz), SOdium
trifluoroacetate  (CF;COONa), ammonium nitrate

(NH,NOs), calcium chloride (CaCl,), nickel sulfate
(NiSO,), calcium nitrate (Ca(NOs),), and aluminium
nitrate (AI(NO;)s-6H,0), Iron(III) chloride (FeCl;) were
obtained from Aldrich-Sigma, and directly used without
special treatment.

Procedure

Procedure for preparation of the complex

The mixture of 0.1 mmol nickel nitrate and
0.32 mmol bipyridine in about 15 mL aqueous solution
with drops of ethanol in a 50 mL flask was well stirred and
warmed till solution become clear. Saturated aqueous
solution of CF;COONa in excess (0.4 mmol, 5 mL) was
then poured to this mixture. The volume was reduced on
warming, whereupon the light-pink solid was deposited
on cooling while scratching. The precipitate was filtered
off, washed with a minimum cold water, and finally dried
in exposure.

Instruments and
measurements
Magnetism. Magnetic Susceptibility Balance (MSB) of

Auto Sherwood Scientific 240V-AC was used to measure

procedure of  physical

the magnetic susceptibility in mass (x,) of samples. This
instrument was calibrated with CuSO4+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

Indones. I. Chem., 2020, 20 (4), 833 - 841

which reflects the magnetic susceptibility in mass was
then recorded. It was converted into molar magnetic
susceptibility (xm) and then corrected for diamagnetism
using Pascal's constant [16] to get corrected molar
magnetic susceptibility (xu). The effective magnetic
moment ({s) was then calculated from the general
formula, i = 2.828 V (3. T) BM.

UV-Vis electronic and infrared spectra. A
spectrophotometer model of Pharmaspec UV 1700 was
used to record the UV-VIS electronic spectrum. The
sample was spread and pasted with ethanol on a
particular thin glass (2 x 2 cm). The fitting was then set
in the cell holder and the spectrum was recorded at 300-
800 nm. An Infrared Spectrophotometer of FTIR ABB
MB3000 model was used to record the IR-spectrum of
sample. The sample which was mixed with KBr was
pressed on the cell and then the spectrum was recorded
at 600-4000 cm ™.

Metal content and ionic property. An Atomic
Absorption Spectrophotometer of PinAAcle 900T
Perkin Elmer model was used to record the metal
content. A conductometer of 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 some known ionic solutions,
NH.NO;, CaCl,, Ca(NOs),, NiSO4, MnSQO,, FeCl;, and
AI(NO:s)s, were also recorded for comparison.
TGA-DTA (Thermogravimetric analysis and
differential thermal analysis). The loss of hydrated
molecule of water and decomposition of complex was
performed on Diamond (Perkin Elmer Instruments),
and simultaneous TGA-DTA were obtained by a
NETZSCH STA 409C/CO thermal analyzer model with
the rate of 10 °C/min.

Powder diffraction. A Rigaku Miniflex 600 40 kW
15 mA Benchtop Diffractometer with CuKy, A = 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 degree of 26 within interval of 0.04 steps
per 4 sec for 2 h. The recorded diffractogram was then
refined following the Le Bail method of Rietica program
within 10-50 degree of 20 which was run within 75 cycles.
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SEM-EDX (Scanning electron microscopy with
energy dispersive X-ray). The SEM images of the
complex were recorded in JEOL JED-2300 model to
confirm the crystallinity as well as the content of main
elements in the sample.

m  RESULTS AND DISCUSSION

Conductance, TGA-DTA and Formula of the
Complex

The mixture of light-green nickel(II) and colorless
bipyridine which produced light-pink color was likely to
be the cationic complex, [Ni(bipy),]**. The addition of
anionic TFA in excess should force the precipitated
complex containing TFA. The conductivity data of the
complex and several known ionic compounds in aqueous
solution are listed in Table 1. It indicates strongly that the
conductance for this complex is clearly in the range for

those compounds containing three ions per molecule,
and hence the best possible empirical formula,
[Ni(bipy).](CF;COO),-xH,0, might be proposed for the
pink powdered complex.

Estimation of coordination number (n) in the
formula of the complex could be worked out by
considering the metal content obtained from AAS
(calculated 6.81% and found 6.77%), which was then
confirmed further by the loss of mass for each of other
components indicated in TGA-DTA graph as shown in
Fig. 1 and Table 2. In this graph, the first stage of mass loss
for about 11.87% at around 100 °C is almost certainly due
to the loss of uncoordinated water molecules [9,17-19].
This corresponds to 5.68 H,O which is close to the
calculated percentage of 12.53% for 6H,O. The next two
stages of mass loss in the range of 120-260 °C, could be
put together to a total of about 25.71% for decomposition

Table 1. Electrical equivalent conductance of the complex and some known salts in aqueous solutions

Compounds Equivalent conductance Amount ratio of Number of ions
(Ac) Q' cm? mol™ cation/anion per molecule
NH,; NO; 128.176 1:1 2
NiSO, 119.55 1:1 2
CaCl, 196.90 1:2 3
Ca(NO:3), 229.340 1:2 3
Al(NOs); 510.010 1:3 4
FeCl; 573.820 1:3 4
[Ni(bipy),] (CFsCO0),:xH,0 214.598 122 3
00 - 167.9
. i 180
e, Celta ¥ = 11.872%
00—~ DettaY=3545%
i 140
a0 =
1202
L \, Datia ¥ = 22,1735 E
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Fig 1. The TGA-DTA of [Ni(bipy)s](CF;COO)»6H.O at 30-1000 °C
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Table 2. Entity found in [Ni(bipy);](CF;CO0),-6H,O

Type Ni  H,0 (CF:COO) (bipy) NiO)*
Found 677 11.87 2571  51.83 10.58
Calculated  6.81  12.53 2624 5439  10.53
Error (%) 058 526 2.13 472 047
Method AAS  TGA TGA  TGA TGA

*NiO (cal. 8.67%) as the residue observed on the graph above 700 °C

of TFA as also observed by Eloussifi et al. [20]. This
percentage loss equals 1.96 moles of TFA anions, which is
reasonably close to the calculated loss of 26.24% for 2
moles in this complex. The next loss of mass observed in
the range 400-450 °C for about 51.83% should be
associated with loss of 2.86 moles of bipyridine, though
the calculated for 3 moles is 54.39% in this instance.
Laishram [21] proposed the loss of bipyridine at 285-
476 °C. As Singh et al. suggested [22] the remaining loss
observed to be 10.58% approximately refers to NiO,
which is calculated as 10.53% in mass, before further
decomposition to the residue NiO (cal. 8.67%) as
indicated by the graph below 700 °C. For those reasons, it
can be concluded that the proposed formula,
[Ni(bipy)s;](CF;:COO),-6H0, for the complex would be
reasonably fit as being expected also from the
stoichiometric preparation. The electrolyte nature in
aqueous solution for this complex as reflected by
conductivity data confirms strongly the ionic property of
the TFA rather than the coordinated one [14], and thus,
the next particular characterization is described.

Magnetic Property

Based on the complex formula (Table 2), the
magnetic susceptibility recorded on the measurements
(Table 3) were then worked out to the magnetic moments
and for the three separated samples they are in the range
3.13-3.17 BM. It is certainly higher than the spin-only
value for the two unpaired electrons (2.83 BM) in the
electronic configuration of d*-Ni(II), which is commonly
observed due to the orbital contribution by ‘mixing in’ of
the wave-functions of the higher °T terms [23-24].

Electronic Spectrum

Electronic spectrum of the powdered complex,
[Ni(bipy)s;](CF;COO0),-6H,0, was recorded in the range

Indones. I. Chem., 2020, 20 (4), 833 - 841

300-800 nm. As displayed in Fig. 2 the two main ligand
field bands were well resolved, and centered at about
13700 cm™ (730 nm) (v;) and 18650 cm™ (536 nm), (v»);
these are associated with the spin-allowed transitions,
*Asg > *Tag and Ay > *Ti(F), respectively. This
spectrum is quite similar to that of the tetrafluoroborate
recorded by Abramov [25], and the second band being
responsible for the pink color. The expected third band,
Vs (PAzg (F) > °T1g(P)), as predicted by Tanabe-Sugano to
be at higher energy about 26500 cm™ (278 nm) was not
well resolved but as a shoulder due to the masked strong
intensity of charge transfer (MLCT) band of 31050 cm™
(322 nm).

Infrared Spectrum

Infrared spectra of the complex and the TFA-salt
were recorded and overlaid as shown in Fig. 3, and thus
the assignment seems straight forward. The broad band
(Fig. 3(a)-red full line) at about 3400 cm™ is likely to be
-OH stretching of H,O molecules in the complex as
confirmed by TGA-DTA (Fig. 1). Shad et al. observed this

Table 3. Magnetic data of [Ni(bipy)s;](CF:COO),-6H,O
at 291 °C

Sample  xu' % 107 (cgs) Uetr. (BM)
1 4.4326 3.15
2 4.3734 3.13
3 4.5128 3.17
2
8
=
£1
=]
o
o
=
0
300 400 500 600 700 800
Wavelength (nm)
Fig 2.  Electronic  spectrum  of  powder

[Ni(bipy)s](CF;COO0),-6H,0
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Fig 3. Infrared spectrum of [Ni(bipy)s;](CF;COO),-6H,O (red, (a)) and Na CF;COO (blue, (b))

assignment at about 3441 cm™ [26], though Kumar et al.
[27] also considered C-C aromatic at 3430 cm™.. Another
band at 3100 cm™ might be assigned as stretching vibration
of C-H bonds as observed by Chen et al. at 3064 cm™ in
phenanthroline [28], and Tosonian et al. at 3051-3068 cm™
[29]. As reported previously, typical vibrations of bipy
might be shifted due to chelation [1]. Characteristic
vibration of bipyridine (vc.c and ve) are in the range 1650
1400 cm™ [28,30], and in this instance, they are at 1669,
1598, 1498, 1494, and 1350 cm™'. Zang et al. [31] suggested
that the mode of vibration at 1585 cm™ was to be vc.x.

The very strong-sharp peaks at about 1660 and
1160 cm™ are assigned as due to mode of vibrations v(c-o)
and v(c.0), respectively as observed by Skyranou et al. [32]
and Suzuki et al. [33] at 1669 cm™, and by Osowole et al.
[34] at 1192-1102 cm™'. While mode at about 1442 cm™!
might be due to v(c.c) as proposed by Abdelhak et al. [30].
A very strong mode at 1670 cm™ might be due to C=0
stretching vibration as compared to that of sodium TFA
(Fig. 3(b)-blue line) which was observed at 1669 cm™ [32].
The bands at about 750 and 848 cm™ are deformation
asymmetry and symmetry of CFs, respectively [7,35-37],
as also observed in sodium TFA at 800 and 850 cm™". The
asymmetric CF deformations normally fall in the 500-
625 cm™ region, and O=C-O bending vibration at
700 cm™ [40].

The Powder X-Ray Diffractogram and Its Refinement

Structural data obtained from cationic single crystal
of [Ni(bipy);]** with various counter anions have been
established [39-43]. Except for the tetrachloridozincate

salt [43], all adopt the same symmetry, monoclinic, but
different in space group, and consequently different cell
parameters as described in Table 4. Therefore, structural
analysis of powder cation [Ni(bipy)s]** with other
counter anion, TFA, should be of interest for this aspect.

The powder X-Ray diffractogram of the complex,
[Ni(bipy)s](CFs:CO0),-6H,0, together with its refining
according to Le Bail method is displayed in Fig. 4. The
observed data (+ signs, (a)) are almost coincident to the
full line of refinement model (b), and it is confirmed by
the almost flat curve (c) reflecting difference between the
two. This suggests that the analysis is considered to be fit
with low figures of merit: 3.62 (R;), 5.76 (Rup), 3.48 (Rexp),
2.745 (GOF), and 0.05 (Bragg R-Factor) as discussed by
Toby [44] and found in several of so many reported
metal oxides [2-4] and several complexes [5-9]. The
detailed lattice parameters of this complex are described
in Table 4 along with the corresponding cationic single
crystal data of different counter anions, the
hexamolybdate [39], the perchlorate [40], the bis(2-
thiobarbiturate)-Htba [41], the chloride [42], and the
tetrachloridozincate [43]. It is clear that the cell
parameters are quite similar to that of hexamolybdate
with all parameters are slightly reduced. With the same
number of molecules per cell (Z = 4) it is readily

understood since the size of counter anion-
hexamolybdate is greater than that of TFA.
SEM-EDX

Crystallinity of this powder [Ni(bipy)s;](CFs

COO0),:6H,O might be reflected by the corresponding
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Table 4. Detailed cell parameters of [Ni(bipy)s] (X),

where X= (TFA)26H20*, (MOeOlg)z [39], (CIO4)2 [40],

(Htba),-6H,O [41], and CL..5.5H,0 [42], and [ZnCl4], [43] (*This work was due to Le Bail method of Rietica program)

o (TFA),-6H,O (MosO15)2 (ClO4), (Htba),:6H,O  Cl,-5.5H,0 [ZnCly],
[Ni(bipy)s] (X) I
This work (39] [40] (41] [42] [43]
Symmetry Monoclinic Monoclinic ~ Monoclinic Monoclinic Monoclinic Trigonal
Space Grup P2,/m P2)/n C2/c P21/c C2/c R3c
Z 4 4 4 8 4 12
a (&) 11.6628 12.3549 17.502(2) 13.6618(6) 13.410(2) 13.34.3(2)
b (A) 17.8225 18.9866 10.777(1) 23.9441(9)  22.509(4)
c(A) 16.9786 17.1974 16.092(2) 25.4335(8) 23.781(4) 58.932(12)
B () 98.8477 101.114 90.959(2) 93.091(1) 105.390
V (&3) 3487.1950 3958 3034.8(6) 8307.7(5) 6921(2) 9087(3)
Figure of merit:
R, 3.62
Ry, 5.76
Rexp 3.48
Bragg R-Factor 0.05
GOF 2.745
1,300
1,600 <
1,400+
1,200
1,000
E 201 <
3 600
o
401
200+
4 Illlll I ERRE R A n Ay IVEER
2010 - %‘ﬂ"
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1|] '3:5 1';5
2 i Ideg]

Fig 4. Diffractogram of [Ni(bipy)s;](CF:COO),-6H,O: observed data (sign +, (a)), refined monoclinic space group of
P2,/M model (full line, (b)), it’s position of 2 theta (c), and the difference between the observed and the refined full

line model (d)

SEM images with various magnification depicted in Fig.5
(a-c). Meanwhile, the related energy dispersive X-ray
(EDX) analysis result on the selected surface as shown in
Fig. 5(d) strongly indicates the presence of all elements
contained in the complex except the hydrogen atom. It

should be noted that the percentage ratio of the number
of atoms does not represent the empirical formula of the
complex, since it is not possible to have homogenous
powder as indicated by the SEM images and it’s EDX

(Fig. 5).
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100 bk 300 LR (]

Fig 5. SEM images of [Ni(bipy);](CF;:COO),-6H,O at magnification of 100x (a), 1000x (b), 5000x (c) and its EDX

analysis result showing the content of elements, Ni-C-F-N-O (d)

m CONCLUSION

The complex containing Ni-bipy-TFA has been
successfully synthesized and its chemical properties have
been characterized. The proposed empirical formula of
the ionic complex, [Ni(bipy)s;](CF;:COO),-6H,O, was
estimated by the measurements of electrical equivalent
conductance, and metal content (AAS), while the
existence of hydrated water molecules, TFA ions,
bipyridine molecules, and metal residue were signified by
the corresponding TGA-DTA. The presence of elements
was confirmed by EDX analysis. The magnetic moment
was found to be normal paramagnet corresponding to two
unpaired electrons with significant spin-orbit coupling.
The UV-VIS spectral property of the complex exhibits the
typical two main ligand field bands at the visible areas,
and the third ligand field band as well as the charge
transfer was observed at much high energy of UV area.
The infrared spectrum of the complex shows the typical
mode of vibrations of functional groups for bipyridine
and the TFA anion. The powder X-Ray diffractogram
refined using Le Bail method of Rietica program suggests
the complex to adopt monoclinic symmetry of space
group, P2,/m.
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Abstract: Lignin, as a by-product of the pulping process, is less widely used for worth
materials. In this study, the utilization of lignin by-product of the soda delignification
process of coconut coir converted to the activated carbon by a simple precipitation method
followed by the carbonization at various temperatures is presented. The by-product liquor
of the soda delignification process having a pH of 13.4 was neutralized by dropping of
hydrochloric acid solution to achieve the pH solution of 4, resulting in the lignin
precipitation. The precipitated was washed, filtered, and dried. The dried lignin was then
carbonized under a nitrogen atmosphere at various temperatures of 500, 700, and 900 °C.
The dried lignin and carbonized samples were characterized using SEM, XRD, FTIR, and
nitrogen adsorption-desorption analyzer, to examine their morphology, X-Ray diffraction
pattern, chemical bonding interaction, and surface area-pore size distribution,
respectively. The characterization results showed that the functional groups of lignin
mostly disappeared gradually with the increase of temperature approached the graphite
spectrum. The XRD patterns confirmed that the carbonized lignin particles were
amorphous and assigned as graphitic. All samples had a pore size of 3-4 nm classified as
mesoporous particles. This study has shown that the carbonization lignin at a
temperature of 700 °C had the highest surface area (i.e., 642.5 m?/g) in which corresponds
to the highest specific capacitance (i.e., 28.84 F/g).

Keywords: coconut coir; soda delignification; lignin; carbonization; mesoporous particles

m INTRODUCTION

Lignin is the most abundant renewable source of
aromatic groups in nature and the second most abundant
terrestrial biopolymer after cellulose. The pulp and paper
industry is the primary producer of cellulose-rich fibers.
Besides, cellulosic ethanol facilities are currently coming
to resolve the limitation of fossil fuel. Both industries
produce lignin as a by-product. The processes of Kraft,
sulfite, soda, organosolv, and hydrothermal are some of
the delignification methods that use sodium hydroxide
and sodium sulfide, sulfur dioxide, sodium hydroxide, an
organic solvent, and highly compressed water and
temperature, respectively, to separate cellulose fiber by
dissolving the lignin. For non-woody lignocellulose
sources, soda pulping is widely used for the delignification
method [1].

On the other hand, the lignin market is still limited
for the valuable application [2]. Therefore, the
conversion of lignin to the more valuable functional
materials is still a challenge, even though lignin is
becoming promising for many future applications [3-5].
As the by-product, lignin liquor is usually treated as
liquid wastewater, and then it is concentrated and fired
to serve only as fuel producing steam, electricity, and
inorganic chemical for internal mill use [6]. Several
efforts for extracting lignin from black liquor before
further processing are membrane-assisted electrochemical
[7] and precipitation through the addition of an
acidifying agent of carbon dioxide [8], chloric acid [9],
and sulfuric acid [10].

Carbon black is mostly produced from incomplete
combustion of fossil fuel. The utilization of agricultural
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bio-waste materials directly without separating the
components of the bio-waste materials that contain
cellulose, hemicellulose, and lignin has also been used for
activated carbon sources [11]. The cellulose is separated
from lignin for the use of the biofuel process. The
utilization of lignin itself to produce carbon black has been
attempted, but it is still limited. Macroporous carbon was
prepared from lignin by using poly(methyl methacrylate)
as the template [12]. Usually, phenolic resin and polystyrene
latex were used as the carbon source and template
particles, respectively, to generate macroporous carbon
nanospheres [13]. The use of lignin from bioethanol co-
product using the hydrolysis process for conductive
carbon black filler has been studied [14]. Powdered and
granular carbon adsorbents are also produced from
hydrolysis lignin as the by-product of biofuels [15]. The
highest specific surface area was 654 m?/g obtained from
the lignin carbonization at a temperature of 900 °C,
followed by ball milling. Activated carbon from
commercial alkali lignin was synthesized by simultaneous
carbonization and alkali hydroxide activation for
supercapacitors application [16]. The use of lignin sources
and lignin-rich biomass were also compared to the effects
of the carbonization process on the activated carbon
properties [17]. Alkali lignin purified from papermaking
black-liquor was also used to generate a composite of
carbon/ZnO for the photocatalytic application [18].
Biomass-based lignin extracted from industrial waste
black liquor was carbonized and activated by steam to
produce activated carbon [10]. Most of them use lignin
from the delignification of wood source, notably pulp and
mill industry. Lack of them use non-wood source, and as
far as our knowledge, none of them use lignin from the
delignification process of coconut coir. The study is needed
because different raw material and activation procedure
plays an essential role in the characteristics of the
generated activated carbon. The microstructure, structure,
and electrical characteristics of carbonaceous materials
are highly influenced by the lignin feedstock [19].

In this study, the carbonization of lignin extracted
from the liquor of coconut coir delignification using the
soda-pulping process was introduced with simple
precipitation and calcination methods. The effect of the
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temperature of carbonization on the characteristics of
the generated particles was elucidated. The samples were
characterized wusing scanning electron microscopy
(SEM), X-Ray diffraction (XRD), Fourier transform
infrared spectrometry (FTIR), and nitrogen adsorption-
desorption analyzer to examine the best condition for
lignin carbonization derived from coconut coir. The
specific capacitance was also measured from the cyclic
voltammetry (CV) curve and the correlation with the
other particle characteristics was studied.

m EXPERIMENTAL SECTION
Materials

The liquor obtained from the delignification of
coconut coir for cellulose aerogel preparation by the soda
process with a pH of 13.4 was used as raw material [20].
The coconut coir was obtained from a traditional market
in Keputih, Surabaya, Indonesia. Hydrochloric acid (HCI)
37 wt.% in analytical grade was purchased from Merck.

Instrumentation

The
characterizations ~ were  thermogravimetric  and
differential analysis (TG-DTA, Shimadzu DTG-60H),
X-Ray diffraction (XRD, PanAnalytical X’Pert MPD
System), Fourier transform infrared spectroscopy

instrumentation used for samples’

(FTIR, Nicolet iS10), scanning electron microscopy
(SEM, Hitachi FlexSEM 1000), a nitrogen adsorption-
desorption analyzer (Nova 1200e, Quantachrome), and
(Metrohm,

a potentiostat/galvanostat instrument

Autolab PGSTAT302N).
Procedure

Sample preparation

A solution of 1.5 M HCI prepared from HCI
37 wt.% was added drop by drop into the raw material
under stirring to decrease the pH liquor of 4 and to
precipitate the lignin. The precipitated particles were
separated from the liquid by centrifugation and washed
ten times to ensure the salt formed did not contaminate
the extracted lignin. The precipitated particles were
filtered and then dried in the oven at a temperature of
80 °Cfor 12 h. The dried lignin was calcined in the furnace
under the flow of nitrogen with a flow rate of 100 mL/min.
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For the sample of carbonized lignin at 500 °C, the dried
lignin was gradually heated from 100 °C for 30 min, then
at 300 °C for 1 h, and then at 500 °C for 2 h. For the
samples of carbonized lignin at 700 and 900 °C, the
preliminary treatment was the same with the sample of
carbonized lignin 500 °C, and the next step was to
continue heating at 700 and 900 °C, respectively, for 2 h.

Sample characterizations

Simultaneous measurement of thermogravimetric
and differential analysis was used to examine the weight
losses due to lignin decomposition by increasing the
temperature. The heating rate was 5 °C/min under the
flow of nitrogen. X-Ray diffraction with Cu Ka as the
radiation source (A = 0.15406 nm) was used to evaluate
the microstructure of the generated particles. Fourier
transform infrared spectroscopy was used to characterize
the functional group of the samples. Scanning electron
microscopy was used to investigate the morphology of the
generated particles. A nitrogen adsorption-desorption
analyzer measured at 77 K, the boiling point of nitrogen,
was used for surface area and pore characterization. The
samples were degassed under the flow of nitrogen at 300 °C
for 3 h. The total pore volume of the samples was
estimated from the adsorption branch of the isotherm at
arelative pressure P/P, close to 1. The specific surface area
of the samples was calculated by using the multiple-point
Brunauer-Emmett-Teller (BET) method at P/Py < 0.3. The
pore size distribution of the samples at the adsorption
isotherm using the Barret-Joyner-Halenda (BJH) method
was used to determine the diameter and volume of pore
samples. The specific capacitance was determined from
cyclic voltammetry (CV) at potential applied ranging
from -1 to 0 V with a sweep rate of 10 mV/sec using
potentiostat/galvanostat instrument. The sample was
prepared by mixing the carbon sample and
polyvinylidene difluoride (PVdF) at a ratio of 10:1 by
weight and transforming the mixture into carbon paste by
adding drops of 1-methyl-2-pyrrolidone (NMP). The
paste was coated to 1.5 cm® nickel-foam assigned as a
working electrode. A platinum foil and Ag/AgCl electrode
were used as the counter and reference electrodes,
respectively. 100 mL of 0.1 M Na,S,0; was used as an
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electrolyte solution. The specific capacitance (C,, F/g)

was calculated using the following equation:
VC
[1(v)av (1)

Va

SRS S

mv(V,-V,)
where v is the potential scan rate (mV/sec), (V-V,) is
the applied potential range (V), I is the current response
per unit area (mA/cm?), and m is the mass of a sample (g).

m  RESULTS AND DISCUSSION

The Composition and the Thermal Analysis of the
Dried Lignin

The proximate analysis of dried lignin indicated
that the volatile matter has the highest composition of
38.03 wt.%, followed by fixed carbon as the second-
highest composition of 37.00 wt.%. The ash and the
moisture contents of the dried lignin were 21.06 and
3.91 wt.%, respectively. The proximate analysis was
supported by gravimetric analysis under the flow of
nitrogen, as shown in Fig. 1. The first peak on the DTA
graph corresponds to the loss of around 4.5 wt.%
moisture content at around 100 °C as indicated by the
TG graph. The second peak of the DTA graph occurred
at around 416 °C corresponds to around 37 wt.% loss of
volatile compounds in the lignin. The clear peak does
not indicate the loss of carbon on the DTA graph
because of the slow degradation rate of carbon up to the
temperature at around 860 °C with the remaining weight
at around 21.6 wt.% corresponds to the ash content.

104
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=

0 L 1 1 1 L 1 i 1 i 1 300
30 200 400 G0 200 1000
Temperature, T (*C)

Fig 1. Thermogravimetric analysis of dried lignin using

under the flow of nitrogen

Widiyastuti Widiyastuti et al.



Indones. J. Chem., 2020, 20 (4), 842 - 849 845

The Effect of Carbonization Temperature on the
Particle Characteristics

The visual appearance of dried lignin and
carbonized lignin at temperatures of 500, 700, and 900 °C
are shown in Fig. 2(a-d). The dried lignin has a brownish-
red appearance and bulky form. Carbonized lignin is
black and shiner with the increase in carbonization
temperature caused by the decomposition of the organic
compound of some lignin constituents into volatile gases
and solid carbon. TG-DTA measurement has confirmed
the disappearing of the organic compound during the
carbonization by decreasing the weight percentage with
increasing the temperature. To investigate further the
functional groups existing in the dried lignin and the
carbonized lignins in varied temperatures, FTIR analysis
is carried out.

Fig. 3 represents the FTIR spectrum of dried lignin
and carbonized lignin at temperatures of 500, 700, and
900 °C. The characteristics of FTIR spectrum of dried
lignin corresponds to FTIR spectrum at wavenumbers: (1)
3338 cm™}; (2) 2920 cm™%; (3) 1695 cm™; (4) 1604 cm™Y; (5)
1509 cm™; (6) 1420 cm ™% (7) 1213cm™}; (8) 1112 cm™}; and

-

Fig 2. Visual appearances of (a) dried lignin, (b) carbonized lignin at 500 °C, (c) 700 °C, and (d) 900 °C

(9) 1033 cm™. These absorption bands in the FTIR
spectrum can be assigned to (1) hydroxyl groups in
phenolic and aliphatic structures, (2) CH stretching in
aromatic methoxyl groups and in aliphatic methyl and
methylene groups of side chains, (3) C=O stretching in
conjugated p-substituted aryl ketones, (4) -C=O of
pyruvate, (5) C=C stretching of the aromatic ring (G)CH
deformation, (6) C-H asymmetric deformation in -
OCHs, (7) aromatic C-O stretching vibrations, (8)
aromatic C-H in-plane deformation, and (9) Cuiu-O
ether vibrations methoxyl, respectively [21]. The spectra
presented the characteristic peaks of lignin that also
reported by others [22-23]. The functional groups of
lignin are gradually removed with the increase of
carbonization temperature. The pyruvate bond -C=0,
the aromatic ring C=C, and the C.iy—O-ether methoxyl
are still observed at the carbonization temperature of
500 °C. Most of the functional groups of lignin disappear
at temperatures of 700 and 900 °C and approach the
graphite spectrum.

XRD analysis is used to examine the change in the
XRD pattern caused by the carbonization temperature.
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Fig 3. FTIR spectra of dried lignin and carbonized lignins
at temperatures of 500, 700, and 900 °C

The XRD pattern of dried lignin and carbonized dried
lignin at temperatures of 500, 700, and 900 °C are shown
in Fig. 4. The plane of graphite structure (002) at the peak
intensity 20 centered at around 26.5° shows more clearly
for carbonized lignin than that of the dried lignin.
Increasing the carbonization temperature also slightly
shifts the 20 peak position of the plane (002) to the right
However, for the
carbonization at a temperature of 900 °C, the peak
intensity 20 of the plane (002) shifts back to the left to the
position of 23.3°. Another 20 peak intensity at around 44°

position from 21.8° to 25.3°

is also observed for carbonized lignin and is not found in
the dried lignin. The intensity is more apparent with the
increase of the carbonization temperature. The same with
the peak intensity 20 of the plane (002), the peak intensity
20 at around 44° corresponds to the plane (101), which is
also assigned to the graphitic sheets. The presences of the
broad profiles of the X-ray diffraction patterns represent
that the structure of carbon materials is amorphous.

The effect of carbonization temperature on particle
morphology is characterized by Scanning Electron
Microscopy (SEM). SEM images for dried lignin and
carbonized lignin at temperatures of 500, 700, and 900 °C
are depicted in Fig. 5 (a-d). For low magnification, all
samples exhibit shape irregularly and agglomerated

Indones. I. Chem., 2020, 20 (4), 842 - 849
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Fig 4. X-ray diffraction patterns of dried lignin and

carbonized lignins at temperatures of 500, 700, and 900 °C

particles with the size of a few micrometers. However,
for higher magnification (insets Fig. 5(a-d)), the distinct
microstructures can be observed. For dried lignin, it can
be shown that the agglomerated particles consisted of
particles in the scale of nanometers. On the other hand,
the size and the number of particle’s pore increase with
the increase in temperature, as shown in the high
magnification SEM images. The increasing carbonization
temperature led to the decomposition of more volatile
components left behind the micro- and mesoporous
carbon particles. The formation of pores for carbonized
lignin brings out the increase in the specific surface area
that will be explained in the following paragraph.

Table 1 shows the comparison of the specific
surface area, pore diameter, and pore volume of lignin
without carbonization and with carbonization at various
temperatures. The surface area based on BET isotherm
analysis of dried lignin extracted from the soda process
of coconut coir without followed by carbonization was
only 7.037 m?*/g. The carbonization at temperature of
500 °C increased the specific surface area of the sample
to 157.621 m*/g. An increase in carbonization temperature
to 700 °C could make a 4-fold increase in the specific
surface area compared to 500 °C. However, the specific
surface area slightly decreased to 541.277 m*/g for the

Widiyastuti Widiyastuti et al.



Indones. I. Chem., 2020, 20 (4), 842 - 849

847

Fig 5. SEM images of (a) dried lignin, (b) carbnized lignins

ke ; A
at 500 °C, (c) 700 °C, and (d) 900 °C

Table 1. Specific surface area, pore diameter, and pored volume of dried lignin and carbonized lignin at various

temperatures
Sample Specific surface area  Pore diameter ~ Pore volume
(m?/g) (nm) (cm’/g)
Dried lignin 7.037 3.433 0.002
Carbonized lignin 500 °C 157.621 3.841 0.013
Carbonized lignin 700 °C 642.501 3.387 0.050
Carbonized lignin 900 °C 541.277 3.407 0.084
carbonization at a temperature of 900 °C. The pore size 20T
for all samples was not so different, which was in the range £ 300 [
of 3-4 nm categorized into mesopore type (2 nm < pore E 280 [
size < 50 nm). The pore volume increased with temperature E sen |
in which lignin carbonized at 500, 700,and 900°Chad 7, =~ | 900°C
25, and 42 times more pore volume, respectively, 2 =10 [~
compared to the dried lignin. The decomposition of the E 220
most functional group of lignin during carbonization left ; 60 b
behind larger pore volume with relatively the same size ":éu o I
pore for higher carbonization temperature. & 4 7o0°c =T
The isothermal adsorption-desorption profiles as a L g o P
function of the relative pressure of carbonization of lignin B T
0o 01 02 03 04 05 08 07 048 05 1.0

at temperatures of 700 and 900 °C are depicted in Fig. 6.
Based on the IUPAC 1985 classification, the profiles of
carbonized lignin at the temperatures of 700 and 900 °C

Relative Pressure (P/Po)
Fig 6. Adsorption and desorption isotherms of the lignin
calcined at temperatures of 700 and 900 °C
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Fig 7. Voltammograms obtained in three-split electrode
configuration at 10 mV/sec for dried lignin, carbonized
lignin at various temperatures

can be categorized to the Type IV isotherm because there
are hysteresis loops [24]. Even though the hysteresis is
narrow, the hysteresis is associated with the filling and the
emptying of the mesopores by capillary condensation.

The Electrochemical Properties

Fig. 7 shows the cyclic voltammetry curves of the
samples ata 10 mV/sec sweep rate. The cyclic voltammetry
did not exhibit rectangular curves as the behavior of the
double layer capacitive material; however, the symmetry
and un-peak curve can be obtained. The specific
capacitance calculated using Eq. (1) for dried lignin,
carbonized lignin 500 °C, carbonized lignin 700 °C and
carbonized lignin 900 °C are 1.96,4.13,28.84,and 17.90 F/g,
respectively. The carbonized lignin 700 °C gives the highest
specific capacitance that correlates with the highest specific
surface area. Hu and Hsieh were also reported that the
highest surface area and pore volume resulted in the
highest specific capacitance and suitable for supercapacitors
fabrication [16].

m CONCLUSION

Lignin was successfully extracted from the liquid
waste of the soda delignification process of coconut coir
via neutralization using a hydrochloric acid solution. The
extracted lignin was carbonized at various temperatures
and characterized using scanning electron microscopy

(SEM), X-Ray diffraction (XRD), Fourier transform
infrared spectrometry (FTIR), nitrogen adsorption-
desorption analyzer and cyclic voltammetry (CV). The
results showed that the carbonization process led to an
increase in the specific surface area of the generated
carbon particles. The carbonized lignins had mesopores
and amorphous graphitic structure with the highest
surface area (i.e., 642.5 m?/g) and specific capacitance
(i.e., 28.84 F/g) at carbonization temperature of 700 °C.
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Abstract: In this work, '"H NMR analysis, along with a chemometrics approach, had
been applied for investigating metabolite profiles of Indonesian roasted Robusta coffees
obtained from Lampung and Aceh. In total, 24 compounds had been successfully detected
in the '"H NMR spectra of the Robusta coffee extracts. Concentrations of some identified
metabolites present in the coffees were determined by the quantitative 'H NMR technique.
Orthogonal projection to latent structure-discriminant analysis (OPLSDA) was used as a
primary method for the chemometric approach. OPLSDA had classified clearly the
Robusta coffee samples corresponding to their origin. Loading plot and S-plot of the
OPLSDA revealed characteristic metabolites for each Robusta coffee. The results indicated
that quinic acid, mannose, arabinoses, and acetic acid were an important discriminant
compound for Lampung Robusta coffees. Meanwhile, lipids, lactic acid, and 5-caffeoylquinic
acid were found as characteristic metabolites for Aceh Robusta coffee. This report
provided knowledge about the chemical composition of Lampung and Aceh Robusta
coffees and shed more light on the diversity of Indonesian Robusta coffees. Furthermore,
it confirmed that '"H NMR analysis coupled with chemometrics was a powerful method
for evaluating and classifying metabolite profiles of the roasted Robusta coffees.

Keywords: '"H NMR; chemometric; roasted Robusta coffee; Indonesia

m INTRODUCTION

12]. Several measurement methods have been used in
these studies, including IR spectroscopies [6,12-13],

Coffee is one of the most consumed nonalcoholic
drinks in the world. The drink is well known for its unique
flavors and remarkable aromas. Coffee also possesses
physiological and psychological effects [1]. Arabica
(Coffea arabica L.) and Robusta coffees (Coffea canephora
P.) are the most consumed coffees worldwide. Arabica
coffee is considered having a higher quality than Robusta
since it possesses a better taste, an intense aroma, and
lower caffeine content [2]. As the second most cultivated
coffee after Arabica, Robusta has a more bitter taste and
contains more caffeine and chlorogenic acids but fewer
sugars [3]. However, Robusta coffee is easier to cultivate
since it is more resistant to plant diseases, weather
conditions, and able to grow at lower altitudes as well [3].

Literature studies show that many metabolomics
and chemometric studies of Robusta coffee focused on the
authentication and the differentiation of coffee species [4-

Raman spectroscopy [7], UV-visible spectroscopy [8],
GC [4-5], HPLC [9], GC-MS [11] and NMR [10].
Chemometrics combined with electronic nose and
tongue had been used to analyze and classify 7 Chinese
Robusta coffee cultivars with different roasting degrees
[14]. Furthermore, chemometric approaches, along with
GC-MS techniques, had been also applied to
discriminate Chinese Robusta coffees based on their
geographic origins [15]. Recently, this coupled method
had been used to investigate the effects of chemical pre-
treatment of Robusta coffee [16].

Indonesia is one of the biggest coffee producers in
the world [17]. At least 70% of coffee plants cultivated in
Indonesia are Robusta species. This coffee is cultivated
in many Indonesian islands, including Sumatera, Java,
Sulawesi, Papua, and Sumbawa. Aceh and Lampung that
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located in Sumatra, are two popular regions producing
Robusta coffee. The taste of Lampung Robusta is unique
and different from the taste of Aceh Robusta. From the
chemical point of view, the taste differences indicate the
distinction of metabolite profiles since the taste of coffee
is strongly related to its chemical components. However,
the chemical information of Robusta coffees from
Indonesia especially Lampung and Aceh, is very limited
in the literature.

In this study, Robusta roasted coffees from
Lampung and Aceh were analyzed with '"H NMR
technique for investigating their chemical profiles.
Chemometric approaches were applied to classify the
Robusta coffees based on their origins and to identify their
characteristic metabolites. Furthermore, some identified
metabolites in the Robusta coffees were successfully
quantified by "H NMR method.

m EXPERIMENTAL SECTION
Materials

All coffee samples used in this study were
commercially roasted beans of Robusta coffees from
Lampung (6 samples) and Aceh (6 samples) and obtained
from some coffee companies/suppliers. The detail
information of the coffee origins was depicted in Table 1.
The extraction solvent used in this work, deuterated water
(D;0O), was purchased from Merck (Germany). 3-(trimethyl
silyl)-2,2,3,3-tetradeuteropropionic acid sodium salt
(TSP) was bought from Merck (Germany). KH,PO, and

K;HPO, that used for making a buffer solution were
purchased from Merck (Germany).

Instrumentation

An Encore mill (Baratza, United States) was used
to grind the roasted coffee beans. An ultrasonic bath
(Krisbow, Indonesia) was used to sonicate the samples.
An MC-12 High Speed Microcentrifuge (Benchmark
Scientific, United States) were used to centrifuge the
samples. A 500 MHz Varian Unity INOVA spectrometer
(Agilent Technologies, United States) was used to record
"H NMR spectra of the Robusta coffees.

Procedure

Sample preparation

The coffee sample preparation was carried out
based on the reported works [18-19] with slight
modification. The sample was prepared by mixing 200 g
of ground Robusta coffee with 1 mL of D,O containing
TSP 1.00 mM in a 2 mL plastic tube. The sample was
sonicated at room temperature for 20 min and incubated
on a water bath at 90 °C for 30 min. Afterward, the
sample was cooled on the water for 10 min, centrifuged
for 5 min, and the supernatant was then separated from
the precipitate. One hundred microliters of phosphate
buffer (pH 5) were added into 400 pL of supernatant and
then transferred into a 5 mm NMR tube.

TH NMR measurement and processing
In the '"H NMR measurement, the H,O signals were
suppressed by the presaturation method. One hundred

Table 1. Origins of Robusta coffees used in the present study

Sample code  Coffee origin Company/supplier
Al Blangkejeren, Gayo Lues, Aceh Fry Roast
A2 Linge, Aceh Tengah, Aceh Rebbe Coffee Takengon
A3 Pintu Rime Gayo, Bener Meriah, Aceh Serenade
A4 Takengon, Aceh Tengah, Aceh Tampah Kopi Gayo
A5 Takengon, Aceh Tengah, Aceh Raja Kopi Aceh
A6 Pintu Rime Gayo, Bener Meriah, Aceh Garasco
L1 Liwa, Lampung Barat, Lampung Fry Roast
L2 Ulubelu, Tanggamus, Lampung Hilbrew coffee
L3 Liwa, Lampung Barat, Lampung Kafein
L4 Liwa, Lampung Barat, Lampung AKL
L5 Liwa, Lampung Barat, Lampung AKL
L6 Ulubelu, Tanggamus, Lampung Halokoftihouse
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twenty-eight scans of 64 K data points are recorded with
a spectral width of 8012 Hz, the acquisition time of 2.72 s,
and a relaxation delay of 2 sec. The free-induction decay
(FID) NMR data were processed with ACD/Labs 12.0
software (Advanced Chemistry Development, Inc.,
Toronto, Canada). This software was also used for
referencing, phasing, baseline correction of 'H NMR
spectra. The chemical shifts of "H NMR spectra were
referenced to the TSP signal. The signal assignments of
the components in Robusta coffees were conducted by
shifts of
identified metabolites and comparing the spectra with the

recognizing the fingerprinting chemical
reference spectra of corresponding metabolites and with
the data in the literature [18].

Multivariate statistical analysis

Alignment and bucketing of the '"H NMR spectra
performed using ACD/Labs 12.0

(Advanced Chemistry Development, Inc., Toronto,

were software
Canada). Bucketing was carried out by integrating regions
of equal width (0.02 ppm) within § 0.50-10.00 ppm and
performed with an intelligent bucketing option as well.
The residual water signal at § 4.73-5.22 ppm were
excluded from the multivariate data analysis. The caffeine
signals at § 3.22-3.49 ppm and § 3.82-3.88 ppm were also
excluded for avoiding spurious principal components
(PCs) as a consequence of signal shifting [20]. The buckets
were normalized to a total integral to avoid dilution
effects of the samples. The processed data sets extracted
from the "H NMR spectra were imported into SIMCA-P
Sweden) for the
multivariate statistical analysis. The data were then scaled

version 12.0 (Umetrics, Umea,
with the Pareto scaling type. The principal component
analysis (PCA), an unsupervised pattern-recognition
approach, was performed to check intrinsic variation in
the data set. Orthogonal projection to latent structure-
discriminant analysis (OPLSDA), a supervised pattern-
recognition approach, was applied as primary methods
for extracting maximum separation among samples. The
data sets of the roasted Robusta coffee were divided into 2
groups based on their geographical origins (Lampung and
Aceh) and then analyzed with OPLSDA method. The
percent of the response variation explained by the models
(R2X and R2Y), and the percent of the response variation
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predicted by the models according to cross validation
(Q2) were computed. Hotelling's T2 regions, shown as
an ellipse in the score plot, defined the 95% confidence
interval of the modeled variation.

Quantitative "H NMR analysis
For evaluating metabolites quantitatively in
Lampung and Aceh Robusta coffees, the obtained 'H
NMR data were further processed based on a previous
report [21] with slight modifications. TSP signal (1 mM)
was used as an internal standard. The quantification was
conducted by calculating the relative ratio of the peak
area of selected proton signals of the target metabolites
to the singlet peak of the TSP signal. The statistical
calculation of quantitative 'H NMR analysis was

performed using Microsoft Excel 2013.

m  RESULTS AND DISCUSSION

Identified Metabolites in the Roasted Robusta
Coffees

In this work, metabolites in the roasted Robusta
coffee samples (Lampung and Aceh) were recognized by
identifying their fingerprint signals in the 'H NMR
spectra and comparing them with the spectra of
corresponding reference compounds. The metabolite
identification was further confirmed by comparing the
spectra with the data reported in the literature [18-
19,22]. In total, 24 metabolites were successfully
identified in the Robusta coffees, as depicted in the 'H
NMR spectra of the Robusta coffee (Fig. 1). Some
molecular structures of the identified metabolites were
described in Fig. 2.

Caffeine, as one of the major compounds in the
roasted coffee bean, was clearly identified in the 'H NMR
spectra. The strong singlet signals at § 3.28, 3.45 and 3.88
ppm were assigned as the 3 N-methyl of caffeine.
Meanwhile, the singlet signal at § 7.83 ppm was designed
as an aromatic proton of caffeine. The intense signals of
caffeine in the '"H NMR spectra of the roasted coffees
indicated that the compound is thermally stable during
the roasting. Thus, caffeine is an excellent quantitative
marker for coffees as proposed by previous reports
[18,23]. The proton signals belong to 3 dominant
compounds of chlorogenic acids, namely 3-caffeoylquinic
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acid, 4-caffeoylquinic acid, and 5-caffeoylquinic acid were
also clearly visible in the aliphatic and aromatic regions of
the '"H NMR spectra as shown in Fig. 1. Chlorogenic acids,
the ester form of caffeic acid and quinic acid, are major
compounds in coffees. However, during the roasting,
some chlorogenic acids degrade into quinic acid and y-
quinide since the compounds are unstable thermally [24].
The signals of quinic acid, another major compound in
the roasted coffee, were recorded in the 'H NMR spectra

a 4.5
(@) 12 12 12

4% 40 35 30 -25. 20 15 O 08
Chemical Shift (ppm)
(b) 2

i 6, 7.8

@0 B85 80 75 70 65 60 55 50
Chemical Shift (ppm)

Fig 1. Characteristic signals of the metabolites identified
in the '"H NMR spectrum of the Robusta coffees. (a)
Expansion of the "H NMR spectrum from 0.4 to 4.6 ppm.
(b) Expansion of the "H NMR spectrum from 4.8 to 9.4
ppm. 1: lipids; 2: lactic acid; 3: acetic acid; 4:quinic acid; 5:
y-quinide; 6: 3-caffeoylquinic acid; 7: 4-caffeoylquinic
acid; 8: 5-caffeoylquinic acid; 9: malic acid; 10: citric acid;
11: choline; 12: caffeine; 13: inositol; 14: B-(1-4)-D-
mannopyranose unit; 15: p-(1-4)-D-galactopyranose
unit; 16: B-(1-6)-D-galactopyranose unit; 17: a-(1-3)-L-
arabinofuranose unit; 18: a-(1-5)-L-arabinofuranose unit;
19: N-methyl-pyridinium; 20: trigonelline; 21: 2-furyl-
methanol; 22: formic acid; 23: nicotinic acid; 24: 5-
(hydroxymethyl) furfural

at § 4.16, 4.05, 3.57, and in the range 1.88-2.07 ppm.
Proton signals belong to y-quinide, an ester cyclic of
quinic acid, were successfully detected at § 4.91, 4.06,
3.89, and in the range 2.41-2.49 and 1.95-2.14 ppm.
Trigonelline is another major compound in the
coffees. This compound was identified in the "H NMR
spectra by detecting its proton signals at § 4.44, 8.07,
8.82, 8.84, and 9.12 ppm. Trigonelline is degraded during
the roasting process into some compounds including N-
methyl-pyridinium and nicotinic acid [24]. Both
degradation products were also successfully identified in
the '"H NMR spectra of the Robusta coffees. The signals
belong to N-methyl-pyridinium were recorded at § 4.37,
8.02, 8.51, and 8.75 ppm. Meanwhile, the proton signals
of nicotinic acid were detected at & 8.27, 8.66 and
8.97 ppm. Sucrose is a major component of green bean
coffee. In this work, apparently sucrose had been
degraded completely during the roasting; thus, it could
not be detected in the '"H NMR spectra of the roasted
Robusta coffees. However, some products of sucrose
degradation, including acetic acid, formic acid, lactic
acid, 2-furylmethanol, and 5-hydroxymethylfurfural were
successfully identified in the spectra. Proton resonances
of acetic acid and formic acid were detected clearly as
strong singlet signals in the spectra at § 1.96 and 8.46 ppm,
respectively. The fingerprint signal of lactic acid was
recorded at § 1.36 ppm and the proton resonances belong

10CH;4

Quinic acid Trigonelline 2-furylmethanol
Fig 2. Some molecular structures of identified

metabolites in the Robusta coffees
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to 2-furylmethanol were recorded at § 4.56, 6.43, and
7.50 ppm. Meanwhile, the proton resonance of
5-hydroxymethylfurfural has identified at § 9.38 ppm as a
weak signal.

Strong proton signals of lipids were recorded clearly
at 6 0.92 and 1.30 ppm and assigned to methyl and
methylene protons of fatty acids chains, respectively, as
predicted by a previous report [22]. Other organic acids
were also successfully identified in the aliphatic region of
the '"H NMR spectra, namely malic acid at § 2.36 and 2.68
ppm, and then citric acid at § 2.61 and 2.74 ppm. Further
investigation of the aliphatic region revealed the presence
of sugar compounds including a-(1-3)-L-arabinofuranose
unit (3-arabinose), a-(1-5)-L-arabinofuranose unit (5-
arabinose), B-(1-4)-D-mannopyranose unit (mannose),
B-(1-4)-D-galactopyranose unit (4-galactose) and B-(1-
6)-D-galactopyranose unit (6-galactose). The proton
signals belong to the sugar compounds were depicted in
Fig. 1. The sugar identification in the roasted Robusta
coffees is in accordance with the literature [18-19,24].
Furthermore, a characteristic proton signal corresponding
to inositol, sugar alcohol, was detected at § 3.28 ppm, as
shown in Fig. 1. The last identified metabolite found in
the spectra was choline. The fingerprint signal of this
compound was recorded at § 3.22 ppm.

H NMR Quantitative Analysis

Some identified metabolites in the roasted Robusta
coffees were analyzed semi-quantitatively using the 'H
NMR technique.
2-furylmethanol,

of choline,
acid, N-methyl
pyridinium, nicotinic acid and trigonelline in Lampung

The concentrations

caffeine, formic

and Aceh roasted Robusta coffees were successfully
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determined as shown in Table 2. Compared to the other
quantified metabolites, caffeine was found as the most
abundant metabolite either in the Aceh Robusta coffees
or in the Lampung Robusta coffees. It confirmed that
caffeine is the major compound found in the roasted
Robusta coffee. The concentration of some quantified
metabolites in the Lampung coffees was higher as
compared to the Aceh coffees, e.g., the concentration of
formic acid in the Lampung coffees was 10.5 mM, while
that in the Aceh coffee was 5.4 mM. The opposite case
was found for caffeine concentration in the samples. The
concentration of caffeine in the Aceh coffees was 25.3 mM
and higher as compared to its concentration in the
Lampung coffees (22.8 mM). Choline concentration in
the Lampung coffees (1.7 mM) was similar to its
concentration in the Aceh coffees (1.8 mM).

Discrimination of Metabolite Profiles

The processed data sets obtained from the "H NMR
spectra were evaluated with multivariate statistical
analysis for classifying the roasted Robusta coffees
(Lampung and Aceh) based on their geographical origin.
In the initial step, the data were analyzed by PCA, an
unsupervised pattern-recognition approach performed
without using knowledge of the sample class. This
approach resulted in a model with 3 principal
components (PCs) explaining 80.5% of the total
variability (R2X). However, PCA could not provide
enough separations (data not shown); thus, the analysis
was continued further with OPLSDA method, a
supervised pattern-recognition approach. OPLSDA
provides a better group separation model and reveals
differences among groups since it combines the strengths

Table 2. Relative quantifications of roasted Robusta coffee metabolites

The concentration of roasted Robusta coffees (mM)

Compound

Aceh (+ SD) Lampung (+ SD)
Choline (8 3.19-3.22 ppm) 1.8+0.1 1.7+0.1
2-furylmethanol (8 4.56-4.59 ppm) 35+£0.3 41+04
Caffeine (8 7.74-7.84 ppm) 253+ 1.6 228+0.9
Formic acid (6 8.44-8.48 ppm) 54+0.5 10.5+1.2
N-methyl pyridinium (8 8.49-8.55 ppm) 35+0.1 26£0.2
Nicotinic acid (8 8.93-8.98 ppm) 0.45 +0.04 0.26 + 0.02
Trigonelline (8 9.09-9.14ppm) 441+0.5 49+0.3
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of the partial least square discriminant analysis (PLSDA),
and soft independent modeling of class analogy (SIMCA)
classification [25].

The obtained OPLSDA model resulted in the good
separation of the roasted Robusta coffee samples based on
their geographical origin. This model possessed 5
components, 66.0% of cross validation coefficient (Q2),
and explained 81.4% and 99.2% of total variations (R2X
and R2Y, respectively). The OPLSDA model was validated
further by Y scrambling validation on the corresponding
PLSDA model (90.9% of R2Y and 53.3% of Q2), as
demonstrated by a previous report [22]. This validation
was carried out by performing 200 rounds of a random
permutation of the Y variable resulting the regressions of
Q2 lines intersected the y-axis at points below zero [Q2 =
(0.00,-0.096); R2 = (0.00, 0.542)] and thus, confirming the
statistical validity of the obtained model.

15

855

The score plot of the OPLSDA model successfully
separated Lampung Robusta coffees from Aceh Robusta
coffees, as described in Fig. 3(a). In order to identify the
differentiate the the
corresponding loading plot (Fig. 3(b)) was evaluated.
The loading plot revealed some identified metabolites

metabolites in separation,

contributing importantly in the separation, including
lipids (buckets at § 0.89-0.94, 1.27-1.29, 1.29-1.35 ppm),
lactic acid (bucket at § 1.35-1.41 ppm), acetic acid
(bucket at § 1.94-1.98 ppm), quinic acid (buckets at §
2.13-2.19, 3.54-3.60, 4.12-4.18, 4.00-4.05 ppm), mannose
(bucket at § 3.92-3.97 ppm), arabinoses (bucket at §
4.18-4.24 ppm), 5-caffeoylquinic acid (bucket at § 5.30-
5.36 ppm), and formic acid (bucket at § 8.44-8.49 ppm).

The S-plot of the OPLSDA model was generated to
obtain a better evaluation of signals influencing the
differentiation and reveals the discriminant metabolites
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Fig 3. OPLSDA score (a) and loading (b) plots from "H NMR spectra of Lampung and Aceh roasted Robusta coffees.
S-plot (c) revealed characteristic metabolites for each Robusta coffee
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for each Robusta coffees. Based on the S-plot (Fig. 3(c))
evaluation, Lampung Robusta coffees were characterized
by quinic acid (buckets at § 3.54-3.60, 4.12-4.18, 4.00-
4.05 ppm), mannose (bucket at & 3.92-3.97 ppm),
3-arabinose (bucket at § 4.18-4.24 ppm) and acetic acid
(bucket at § 1.94-1.98 ppm). Meanwhile, Aceh Robusta
coffees were characterized by lipids (buckets at § 0.89-
0.94, 1.27-1.29, 1.29-1.35 ppm), lactic acid (bucket at 6
1.35-1.41 ppm) and 5-caffeoylquinic acid (bucket at §
5.30-5.36 ppm).

As seen in the S-plot (Fig. 3(c)), some buckets
corresponding to quinic acid were located at the edge of
the S-plot of the Lampung Robusta coffee zone. It
indicated that quinic acid is the most discriminant
compound for Lampung Robusta coffees. Meanwhile, the
bucket position of lipids at 1.29-1.35 ppm was at the edge
of S-plot of Aceh Robusta coffee zone and far enough
from the others indicating that lipids were the most
discriminant metabolites for Aceh Robusta coffees.
Literature reported that the coffee lipids consist of several
fatty acids including palmitic, stearic, oleic, vaccenic,
linoleic, linolenic and arachidic acids [26]. Furthermore,
lipids are surface-active agents contributing to foam and
emulsion formations of coffee brew [19] and correlated
with the formation of the coffee body [27]. Thus, the high
concentration of lipids in the coffees apparently is
responsible for the strong body of Aceh Robusta coffees.

m CONCLUSION

In this report, metabolite profiles of Indonesian
roasted Robusta coffees from Lampung and Aceh had
been evaluated by the '"H NMR technique along with the
chemometric approach. This technique had successfully
identified metabolites present in the roasted Robusta
coffees, and some of them had been analyzed semi-
quantitatively. The roasted Robusta coffees were clearly
differentiated based on their geographic origin by the
chemometric approach. Moreover, quinic acid was found
as the most discriminant compound for Lampung
Robusta coffees, while lipids were discovered as the
characteristic metabolites for Aceh Robusta coffees. The
results of this study extended our understanding of
Indonesian Robusta coffees.
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Abstract: In this work, '"H NMR analysis, along with a chemometrics approach, had
been applied for investigating metabolite profiles of Indonesian roasted Robusta coffees
obtained from Lampung and Aceh. In total, 24 compounds had been successfully detected
in the '"H NMR spectra of the Robusta coffee extracts. Concentrations of some identified
metabolites present in the coffees were determined by the quantitative 'H NMR technique.
Orthogonal projection to latent structure-discriminant analysis (OPLSDA) was used as a
primary method for the chemometric approach. OPLSDA had classified clearly the
Robusta coffee samples corresponding to their origin. Loading plot and S-plot of the
OPLSDA revealed characteristic metabolites for each Robusta coffee. The results indicated
that quinic acid, mannose, arabinoses, and acetic acid were an important discriminant
compound for Lampung Robusta coffees. Meanwhile, lipids, lactic acid, and 5-caffeoylquinic
acid were found as characteristic metabolites for Aceh Robusta coffee. This report
provided knowledge about the chemical composition of Lampung and Aceh Robusta
coffees and shed more light on the diversity of Indonesian Robusta coffees. Furthermore,
it confirmed that '"H NMR analysis coupled with chemometrics was a powerful method
for evaluating and classifying metabolite profiles of the roasted Robusta coffees.

Keywords: '"H NMR; chemometric; roasted Robusta coffee; Indonesia

m INTRODUCTION

12]. Several measurement methods have been used in
these studies, including IR spectroscopies [6,12-13],

Coffee is one of the most consumed nonalcoholic
drinks in the world. The drink is well known for its unique
flavors and remarkable aromas. Coffee also possesses
physiological and psychological effects [1]. Arabica
(Coffea arabica L.) and Robusta coffees (Coffea canephora
P.) are the most consumed coffees worldwide. Arabica
coffee is considered having a higher quality than Robusta
since it possesses a better taste, an intense aroma, and
lower caffeine content [2]. As the second most cultivated
coffee after Arabica, Robusta has a more bitter taste and
contains more caffeine and chlorogenic acids but fewer
sugars [3]. However, Robusta coffee is easier to cultivate
since it is more resistant to plant diseases, weather
conditions, and able to grow at lower altitudes as well [3].

Literature studies show that many metabolomics
and chemometric studies of Robusta coffee focused on the
authentication and the differentiation of coffee species [4-

Raman spectroscopy [7], UV-visible spectroscopy [8],
GC [4-5], HPLC [9], GC-MS [11] and NMR [10].
Chemometrics combined with electronic nose and
tongue had been used to analyze and classify 7 Chinese
Robusta coffee cultivars with different roasting degrees
[14]. Furthermore, chemometric approaches, along with
GC-MS techniques, had been also applied to
discriminate Chinese Robusta coffees based on their
geographic origins [15]. Recently, this coupled method
had been used to investigate the effects of chemical pre-
treatment of Robusta coffee [16].

Indonesia is one of the biggest coffee producers in
the world [17]. At least 70% of coffee plants cultivated in
Indonesia are Robusta species. This coffee is cultivated
in many Indonesian islands, including Sumatera, Java,
Sulawesi, Papua, and Sumbawa. Aceh and Lampung that

Nizar Happyana et al.



Indones. I. Chem., 2020, 20 (4), 850 - 857 851

located in Sumatra, are two popular regions producing
Robusta coffee. The taste of Lampung Robusta is unique
and different from the taste of Aceh Robusta. From the
chemical point of view, the taste differences indicate the
distinction of metabolite profiles since the taste of coffee
is strongly related to its chemical components. However,
the chemical information of Robusta coffees from
Indonesia especially Lampung and Aceh, is very limited
in the literature.

In this study, Robusta roasted coffees from
Lampung and Aceh were analyzed with '"H NMR
technique for investigating their chemical profiles.
Chemometric approaches were applied to classify the
Robusta coffees based on their origins and to identify their
characteristic metabolites. Furthermore, some identified
metabolites in the Robusta coffees were successfully
quantified by "H NMR method.

m EXPERIMENTAL SECTION
Materials

All coffee samples used in this study were
commercially roasted beans of Robusta coffees from
Lampung (6 samples) and Aceh (6 samples) and obtained
from some coffee companies/suppliers. The detail
information of the coffee origins was depicted in Table 1.
The extraction solvent used in this work, deuterated water
(D;0O), was purchased from Merck (Germany). 3-(trimethyl
silyl)-2,2,3,3-tetradeuteropropionic acid sodium salt
(TSP) was bought from Merck (Germany). KH,PO, and

K;HPO, that used for making a buffer solution were
purchased from Merck (Germany).

Instrumentation

An Encore mill (Baratza, United States) was used
to grind the roasted coffee beans. An ultrasonic bath
(Krisbow, Indonesia) was used to sonicate the samples.
An MC-12 High Speed Microcentrifuge (Benchmark
Scientific, United States) were used to centrifuge the
samples. A 500 MHz Varian Unity INOVA spectrometer
(Agilent Technologies, United States) was used to record
"H NMR spectra of the Robusta coffees.

Procedure

Sample preparation

The coffee sample preparation was carried out
based on the reported works [18-19] with slight
modification. The sample was prepared by mixing 200 g
of ground Robusta coffee with 1 mL of D,O containing
TSP 1.00 mM in a 2 mL plastic tube. The sample was
sonicated at room temperature for 20 min and incubated
on a water bath at 90 °C for 30 min. Afterward, the
sample was cooled on the water for 10 min, centrifuged
for 5 min, and the supernatant was then separated from
the precipitate. One hundred microliters of phosphate
buffer (pH 5) were added into 400 pL of supernatant and
then transferred into a 5 mm NMR tube.

TH NMR measurement and processing
In the '"H NMR measurement, the H,O signals were
suppressed by the presaturation method. One hundred

Table 1. Origins of Robusta coffees used in the present study

Sample code  Coffee origin Company/supplier
Al Blangkejeren, Gayo Lues, Aceh Fry Roast
A2 Linge, Aceh Tengah, Aceh Rebbe Coffee Takengon
A3 Pintu Rime Gayo, Bener Meriah, Aceh Serenade
A4 Takengon, Aceh Tengah, Aceh Tampah Kopi Gayo
A5 Takengon, Aceh Tengah, Aceh Raja Kopi Aceh
A6 Pintu Rime Gayo, Bener Meriah, Aceh Garasco
L1 Liwa, Lampung Barat, Lampung Fry Roast
L2 Ulubelu, Tanggamus, Lampung Hilbrew coffee
L3 Liwa, Lampung Barat, Lampung Kafein
L4 Liwa, Lampung Barat, Lampung AKL
L5 Liwa, Lampung Barat, Lampung AKL
L6 Ulubelu, Tanggamus, Lampung Halokoftihouse
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twenty-eight scans of 64 K data points are recorded with
a spectral width of 8012 Hz, the acquisition time of 2.72 s,
and a relaxation delay of 2 sec. The free-induction decay
(FID) NMR data were processed with ACD/Labs 12.0
software (Advanced Chemistry Development, Inc.,
Toronto, Canada). This software was also used for
referencing, phasing, baseline correction of 'H NMR
spectra. The chemical shifts of "H NMR spectra were
referenced to the TSP signal. The signal assignments of
the components in Robusta coffees were conducted by
shifts of
identified metabolites and comparing the spectra with the

recognizing the fingerprinting chemical
reference spectra of corresponding metabolites and with
the data in the literature [18].

Multivariate statistical analysis

Alignment and bucketing of the '"H NMR spectra
performed using ACD/Labs 12.0

(Advanced Chemistry Development, Inc., Toronto,

were software
Canada). Bucketing was carried out by integrating regions
of equal width (0.02 ppm) within § 0.50-10.00 ppm and
performed with an intelligent bucketing option as well.
The residual water signal at § 4.73-5.22 ppm were
excluded from the multivariate data analysis. The caffeine
signals at § 3.22-3.49 ppm and § 3.82-3.88 ppm were also
excluded for avoiding spurious principal components
(PCs) as a consequence of signal shifting [20]. The buckets
were normalized to a total integral to avoid dilution
effects of the samples. The processed data sets extracted
from the "H NMR spectra were imported into SIMCA-P
Sweden) for the
multivariate statistical analysis. The data were then scaled

version 12.0 (Umetrics, Umea,
with the Pareto scaling type. The principal component
analysis (PCA), an unsupervised pattern-recognition
approach, was performed to check intrinsic variation in
the data set. Orthogonal projection to latent structure-
discriminant analysis (OPLSDA), a supervised pattern-
recognition approach, was applied as primary methods
for extracting maximum separation among samples. The
data sets of the roasted Robusta coffee were divided into 2
groups based on their geographical origins (Lampung and
Aceh) and then analyzed with OPLSDA method. The
percent of the response variation explained by the models
(R2X and R2Y), and the percent of the response variation
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predicted by the models according to cross validation
(Q2) were computed. Hotelling's T2 regions, shown as
an ellipse in the score plot, defined the 95% confidence
interval of the modeled variation.

Quantitative "H NMR analysis
For evaluating metabolites quantitatively in
Lampung and Aceh Robusta coffees, the obtained 'H
NMR data were further processed based on a previous
report [21] with slight modifications. TSP signal (1 mM)
was used as an internal standard. The quantification was
conducted by calculating the relative ratio of the peak
area of selected proton signals of the target metabolites
to the singlet peak of the TSP signal. The statistical
calculation of quantitative 'H NMR analysis was

performed using Microsoft Excel 2013.

m  RESULTS AND DISCUSSION

Identified Metabolites in the Roasted Robusta
Coffees

In this work, metabolites in the roasted Robusta
coffee samples (Lampung and Aceh) were recognized by
identifying their fingerprint signals in the 'H NMR
spectra and comparing them with the spectra of
corresponding reference compounds. The metabolite
identification was further confirmed by comparing the
spectra with the data reported in the literature [18-
19,22]. In total, 24 metabolites were successfully
identified in the Robusta coffees, as depicted in the 'H
NMR spectra of the Robusta coffee (Fig. 1). Some
molecular structures of the identified metabolites were
described in Fig. 2.

Caffeine, as one of the major compounds in the
roasted coffee bean, was clearly identified in the 'H NMR
spectra. The strong singlet signals at § 3.28, 3.45 and 3.88
ppm were assigned as the 3 N-methyl of caffeine.
Meanwhile, the singlet signal at § 7.83 ppm was designed
as an aromatic proton of caffeine. The intense signals of
caffeine in the '"H NMR spectra of the roasted coffees
indicated that the compound is thermally stable during
the roasting. Thus, caffeine is an excellent quantitative
marker for coffees as proposed by previous reports
[18,23]. The proton signals belong to 3 dominant
compounds of chlorogenic acids, namely 3-caffeoylquinic
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acid, 4-caffeoylquinic acid, and 5-caffeoylquinic acid were
also clearly visible in the aliphatic and aromatic regions of
the '"H NMR spectra as shown in Fig. 1. Chlorogenic acids,
the ester form of caffeic acid and quinic acid, are major
compounds in coffees. However, during the roasting,
some chlorogenic acids degrade into quinic acid and y-
quinide since the compounds are unstable thermally [24].
The signals of quinic acid, another major compound in
the roasted coffee, were recorded in the 'H NMR spectra

a 4.5
(@) 12 12 12

4% 40 35 30 -25. 20 15 O 08
Chemical Shift (ppm)
(b) 2

i 6, 7.8

@0 B85 80 75 70 65 60 55 50
Chemical Shift (ppm)

Fig 1. Characteristic signals of the metabolites identified
in the '"H NMR spectrum of the Robusta coffees. (a)
Expansion of the "H NMR spectrum from 0.4 to 4.6 ppm.
(b) Expansion of the "H NMR spectrum from 4.8 to 9.4
ppm. 1: lipids; 2: lactic acid; 3: acetic acid; 4:quinic acid; 5:
y-quinide; 6: 3-caffeoylquinic acid; 7: 4-caffeoylquinic
acid; 8: 5-caffeoylquinic acid; 9: malic acid; 10: citric acid;
11: choline; 12: caffeine; 13: inositol; 14: B-(1-4)-D-
mannopyranose unit; 15: p-(1-4)-D-galactopyranose
unit; 16: B-(1-6)-D-galactopyranose unit; 17: a-(1-3)-L-
arabinofuranose unit; 18: a-(1-5)-L-arabinofuranose unit;
19: N-methyl-pyridinium; 20: trigonelline; 21: 2-furyl-
methanol; 22: formic acid; 23: nicotinic acid; 24: 5-
(hydroxymethyl) furfural

at § 4.16, 4.05, 3.57, and in the range 1.88-2.07 ppm.
Proton signals belong to y-quinide, an ester cyclic of
quinic acid, were successfully detected at § 4.91, 4.06,
3.89, and in the range 2.41-2.49 and 1.95-2.14 ppm.
Trigonelline is another major compound in the
coffees. This compound was identified in the "H NMR
spectra by detecting its proton signals at § 4.44, 8.07,
8.82, 8.84, and 9.12 ppm. Trigonelline is degraded during
the roasting process into some compounds including N-
methyl-pyridinium and nicotinic acid [24]. Both
degradation products were also successfully identified in
the '"H NMR spectra of the Robusta coffees. The signals
belong to N-methyl-pyridinium were recorded at § 4.37,
8.02, 8.51, and 8.75 ppm. Meanwhile, the proton signals
of nicotinic acid were detected at & 8.27, 8.66 and
8.97 ppm. Sucrose is a major component of green bean
coffee. In this work, apparently sucrose had been
degraded completely during the roasting; thus, it could
not be detected in the '"H NMR spectra of the roasted
Robusta coffees. However, some products of sucrose
degradation, including acetic acid, formic acid, lactic
acid, 2-furylmethanol, and 5-hydroxymethylfurfural were
successfully identified in the spectra. Proton resonances
of acetic acid and formic acid were detected clearly as
strong singlet signals in the spectra at § 1.96 and 8.46 ppm,
respectively. The fingerprint signal of lactic acid was
recorded at § 1.36 ppm and the proton resonances belong

10CH;4

Quinic acid Trigonelline 2-furylmethanol
Fig 2. Some molecular structures of identified

metabolites in the Robusta coffees
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to 2-furylmethanol were recorded at § 4.56, 6.43, and
7.50 ppm. Meanwhile, the proton resonance of
5-hydroxymethylfurfural has identified at § 9.38 ppm as a
weak signal.

Strong proton signals of lipids were recorded clearly
at 6 0.92 and 1.30 ppm and assigned to methyl and
methylene protons of fatty acids chains, respectively, as
predicted by a previous report [22]. Other organic acids
were also successfully identified in the aliphatic region of
the '"H NMR spectra, namely malic acid at § 2.36 and 2.68
ppm, and then citric acid at § 2.61 and 2.74 ppm. Further
investigation of the aliphatic region revealed the presence
of sugar compounds including a-(1-3)-L-arabinofuranose
unit (3-arabinose), a-(1-5)-L-arabinofuranose unit (5-
arabinose), B-(1-4)-D-mannopyranose unit (mannose),
B-(1-4)-D-galactopyranose unit (4-galactose) and B-(1-
6)-D-galactopyranose unit (6-galactose). The proton
signals belong to the sugar compounds were depicted in
Fig. 1. The sugar identification in the roasted Robusta
coffees is in accordance with the literature [18-19,24].
Furthermore, a characteristic proton signal corresponding
to inositol, sugar alcohol, was detected at § 3.28 ppm, as
shown in Fig. 1. The last identified metabolite found in
the spectra was choline. The fingerprint signal of this
compound was recorded at § 3.22 ppm.

H NMR Quantitative Analysis

Some identified metabolites in the roasted Robusta
coffees were analyzed semi-quantitatively using the 'H
NMR technique.
2-furylmethanol,

of choline,
acid, N-methyl
pyridinium, nicotinic acid and trigonelline in Lampung

The concentrations

caffeine, formic

and Aceh roasted Robusta coffees were successfully

Indones. I. Chem., 2020, 20 (4), 850 - 857

determined as shown in Table 2. Compared to the other
quantified metabolites, caffeine was found as the most
abundant metabolite either in the Aceh Robusta coffees
or in the Lampung Robusta coffees. It confirmed that
caffeine is the major compound found in the roasted
Robusta coffee. The concentration of some quantified
metabolites in the Lampung coffees was higher as
compared to the Aceh coffees, e.g., the concentration of
formic acid in the Lampung coffees was 10.5 mM, while
that in the Aceh coffee was 5.4 mM. The opposite case
was found for caffeine concentration in the samples. The
concentration of caffeine in the Aceh coffees was 25.3 mM
and higher as compared to its concentration in the
Lampung coffees (22.8 mM). Choline concentration in
the Lampung coffees (1.7 mM) was similar to its
concentration in the Aceh coffees (1.8 mM).

Discrimination of Metabolite Profiles

The processed data sets obtained from the "H NMR
spectra were evaluated with multivariate statistical
analysis for classifying the roasted Robusta coffees
(Lampung and Aceh) based on their geographical origin.
In the initial step, the data were analyzed by PCA, an
unsupervised pattern-recognition approach performed
without using knowledge of the sample class. This
approach resulted in a model with 3 principal
components (PCs) explaining 80.5% of the total
variability (R2X). However, PCA could not provide
enough separations (data not shown); thus, the analysis
was continued further with OPLSDA method, a
supervised pattern-recognition approach. OPLSDA
provides a better group separation model and reveals
differences among groups since it combines the strengths

Table 2. Relative quantifications of roasted Robusta coffee metabolites

The concentration of roasted Robusta coffees (mM)

Compound

Aceh (+ SD) Lampung (+ SD)
Choline (8 3.19-3.22 ppm) 1.8+0.1 1.7+0.1
2-furylmethanol (8 4.56-4.59 ppm) 35+£0.3 41+04
Caffeine (8 7.74-7.84 ppm) 253+ 1.6 228+0.9
Formic acid (6 8.44-8.48 ppm) 54+0.5 10.5+1.2
N-methyl pyridinium (8 8.49-8.55 ppm) 35+0.1 26£0.2
Nicotinic acid (8 8.93-8.98 ppm) 0.45 +0.04 0.26 + 0.02
Trigonelline (8 9.09-9.14ppm) 441+0.5 49+0.3
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of the partial least square discriminant analysis (PLSDA),
and soft independent modeling of class analogy (SIMCA)
classification [25].

The obtained OPLSDA model resulted in the good
separation of the roasted Robusta coffee samples based on
their geographical origin. This model possessed 5
components, 66.0% of cross validation coefficient (Q2),
and explained 81.4% and 99.2% of total variations (R2X
and R2Y, respectively). The OPLSDA model was validated
further by Y scrambling validation on the corresponding
PLSDA model (90.9% of R2Y and 53.3% of Q2), as
demonstrated by a previous report [22]. This validation
was carried out by performing 200 rounds of a random
permutation of the Y variable resulting the regressions of
Q2 lines intersected the y-axis at points below zero [Q2 =
(0.00,-0.096); R2 = (0.00, 0.542)] and thus, confirming the
statistical validity of the obtained model.

15
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The score plot of the OPLSDA model successfully
separated Lampung Robusta coffees from Aceh Robusta
coffees, as described in Fig. 3(a). In order to identify the
differentiate the the
corresponding loading plot (Fig. 3(b)) was evaluated.
The loading plot revealed some identified metabolites

metabolites in separation,

contributing importantly in the separation, including
lipids (buckets at § 0.89-0.94, 1.27-1.29, 1.29-1.35 ppm),
lactic acid (bucket at § 1.35-1.41 ppm), acetic acid
(bucket at § 1.94-1.98 ppm), quinic acid (buckets at §
2.13-2.19, 3.54-3.60, 4.12-4.18, 4.00-4.05 ppm), mannose
(bucket at § 3.92-3.97 ppm), arabinoses (bucket at §
4.18-4.24 ppm), 5-caffeoylquinic acid (bucket at § 5.30-
5.36 ppm), and formic acid (bucket at § 8.44-8.49 ppm).

The S-plot of the OPLSDA model was generated to
obtain a better evaluation of signals influencing the
differentiation and reveals the discriminant metabolites
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Fig 3. OPLSDA score (a) and loading (b) plots from "H NMR spectra of Lampung and Aceh roasted Robusta coffees.
S-plot (c) revealed characteristic metabolites for each Robusta coffee
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for each Robusta coffees. Based on the S-plot (Fig. 3(c))
evaluation, Lampung Robusta coffees were characterized
by quinic acid (buckets at § 3.54-3.60, 4.12-4.18, 4.00-
4.05 ppm), mannose (bucket at & 3.92-3.97 ppm),
3-arabinose (bucket at § 4.18-4.24 ppm) and acetic acid
(bucket at § 1.94-1.98 ppm). Meanwhile, Aceh Robusta
coffees were characterized by lipids (buckets at § 0.89-
0.94, 1.27-1.29, 1.29-1.35 ppm), lactic acid (bucket at 6
1.35-1.41 ppm) and 5-caffeoylquinic acid (bucket at §
5.30-5.36 ppm).

As seen in the S-plot (Fig. 3(c)), some buckets
corresponding to quinic acid were located at the edge of
the S-plot of the Lampung Robusta coffee zone. It
indicated that quinic acid is the most discriminant
compound for Lampung Robusta coffees. Meanwhile, the
bucket position of lipids at 1.29-1.35 ppm was at the edge
of S-plot of Aceh Robusta coffee zone and far enough
from the others indicating that lipids were the most
discriminant metabolites for Aceh Robusta coffees.
Literature reported that the coffee lipids consist of several
fatty acids including palmitic, stearic, oleic, vaccenic,
linoleic, linolenic and arachidic acids [26]. Furthermore,
lipids are surface-active agents contributing to foam and
emulsion formations of coffee brew [19] and correlated
with the formation of the coffee body [27]. Thus, the high
concentration of lipids in the coffees apparently is
responsible for the strong body of Aceh Robusta coffees.

m CONCLUSION

In this report, metabolite profiles of Indonesian
roasted Robusta coffees from Lampung and Aceh had
been evaluated by the '"H NMR technique along with the
chemometric approach. This technique had successfully
identified metabolites present in the roasted Robusta
coffees, and some of them had been analyzed semi-
quantitatively. The roasted Robusta coffees were clearly
differentiated based on their geographic origin by the
chemometric approach. Moreover, quinic acid was found
as the most discriminant compound for Lampung
Robusta coffees, while lipids were discovered as the
characteristic metabolites for Aceh Robusta coffees. The
results of this study extended our understanding of
Indonesian Robusta coffees.
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Abstract: In this study, epoxy coatings made up from petroleum-based epoxy resin
mixed with two different types of palm oils were prepared and compared. The commercial
epoxy resin based on diglycidyl ether of bisphenol A (DGEBA) were formulated with
epoxidized unripe palm oil (EPO) and another one with epoxidized used cooking oil
(ECO) at four different ratios (0:100, 10:90, 20:80 and 30:70). The EPO and ECO were
prepared through generated in situ of performic acid (HCOOH) and hydrogen peroxide
(H:0:) by a fixed molar ratio of 1:5:4 mol/mol (EPO/ECO: HCOOH:H;0;). The reaction
took place at constant temperature (45 °C) with continuous stirring for 150 min to obtain
95.5% oxirane conversion with 90.0% yield. The EPO and ECO were characterized by
using Fourier Transform Infrared (FTIR) spectroscopy analysis. X-Cut and Cross-Cut
methods were used in the test performance of adhesion strength. The results obtained from
adhesion test for EPO were good as the coatings only experienced small trace of peeling.
On the other hand, only minimal performances were obtained from the ECO coated
metal. This was due to the presence of oxirane in EPO as compared to that of in ECO.
EPO has a potential to replace petroleum-based resin in epoxy coating formulation
according to its remarkable performances.

Keywords: epoxidized unripe palm oil; epoxidized used cooking oil; epoxy coating;
epoxidation; adhesion performance

m INTRODUCTION

varying the ratio between the bio-based materials and
petroleum-based materials.

Bio-based materials recently received more attentions
in product synthesis and manufacture especially in paint
and coating industry. Escalated concern on depletion of
fossil fuel and petroleum price has sparked widespread
interest in alternative energy. Furthermore, the harm
caused to the environment due to excessive use of fossil
fuel has also contributes into awareness for more
sustainable and environmentally friendly alternatives.
Due to this, a research has been made by introducing bio-
based materials into epoxy coating formulation in order
to minimize or eliminate the dependency towards
petroleum-based materials. However, bio-based materials
have lower properties than the petroleum-based
materials. Thus, in order to sustain the level of mechanical
properties, the coating formulation was formulated by

Epoxy resin is known as the best barrier-coating
material in industry due to their toughness, flexibility
and high resistance to chemical [1]. Diglycidyl ether of
bisphenol A (DGEBA) is a common epoxy resin used in
formulating epoxy coating due to their high strength,
excellent corrosion protection, and good adhesion to
most surfaces [2]. However, DGEBA is carcinogenic that
can cause tumor [3] and could affect men reproductive
system [4]. The structure of DGEBA is shown in Fig. 1.

Moreover, DGEBA is a petroleum-based product
which is poorly biodegradable and usually causing
increased in carbon dioxide emissions during the
manufacturing process. Therefore, consumers are now
turning to eco-friendly ingredient as the main component
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Fig 1. Structure of DGEBA |[5]

in their coating material for better environment and
health. Bio-based materials such as vegetable oils are safer
and more beneficial because they are renewable, easily
biodegrade and does not release a significant amount of
greenhouse gas during manufacturing process [6].

The past history shows that the utilization of
polymers based on vegetable oils such as Annona
squamosa oil [7], Mesua ferrea L. seed oil [8], soybean oil
[9], and palm oil [10] drew a great amount of attentions
and supports from researchers, technologist, manufacturers
and users. Vegetable oils are an excellent choice for the
synthesis of bio-based polymers as they are biodegradable,
non-toxic, non-depletable, non-volatile and most
importantly low-priced and readily available in large
quantities. As one of the world’s leading producer of palm
oil, Malaysia has high availability of palm oil. Palm oil is a
type of edible vegetable oil that is produced from palm fruit
of oil palm tree. Palm oil mainly consist of triglycerides,
vitamin E, carotenoids, phytosterols, phospholipids, free
fatty acids, gums, and oxidation products [11-12].

To increase the acceptability of palm oil for human
consumption, palm oil undergoes refining process to
remove the impurities such as undesirable odor, flavor,
and color. The refined palm oil is so-called palm olein.
Palm olein is largely use as cooking oil because of its
stability at high temperature while at the same time has
high antioxidant and limited amounts of unsaturated fatty
acids [12]. Palm olein consists of oleic acid (39-45%) and
linoleic acid (10-13%). Unsaturated fatty acids and
saturated fatty acids also exist in approximately equal
proportion in palm olein [13]. Repetition in using
cooking oil during cooking and frying can cause
deterioration of cooking oil making it no longer usable
[14]. Cooking oil eventually is thrown away as waste
without proper treatment. The accumulation of disposed
used cooking oil polluted the environment and caused
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problem to sewage system because at low temperature,
the oil will be solidified and clogged the sewage system
[15].

In oil palm productions, quality is always be
determined by its texture, shape and color. In general,
palm fruits turn from dark purple to reddish orange at
the apex of their ripening. The rule of thumb for good
quality practices is that, only ripe fresh fruit bunch (FFB)
of oil palm are harvested and then dispatched to mills
within 24 h after harvesting. The problem of poor quality
FFB in the market can be minimized if they abide by the
rules. However, in the FFB market, this basic principle is
not strictly followed. Producers fail to ensure that only
ripe FFB are harvested and left them mixed with the
unripe FFB. The usual oil extraction rate for a ripe fruits
bunches from a mature tree is between 22-24 percent, or
220-240 kg of oil per tonne of fresh fruit bunches [16].
On the contrary, under-ripe fruits bunches contain less
oil due to long stalks that soaked up the oil and therefore
reduce the oil extraction rate. In order to increase the oil
recovery in palm oil mill, the extraction of residual oil
from unripe FFB is important. Based on these facts, in
this work the used cooking oil and unripe fresh fruit
bunch of palm oil is used to develop a new coating
material through epoxidation process and subsequently
evaluate the resulting coating film’s properties and
performances.

Epoxidation process is a process where the
unsaturated carbon bond present in the palm olein is
chemically modified into a value-added product by
addition of oxirane ring (Fig. 2). It is desirable to achieve
a high oxirane oxygen value and lower iodine value as
these criteria are considered to be of better quality [17].
The epoxidation process involves electrophilic addition
mechanism as shown in Fig. 3. Epoxidation reaction as

0
R R!

H
Fig 2. Structure of oxirane ring [10]
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Fig 3. Epoxidation of unsaturated bond [17]

WCH3

Fig 4. Structure of triglyceride after epoxidation with oxirane highlighted in green
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shown in Fig. 3 takes place in similar way with
unsaturated fatty acid structure. Oxirane ring forms at the

unsaturated bond (C=C) to produce an epoxidized palm
olein as shown in Fig. 4.

In this research, the epoxidized unripe palm oil
(EPO) and epoxidized used cooking oil (ECO) will act as
an additional material to reduce the toxicity of the
current epoxy coating formulation. The bio-based epoxy
coating was produced by varying the formulation into
four different ratios (10:90, 20:80, and 30:70) of
EPO/ECO to DGEBA. The overall goal is to develop a
new coating material based on epoxidized unripe palm
oil (EPO)/epoxidized used cooking oil (ECO) and
Diglycidyl Ether of Bisphenol A (DGEBA) as well as to
evaluate the performance of the new coating material
based on their adhesion performance.

m EXPERIMENTAL SECTION

Test panel for coating performance testing was
prepared early before coating application. Unripe palm
oil and used cooking oil undergoes epoxidation process
before can be used in coating formulation. Observation
was made to evaluate the performances for each coating
with different formulation. Fig. 5 shows the general steps
for this process.

Materials

Formic acid (98-100% purity) and titanium (IV)
oxide powder were bought from Merck, Germany.
Cycloaliphatic amine adducts (Isophorone diamine with
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> 99% purity) and diglycidyl ether of bisphenol A were
purchased from Sigma-Aldrich, USA. Used cooking oil
was obtained from domestic waste. Unripe palm oil was
obtained from Prof. Dr. Alawi Sulaiman from Faculty of
Plantation and Agrotechnology UiTM Shah Alam.
Hydrogen Peroxide (= 99% purity) was supplied by the
chemistry laboratory in Faculty of Chemical Engineering,
UiTM Shah Alam. Riken sandpaper grade 80, 180 and
mild steel plate with dimension 60 x 60 x 3 mm were
bought from hardware store in Seksyen 7, Shah Alam.

Instrumentation

Fourier Transform Infrared Spectrometer (Brand:
Perkin Elmer Model: Spectrum 100), TQC Sheen wet film
thickness gauge (Test Kit CC1000) follows ASTM D4414,
ASTM D1212 & ISO 2808, DPM-816 digital coating
thickness tester, TQC Sheen Cross-Cut cutter, mixer, dip-
coater machine, acrylic container, knife, steel ruler and
grinding/polishing machine.

Procedure

Epoxidation of unripe palm oil and used cooking oil
A molar ratio of unripe palm oil/used cooking
oil:formic acid:hydrogen peroxide (1:5:4 mol/mol) was
used in this epoxidation process with the mixture was
heated and maintained at 45 °C [17]. Formic acid and
hydrogen peroxide were mixed simultaneously in other
container before added into the unripe palm oil/cooking
oil. During addition of formic acid and hydrogen
peroxide into unripe palm oil/used cooking oil, the
addition action was done by slowly by adding drop wise
of the mixture into the unripe palm oil/used cooking oil.
The mixture was mixed homogeneously by using
mechanical mixer for 150 min. A sample of unripe palm
oil and used cooking oil before and after epoxidized were
taken for Fourier Transform Infrared Spectroscopy
(FTIR) analysis. The spectrum of unripe palm oil and
used cooking oil before and after epoxidized were then
compared and analyze for the presence of oxirane ring.

Characterization of palm oils derivatives

Fatty acid profiles of oils were obtained by using a
FTIR spectrometer (Perkin Elmer Model; Spectrum 100)
equipped with a deuterated triglycine sulphate (DTGS) as
a detector and a KBr/germanium as beam splitter,

interfaced to Computer operating under Windows-based,
and connected to software of the OMNIC operating
system (Version 7.0 Thermo Nicolet). A few drops of each
sample were positioned in contact with attenuated total
reflectance (ATR) on a multi-bounce plate of crystal at
controlled ambient temperature (25 °C). The ATR plate
was carefully cleaned in situ by rubbing with acetone and
dried with soft tissue before filling in with the next
sample, and made it possible to dry the ATR plate. The
plate cleanliness was verified by collecting a background
spectrum and compared to the previous one. These
spectra were recorded as absorbance values at each data
point.

Formulation of coating

Blend of epoxidized unripe palm oil/used cooking
oil and epoxy resin were prepared with a weight ratio
0:100, 10:90, 20:80, and 30:70 (EPO/ECO:DGEBA) in
different beakers. The mixture was mixed using
mechanical stirrer at 400 rpm until no phase separation
was observed. Then, titanium dioxide powder which act
as a pigment was added into all the binder mixture
produced at weight ratio of 1:0.5 (Binder:TiO,). The
mixture was then mixed using mechanical mixer at mixer
speed of 1010 revolution per minute (rpm) until
homogenous phase obtained at approximately 1 h. Finally,
cycloaliphatic amine adduct as a crosslinking agent was
added at a weight ratio of 1:0.25 (binder:amine). The
mixture of binder and amine was then mixed using
mechanical mixer at 400 rpm until no phase separation
was observed.

Preparation of test panel

Sand paper no. 80 was used to remove any layer of
rust and pitting from the surface of test panel. Test
panels were then lightly abraded using sandpaper no.
180 and wiped with acetone to remove metal dust that
was produced from abrasion before coating application.

Coating application

Coating was applied using Motor-Driven Dip
Coater RDC 15 Application as referred to ASTM D823-
95. A custom-made acrylic container was used in order
to effectively coat the test panel and in the same time
without using excessive amount of coating material. The
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coating speed was kept constant for all test panels to
maintain uniform thickness among all coating. Wet film
thickness was measured using TQC Sheen wet film
thickness gauge. Three readings were taken at each
surface of test panel. Once desired wet film thickness was
obtained, the coated test panels were left in laboratory
under room temperature and standard condition to let the
coating undergoes curing process at ambient temperature
for 7 days [10].

Coating performance test
Adhesion test. After the coated test panel cured for 7
days, adhesion performance test was done in order to

determine the degree of adhesion. X-Cut and Cross-Cut
Tape Test were used to rate adhesion performance by
referring to ASTM D3359-09. The
performance was rated based on classification provided
in ASTM D3359-09 in Table 1 and Table 2.

m  RESULTS AND DISCUSSION

adhesion

Characterization Tests

Fourier transform infrared spectroscopy (FTIR)
technique was performed to identify the chemical bonds
existed in the unripe palm oil and used cooking oil
before and after epoxidation process.

Table 1. X-Cut Tape Test adhesion classification

Classification Explanation
5A No peeling or removal
4A Trace peeling or removal along incisions or at their intersection
3A Jagged removal along incisions up to 1.6 mm (1/16 in.) on either side
2A Jagged removal along most of incisions up to 3.2 mm (1/8 in.) on either side
1A Removal from most of the area of the X under the tape
0A Removal beyond the area of the X
Table 2. Cross-Cut Tape Test adhesion classification
. Percent area Surface of Cross-Cut area from which flaking has occurred for six
Classification ]
removed parallel cuts and adhesion range by percent
5B 0% None
|
4B Less than 5% —
l
3B 515% = mEe. —
!
e i
2B 15-35% S — —
K
13
LI
1B 35-65% -
[T
0B Greater than 65%
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The spectrum of unripe palm oil as shown in Fig.
6(a) showed a stretching vibration peak of =CH (3003 cm™',
a stretch of C-H was observed between 2921-2852 cm™,
a carbonyl stretch C=0 at 1743 cm™’, and unsaturation
peak HC=CH (cis) at wavenumber 1650 cm™. The peak at
3003 cm™ corresponds to the level of unsaturation that
disappears as the double bonds are converted and used;
thus, correlating with the epoxide peak at 844 cm™ as
shown in Fig. 6(b). The same result generated was also
demonstrated in the previous research [17]. The
formation of epoxy group in the chemical structure of the
epoxidized unripe palm oil indicates that the epoxidation
process was successfully done.

Fig. 7(a) shows the spectrum profile of cooking oil
before undergoes epoxidation process. A stretch of C-H

2BEZ

0,870z
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was observed between 2921-2852 cm™. The spectrum
shows carbonyl stretch at 1743 cm™ and methyl bending
at 1464 cm'. Presence of nitrogenous compound is
shown at 1542 cm™ and methylene group at 721 cm™.
Bending of C-H was observed at 1377 cm™. Existence of
C-O stretching and bending of O-H were found at 1159
cm™ and 1116.95 cm™ respectively.

While, Fig. 7(b) shows the spectrum profile of
cooking oil after the epoxidation process. Based on the
spectrum profile of ECO, there is no oxirane ring formed
in the fatty acid structure from the epoxidation process
as the oxirane ring should produce a trough between
833-841 cm™ [18-19]. Fig. 8 shows the summary of
adsorption band of unripe palm oil and used cooking oil
before and after epoxidation. Used cooking oil that was
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1391 70,57 94
HC=CH
1650 cm-1
28 52 5771 55.70,55.16
3
L}
[1k]
g Z521.80,57.30 1743 85,57 45
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[
=
=
'_

1.2577.22
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844 cm—

;

]
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-
ra
=
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Fig 6. FTIR spectrum of (a) unripe palm oil and (b) epoxidized unripe palm oil
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Table 3. Summary of absorption band of unripe palm oil and used cooking oil before and after epoxidation process

Unripe palm oil Epoxidized unripe ~ Used cooking oil Epoxidized used

Group 5 . 1 4 : : -1

(cm™) palm oil (cm™) (cm™) cooking oil (cm™)
N-H str 3391 3394 3749 -
=CH str 3003 - 2921 2921
HC=CH (cis) 1650 - - -
C=0 1743 1741 1743 1742
Oxirane ring - 844 - -

collected from domestic household might consist of very = cooking oil is due to decomposition process of
low amount of unsaturated fatty acid or none at all.  unsaturated fatty acid during frying process [14-15].

Existence of unsaturated fatty acid in the cooking oil is
crucial for epoxidation process because unsaturated fatty
acid provide reactive site for epoxidation process to The coated test panel undergoes adhesion
complete [20]. Non-existence of unsaturated fatty acid in performance test in order to determine the degree of

Adhesion Performance Test
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adhesion performance. X-Cut and Cross-Cut Tape Test
were used to rate adhesion performance by referring to
ASTM D3359-07 [21]. The adhesion performance was
rated based on classification provided in Table 1 and 2 as
shown earlier.

X-Cut Tape Test

The results obtained from the X-Cut Tape Test for
epoxidized unripe palm oil (EPO) coated metals were
good as the coatings only experienced small trace of

peeling as seen in Table 4. Formulation 0:100 serves as
control which produced best performance with adhesion
classification as 5A. Formulation 10:90 and 20:80 are
both classified as 4A. Formulation 30:70 also produced
the best adhesion classification which is 5A. On the other
hand, results from X-Cut Tape Test for ECO coated
metals showed that only minimal adhesion performances
obtained from ECO coated metal for all formulation. If
observed and compared among the coating that was added
with ECO in their formulation, 10:90, 20:80 and 30:70,

Table 4. Results of adhesion X-Cut Tape Test of coated metal of EPO and ECO

Ratio EPO:DGEBA Classification ECO:DGEBA Classification
1A *ﬂ; A E ﬂ {,
B ] . ;
= Sk 5A 5A
0:100 3 53 A . No peeling or No peeling or
& o | & removal removal
& 47 5
" - =i o
E»- S = _* ‘*—.
& oW
, \ 4A
| il Sy ' Trace peeling or 1A
e : 4‘.‘: ! P & Removal from
ke \ removal along
10:90 .," | R . most of the area
/ incisions or a
' . of the X under
aA j J their
St / . ) the tape
. / intersection
~, ) \
= \‘ - ‘ . \ 3 4A
LA L Trace peeling or 0A
i 1, removal along Removal
20:80 : C
incisions or at beyond the area
their of the X
intersection
2A
sA ]Z;gged rem;)vagl
ng m
30:70 No peeling or , 0, g osto
removal incisions up to
3.2 mm (1/8 in.)
on either side
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they obtained almost similar adhesion classification.
Only formulation 20:80 yielded one rank lower than
10:90 and 30:70. There is no distinctive trend can be
observed in result obtained from X-Cut Tape Test.

Cross-Cut Tape Test

Table 5 shows the condition of coated metal of EPO
and ECO after being tested with Cross-Cut Tape Test.

The average percent area removed of coated metal was
observed and calculated, then classified according to the
standard ASTM D3359-09 in Table 2. As can be seen in
Fig. 8 and Table 6, formulation 10:90(EPO: DGEBA) was
classified as 3B with minimum error bar of 2B,
formulation 20:80 was classified as 4B with minimum
error bar of 3B and formulation 30:70 was classified as 4B
with maximum error bar of 5B. Addition of EPO in the

Table 5. Result of adhesion Cross-Cut Tape Test of coated metal of EPO and ECO

ECO:DGEBA

=21, =0

o — ""1--

e -

S ———

Ratio EPO:DGEBA
0:100
o e, n:_-ﬂ-—. '-:'f-d"_
L
10:90
20:80
30:70

PN W™ ———,
. LBV T
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Fig 8. Graph of adhesion performance of developed coating by Cross-Cut Tape Test

Table 6. Summary of Cross-Cut Tape Test adhesion classification

EPO:DGEBA
Ratio Average Percent Area Removed (%) Classification
0:100 0 5B
10:90 14.33 3B
20:80 4.33 4B
30:70 1.0 4B
ECO:DGEBA
0:100 0 5B
10:90 78.33 0B
20:80 80.0 0B
30:70 65.0 1B

coating formulation have reduced the brittleness of the
coating, as the components of EPO in the coating
formulation increase, the adhesion performance become
better. Meanwhile, only minimal adhesion performance
obtained for all formulations of ECO:DGEBA. Both
formulations (10:90 and 20:80) which was tested by
Cross-Cut tape test were classified as 0B and formulation
30:70 was classified as 1B. These adhesion results support
the findings from FTIR analysis of epoxidized cooking oil
in Fig. 7(b) that there is non-existence of oxirane ring in
the epoxidized cooking oil which is important component
to develop a good coating material.

m CONCLUSION

In this study, the unripe fruit bunch and used
cooking oil was successfully utilized as additional
compound in new epoxy formulation. Incorporation of
these oils as additional component in formulating new
epoxy coating gives oil palm a new area of application
and adds value to this renewable resource. Comparison
of FTIR analysis on unripe palm oil and used cooking oil
before and after epoxidation show different results.
Oxirane ring was present at a wavenumber 844 cm™ in
EPO whereas the oxirane ring was absent in ECO. The
results obtained from the adhesion test from EPO were
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good as the coatings only experienced small trace of
peeling. Only minimal adhesion performances obtained
from ECO coated metal for all formulation. This
correlated with absence of oxirane ring from the ECO
observed in spectrum profile. Finally, it may be concluded
that epoxidized unripe palm oil has a potential to replace
petroleum-based resin in coating formulation based on
their good performances.
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Abstract: The tropical bamboo has been widely used in modern society as a potential
material for various applications. It is well known that bamboo has low durability due to
its hydrophilic properties. To overcome this problem, the superhydrophobic surface on
Indonesian bamboo timber had been successfully fabricated via hydrothermal deposition
of an anatase TiO; and solution immersion of octadecyltrichlorosilane (ODTS), which
exhibited a maximum water contact angle (WCA) of 155°. The as-fabricated
superhydrophobic bamboo timber not only showed high mechanical resistance against
the abrasion of SiC sandpaper but had also been proven to possess high chemical stability
after immersion in acidic and basic aqueous solutions. Moreover, the superhydrophobic
bamboo timber also demonstrated excellent self-cleaning and flame-resistance properties,
in comparison to pure bamboo timber. It is believed that the strategy offered in this study
can increase the utilization of bamboo timber for various purposes, especially as a self-
cleaning material.

Keywords: superhydrophobic; TiO» bamboo; octadecyltrichlorosilane; self-cleaning

material

m INTRODUCTION

Bamboo is a type of woody plant with a hole in the
middle which belongs to the grass family (Gramineae), a
sub-family of Bambusoideae, consisting of 121 genera and
divided into approximately 1,662 species throughout the
world [1]. They grow in various countries with various
climates, from cold regions to hot tropics, most are located
throughout East Asia, from Sakhalin at 51° N in Russia to
North Australia, and west to the Himalayas and India [2].
Bamboo is one of the cellulose-based materials that is
widely used due to its fast growth and abundant availability
[3]. In 3-5 years, the anatomical structure of bamboo
becomes stable and mature, resulting in good mechanical
strength and utilization properties [4]. As it is widely
known, all parts of bamboo have their own application,
and the most favored is the bamboo stems [5]. In general,
the bamboo stem is arranged in three sections: the outer
layer with green color as the skin of the bamboo stem, the
middle layer with brown color that is widely known as the
bamboo timber, and the inner layer with yellow color [6].

According to the International Network for
Bamboo and Rattan (INBAR), Indonesia accounted for
8% of the world exports of bamboo products in 2014
with a value of US$ 149 million, which ranked as the
third largest producer and exporter country of bamboo
products in the world. Almost 80% of total Indonesian
bamboo usage was for construction material such as
buildings, houses, interior and exterior decoration,
bridges, scaffolding, ladders, walls, and flooring [7]. The
most common Indonesian bamboo that has been
reported for housing construction is betung bamboo
(Dendrocalamus asper). The properties of betung
bamboo is different than other types of bamboo, which
has the potential to be developed into structural
components for construction materials [8].

However, the nature of bamboo timber that
consists of unique porous structures and a lot of
hydroxyl groups on the surface, support absorbing water
and moisture of the surrounding environments, which
could later on affect the durability of bamboo products
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[9]. Therefore, the most effective and appropriate way to
improve the durability of bamboo timber is to modify the
chemical properties of its surface.

In recent years, several approaches for the
development and improvement of bamboo timber quality
have been reported. Fabrication of a superhydrophobic
system on the bamboo timber surface could be one of the
fabricated
by using the

promising  approaches. Li et al

superhydrophobic bamboo timber
hydrothermal mineralization method to synthesize
micro/nano CaCOs on the bamboo timber surface, then
modified by fluoroalkylsilane (FAS) [10]. In another study,
Jin et al. successfully prepared a durable, superhydrophobic,
superoleophobic and corrosion resistant coating on the
surface of bamboo timber by using (heptadecafluoro-
1,1,2,2-tetradecyl)trimethoxysilane (FAS-17) as a modifier
agent on rose-like ZnO nanoflowers coating [11]. By using
the same method, Li et al. also studied the fabrication of
durable, self-cleaning and superhydrophobic bamboo
timber using the same modifier agent (FAS-17) on anatase
TiO, film [12]. Based on those works, the deposition of
nanoparticles of inorganic materials on bamboo timber
plays an important role to improve the physical and
chemical properties, like durability and stability.
Furthermore, the contribution of the silane compound has
been briefly reported as the modifier agent to fabricate the
superhydrophobic system on the bamboo timber surface.

In this work, a similar approach was used to
fabricate the superhydrophobic system on the surface of
Indonesian bamboo timber by using the hydrothermal
method through deposition of TiO, nanoparticles onto
the surface to enhance the roughness of surface, followed
by hydrophobization by octadecyltrichlorosilane (ODTS).
Furthermore, the physical and chemical properties of the
modified bamboo timber were determined and clarified

by applying the self-cleaning approach.
m EXPERIMENTAL SECTION
Materials

All reagents were analytical grade and purchased

from Sigma-Aldrich. Indonesian bamboo timber
(Dendrocalamus asper) with a size of 20 mm x 20 mm x 4

mm was obtained from Universitas Andalas, Padang,

Indonesia. The bamboo slices were washed in deionized
water and acetone for 30 min, and dried in the oven at
80 °C for 24 h.

Procedure

Fabrication of TiO: particles on the surface of the
bamboo timber via hydrothermal method

Two grams of ammonium fluorotitanate and 1.85 g
boric acid were dissolved in 100 mL of distilled water
under magnetic stirring for 15 min at 25 °C. The pH
value of the mixed solution was adjusted to 2 by the
addition of hydrochloric acid aqueous solution. Then,
75 mL of this adjusted solution was moved into a 100 mL
Teflon-lined autoclave and the bamboo timber was
subsequently placed into the reaction solution. The
autoclave was placed in an oven at 90 °C for 5 h. Lastly,
the sample was separated from the solution, washed with
distilled water, and dried at 80 °C for 24 h in an oven
[13].

Fabrication of superhydrophobic bamboo timber

Octadecyltrichlorosilane (ODTS) was used to
modify the surface of the as-prepared bamboo timber as
a layer with low surface energy. The bamboo timber that
had a layer of TiO, nanoparticles was placed into sealed
reactors, with different ratios of ODTS/ethanol solution
(1:24, 1:9, 1:4, and 2:3) at ambient temperature for 5 h.
Then, the samples were taken out from the reactor,
followed by washing with ethanol and drying in an oven
[14].

Characterizations

The structures of crystalline were analyzed by X-
ray diffraction (XRD, PANalytical CubiX’) with Cu Ka
radiation (A = 1.5418 A) at a scan rate of 8 (°)/min
ranging from 10° to 70°. The morphology of the samples
was evaluated using a scanning electron microscope
(SEM, JEOL JSM-IT-300) with 300x, 4000x and 6000x
magnification. The chemical compositions of the bamboo
timber with and without treatments were determined by
energy dispersive spectroscopy (EDS, coupled with SEM
instrument). FTIR spectra of the samples were recorded
using FTIR (Perkin Elmer Company) in the range of
400-4000 cm™. The thermal properties of the samples
(10 mg) were observed by TG-DTA (Perkin Elmer) from
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Drag

Fig 1. Scheme of the scratch test procedures

25°Cto 575 °C at a rate of 10 °C min™". The water contact
angle (WCA) was captured at ambient temperature by
digital microscope-1000x magnification with the droplet
volume 5 uL and further analyzed by the image analysis
software.

Physical and chemical stability tests

The mechanical stability of the modified bamboo
timber was assessed by a scratch test. The procedures of
this test were carried out by dragging the modified
bamboo timber on the surface of 300 mm length of SiC
sandpaper (1500 mesh) under 68 g of the load. The
contact angle before and after the scratch test was
measured. This analogical procedure is clearly illustrated
in Fig. 1 [12]. The chemical stability was tested by
measuring the static contact angle of the modified
bamboo timber after immersion in the sulfuric acid (pH
= 2) and sodium hydroxide (pH = 13) aqueous solution
for 6 h, 12h and 24 h.

Flame retardancy test

The flammability property was determined by
counting the time that was used to quench the flame after
the modified bamboo timber was burned with an alcohol
burner.

Self-cleaning property test

In order to show the self-cleaning ability of the
modified bamboo timber, the hydrophilic mud was used
as contaminant specimens. The ability of water droplets
to remove all of the contaminants on the surface of the
modified bamboo timber was observed.

m  RESULTS AND DISCUSSION

Synthesis of Superhydrophobic Film on the Surface
of Bamboo Timber

The superhydrophobic surface of Indonesian
bamboo timber was successfully synthesized firstly by

adding TiO; on the bamboo timber surface through the
hydrothermal method followed by surface modification
using ODTS. In the process of hydrothermal, the
hydrolysis of (NH.),TiFs occurred, which gradually
changed the fluorinated titanium complex ions into
titanium hydroxide complex ions in an aqueous solution
(Eq. (1)) [14]. The resulted fluoro anions from this
reaction were removed by boric acid as the fluoride
scavenger (Eq. (2)). The H* ions in the solution were
increased with the addition of HCI, that accelerated Eq.
(2) to move forward. The obtained titanium hydroxide
complex ions were further hydrolyzed to form TiO,
nanoparticles (Eq. (3)). The reaction is described as
follows [14]:
[TiFs >~ +nH,0 —[TiF_, (OH), >~ +nH" +nF (n=0-6) (1)
H;BO; +4HF — HBF, +3H,0 (2)
[TiFs_,(OH), >~ +(2—n)H,0 - TiO, + (4 —n)H" +(6-n)F~ (3)
The bamboo surface consists of excess hydroxyl
groups. The resulting TiO, nanoparticles strongly
interacted with hydroxyl groups on the bamboo surface
due to the presence of high energy and pressure inside
the autoclave [14]. The presence of hydroxyl groups
resulted in stable TiO, nanoparticles on the bamboo
timber surface because of the electrostatic adsorption
force. The trisilanol groups, resulted from the reaction
between ODTS and ethanol will interact with the -OH
group and then gradually absorb onto the TiO,-coated
bamboo timber surface (Fig. 2) [14].

CyHy CH, C.H,
I
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H_OH_ OH
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Fig 2. The reaction of superhydrophobic surface
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Fig 3. Digital images of the water droplets on the surface of (a) pure bamboo timber, (b) TiO,-coated bamboo timber,
(c) ODTS-coated bamboo timber, and (d) superhydrophobic bamboo timber

Surface Wettability

The WCA measurements were carried out to
determine the chemical properties of the surface of the
synthesized samples. Fig. 3(a) shows the photograph of
water droplet behavior on the pure bamboo timber surface.
Obviously, it demonstrated hydrophilic properties with
WCA of 31°. In Fig. 3(b), the bamboo timber had been
covered with TiO, which exhibited a superhydrophilic
performance with WCA of 0°. This phenomenon was due
to the excess of hydroxyl groups on the TiO; films surface
that made the water spread out quickly on the surface of
the bamboo timber [12]. On the contrary, when the
bamboo timber was coated with ODTS, the surface
properties became hydrophobic with a maximum WCA
of about 122° (Fig. 3(c)). However, after the modification
of ODTS on TiO,-coated bamboo timber, the new surface
exhibited superhydrophobic properties with WCA of
154° (Fig. 3(d)). The collaboration of surface roughness
provided by TiO, and low-surface energy layer of ODTS
had effectively trapped the air into interspaces of the
bamboo timber surface, as the surface properties
transformed into superhydrophobic [15].

The Structural Analysis

Fig. 4 shows the XRD patterns of the pure and the
TiO,-coated bamboo timber. In Fig. 4(a), the characteristic
peaks at 15.2° and 21.5° that belonged to (101) and (002)
crystal planes, respectively, represented the characteristic
of the cellulose crystalline region from pure bamboo
timber [14,16]. However, after the hydrothermal process

 Cellulose
¢ Anatase TiO,
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<,4.(101)

(b)

Intensity (a.u.)

|/

(@
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Fig 4. XRD Patterns of (a) the pure bamboo timber, (b)
the TiO,-coated bamboo timber
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(Fig. 4(b)), several new diffraction peaks at 20 values of
25.0°, 37.6°, 47.5°, 53.8° and 62.2° which corresponded to
(101), (004), (200), (105), and (204) planes, respectively,
were observed as the characteristic of anatase TiO;
crystals (JCPDS cards: 21-1272).

The Functional Groups Analysis

The FTIR spectra of the pure bamboo timber, the
bamboo timber modified by TiO, and the bamboo timber
modified by both TiO, and ODTS (superhydrophobic
bamboo) are shown in Fig. 5. The band at 3333 cm™
(stretching vibrations of O-H groups) in Fig. 5(a) showed
higher intensity than in Fig. 5(b, ¢), indicating that the OH
groups were consumed by TiO, and ODTS. Respectively,
the absorption peaks at 2924 cm™ and 2853 cm™ can be
attributed to C-H symmetric and asymmetric stretching
vibrations, representing the existence of the long-chain
alkyl group from ODTS in the superhydrophobic bamboo
[17] and the alkyl groups of cellulose, lignin and
hemicellulose in the pure bamboo timber [18-19]. The
spectra of superhydrophobic bamboo timber exhibited
adsorption peak at 1033 cm™, which were attributed to
the asymmetric stretching vibrations of Si-O-Si due to
cross-linked chains between ODTS molecules [14].
Furthermore, the adsorption peaks at 959 cm™ that only
appear in the spectra of the TiO,-coated bamboo timber
and the superhydrophobic bamboo timber, corresponded
to the vibration of Ti-O-Si [20]. Thus, we could deduce
that the ODTS molecules had grafted on the TiO,-coated
bamboo timber surface.

Surface Morphologies and Chemical Compositions

SEM-EDX characterization was carried out to
observe the surface morphology and determine the
chemical composition of the elements on the surface of
pure bamboo timber, TiO,-coated bamboo timber, and
bamboo timber modified by TiO, and ODTS (Fig. 6). The
morphology of pure bamboo timber is shown in Fig. 6(a),
the large pit like tunnel-shapes can be observed. Fig. 6(b)
shows the morphology of TiO,-coated bamboo timber,
which showed that the surface of this sample is rougher
compared with pure bamboo timber. This is because TiO,
aggregation increased the surface roughness of the surface
of the bamboo timber [14]. Fig. 6(c) presents the SEM

Indones. I. Chem., 2020, 20 (4), 870 - 879

image of TiO,-coated bamboo timber with higher
magnification. Clearly, TiO, aggregations covered the
surface of bamboo timber in order to form a roughness
surface. Fig. 6(d) demonstrates the SEM image of the
superhydrophobic bamboo surface, which pointed out
the combination structure of TiO, with the structure of
the bamboo timber. Consequently, this structure led to
air trapped within the grooves and later formed the
superhydrophobic surface.
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Fig 5. FTIR spectra of (a) the pure bamboo timber, (b)
the TiO;-coated bamboo and (c) the
superhydrophobic bamboo timber

timber,

Fig 6. Images SEM of (a) pure bamboo timber (b) TiO,-
coated bamboo timber (c) high magnification for images

b (d) superhydrophobic bamboo timber
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EDS was performed to determine the chemical
composition of the constituent elements on the surface of
pure bamboo timber, TiO,-coated bamboo timber, and
bamboo timber modified by TiO, and ODTS. Fig. 7(a)
shows the EDS spectrum of pure bamboo timber that is
proven by the presence of the C and O elements. The
existence of Ti and O elements are shown in Fig. 7(b),
which indicated that TiO, had been coated on the bamboo
timber surface. In Fig. 7(c), the EDS spectrum of bamboo
timber modified by TiO, and ODTS is shown, which

875

exhibited the peak of Si, F, Ti and O elements. The
appearance of the Si element showed that ODTS had
interacted on the surface of the TiO,-coated bamboo
timber. Furthermore, the peak of the F element was
observed due to the excess of fluorine ions during the

reaction involving TiO.,.

Thermal Stability

The TG/DTA analysis of pure bamboo timber,
TiO,-coated bamboo timber, ODTS-coated bamboo
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Fig 8. TG-DTA curves of superhydrophobic bamboo timber, TiO,-coated bamboo timber, ODTS-coated bamboo

timber, and pure bamboo timber

timber, and the bamboo timber modified by TiO, and
ODTS were shown in Fig. 8. The TG curve (Fig. 8(a))
shows that all samples had a slight weight loss in the range
of 60 to 80 °C due to the removal of the absorbed water
before pyrolysis [21]. Thermal degradations were also
shown in the range 180-250 °C, which is attributed to the
partial degradation of hemicellulose [14]. The weight losses
in the range of 250-380 °C were continuously due to
cellulose and lignin degradation. Furthermore, all of the
components of the four samples gradually degraded until
the temperature reached 380 °C.

Corresponding to the weight losses of the TG
analysis, the DTA curve (Fig. 8(b)) presented wide
endothermic peaks at a minimum temperature of 344 °C
for pure bamboo timber and ODTS-coated bamboo
timber. On the contrary, the sharp endothermic peaks
were present at a minimum temperature of 365 °C for the
TiO,-coated bamboo timber and the bamboo timber
modified by TiO, and ODTS. The maximum degradation
rates of TiO,-coated bamboo timber and the bamboo
timber modified by TiO, and ODTS were lower than of
pure bamboo timber and ODTS-coated bamboo timber.
This might be attributed to the TiO, coating on the
surface of the bamboo timber, which inhibited the
transfer of oxygen and heat [14].

The total percentage of weight losses during the
whole process was about 57.91% for ODTS-coated
bamboo timber, 50.04% for pure bamboo timber, 45.03%

for the TiO,-coated bamboo timber, and 44.72% for the
bamboo timber modified by TiO, and ODTS. These
results imply that TiO, plays a crucial role in thermal
stability improvement.

Mechanical and Chemical Stability

The scratch test was carried out to investigate the
surface mechanical stability of bamboo timber modified
by TiO, and ODTS. This investigation could represent the
surface properties of the modified bamboo timber in order
to survive in harsh conditions. The result showed that
the WCA measurement of the modified bamboo timber
before and after the scratch test were the same with WCA
of 154° (Fig. 9). This result indicated that the modified
bamboo timber had good mechanical resistance.

The chemical resistance test was carried out to
analogize the corrosive environment. Fig. 10 exhibits the
WCA of the modified bamboo timber towards immersing
time. In acidic solution, WCA of the modified bamboo

(a) 158 (b)

A PN |
Fig 9. The water contact angle of superhydrophobic
bamboo timber (a) before and (b) after the scratch test
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timber decreased from 125° to 105° after being immersed
for 6 to 24 h. The WCA also decreased from 120° to 95°
after the modified bamboo timber was immersed in an
alkaline solution for 6 to 24 h. The result shows that the
obtained surface of modified bamboo timber was resistant
in both acidic and alkaline conditions although the
contact angle slightly decreased.

Flammability

In order to explain flammability properties, the pure
bamboo timber and bamboo timber modified by TiO, and
ODTS were burned with an alcohol burner and the time
that needed to be burned was counted [14]. Fig. 11 shows
digital photos of the pure bamboo timber and the
modified bamboo timber when burned with the alcohol
burner. The pure bamboo timber was heated with the
alcohol burner for 3 sec and became ash in 60 sec (Fig.
11(a-d)). In contrast, modified bamboo timber was not
covered with flames at 25 sec and then the flames
extinguished itself at 30 sec (Fig. 11(e-h)). These
phenomena showed that the modified bamboo timber
was more fire resistant than the pure bamboo timber, so
it has the potential to be applied as building material.

Based on a reported work, an efficient way to increase

the fire-resistance of synthetic and natural cellulose-
based substrates is by modifying the inorganic particles
into the structure. In this work, the inorganic material
used to improve the flame retardancy properties was
TiO.. It has been verified that the surface of cellulose-
based substrates could be modified with TiO; as a fire-
resistant agent by decreasing the release of total heat, the
rate of mass loss, and the effective heat of combustion [14].
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Fig 10. The water contact angle curve of

superhydrophobic bamboo timber after immersing in
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Fig 11. Flammability test of (a-d) pure bamboo timber, and (e-h) superhydrophobic bamboo timber
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Fig 12. The self-cleaning property test of (a-e) superhydrophobic bamboo timber, and (f-j) pure bamboo timber

Self-Cleaning Property

Fig. 12 shows the process of a self-cleaning system
on the pure bamboo timber surface and bamboo timber
modified by TiO, and ODTS. The procedures of this test
were performed by applying the contaminants on the
surface of the pure and modified bamboo timber, and
then the surface was washed with water. As shown in Fig.
12(a-e), the contaminants were removed easily on the
surface of modified bamboo timber by rolling action of a
water droplet and then reached a completely clean surface.
However, in a similar procedure, the contaminants on the
pure bamboo timber surface were not as easily removed
as the modified bamboo timber (Fig. 12(f-j)). From the
experiments, it can be concluded that the self-cleaning
ability of the modified bamboo timber was better than
pure bamboo timber. This is because of the nature of the
superhydrophobic surface that causes water to be pass
easily while carrying the impurities.

m CONCLUSION

The superhydrophobic film on the surface of
Indonesian bamboo timber with a maximum contact
angle of 154° has been successfully fabricated through
hydrothermal deposition of TiO, combined with
(ODTS) modification. This
special wettability was contributed by high surface

octadecyltrichlorosilane

Indones. I. Chem., 2020, 20 (4), 870 - 879

roughness and low surface energy due to an anatase TiO,
deposition and a monolayer coating of ODTS,
respectively. The treated Indonesian bamboo timber not
only exhibited superhydrophobic surface but also
mechanical and chemical outstanding stability as well as
self-cleaning and flame retardancy properties.
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Abstract: The concentration of free and total cyanide in waters was measured by using
the colorimetric method through complex formation with pyridine-barbituric acid at the
wavelength of 578 nm. Ten stations were selected from water surfaces in the south of Iraq.
The samples were distributed among two stations, one was on Euphrates River and the
other was on Tigris River (before their confluence and formatting of Shatt Al-Arab) and
selected seven stations along Shatt Al-Arab River. All the samples were collected from
surface water at depth of 10-15 cm and their pH was adjusted to 12 by using sodium
hydroxide. The results showed the highest concentration of free cyanide (0.254 mg/L) in
station W and the lowest concentration in stations W, Wy and W, while the highest
and lowest concentration of total cyanide (9.962, 0.207 mg/L) were recorded in station
W; and W, respectively. The standard deviation of all sites (n = 3) of free and total
cyanide was calculated and showed 0.007-0.048 and 0.001-0.042 ranges respectively.
Furthermore, some of the physico-chemical properties of water were recorded in these

stations.

Keywords: colorimetric method; free cyanide; total cyanide; conductometric titration

m INTRODUCTION

Cyanide has a single negative charge. It consists of
carbon and nitrogen atoms with triple covalent bonds
—(C=N)". It refers to the CN groups in cyanide
compounds that can be determined as the cyanide ion.
Cyanide is a highly reactive compound which readily
forms metal cyanide complexes and organic compounds
in water. The chemical composition of cyanide in
environment samples is affected by factors such as pH,
temperature, trace metal content, and the presence of
sulfur or sulfur compounds [1-3]. Many cyanide species
can exist in aquatic systems such as free cyanide (CN-,
HCN), simple cyanide compounds that can exist in
soluble form (NaCN, KCN) and relatively insoluble
(Zn(CN),, Cu(CN),)), weak metal cyanide ((Zn(CN)4)*,
(CA(CN)s)*), moderately  strong  metal-cyanide
complexes ((Cu(CN),),, (Cu(CN);)* and (Ni(CN)4)*)
and strong metal cyanide complexes ((Fe(CN)q)*,
(Co(CN)s)*) [1,4-5]. Moreover, all cyanide compounds
have toxic properties especially the free cyanide species
[6-7] and their increase causes a lot of risks on the aquatic

system and thus affects human and animal health
because they rapidly transfer to all organs and tissues
and accumulate via blood. The cyanide concentration is
higher in red blood cells than in plasma by a factor of
two or three, reflecting cyanide’s tendency to bind with
methaemoglobin. Cyanide may also accumulate in body
cells by binding with metalloproteins or enzymes such as
catalyses or cytochrome c oxidase [8-10]. The most
important sources of cyanide pollution in the surface
water is through mining operations and industrial and
agricultural activities [5,10-11]. Thus this study focuses
on the evaluation of free and total cyanide levels and
their concentrations and distribution in water in order
to know the sources of contaminants in the aquatic
system.

m EXPERIMENTAL SECTION
Description of the Study Area

Ten stations were chosen from water surfaces of
different regions along the Basra governorate as shown
in Fig. 1. The samples were collected from one station on
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Fig 1. Locations of the samples selected in southern of Iraq

Tigris River (W;) and two stations on Euphrates river
(W>, W3), before the two rivers' confluence and form the
Shatt Al-Arab River and another seven selected stations
along Shatt Al-Arab River (W,-Wy,). The importance of
these regions lies in the various industrial and agricultural
activities located along Shatt Al-Arab River as well as
some activities like fishing by using toxic materials,
navigation in the river and release of urban untreated
effluents into the river [1,6]. All samples were collected by
water sampler instrument at depth of 10-15 cm in the
winter season, February of 2016, in various areas from
surface water in low tide time and kept in dark glass
bottles. These samples were preserved at pH = 12 by using
sodium hydroxide and afterwards all samples were kept
under cooling at 6 °C [12] and later transferred to the
laboratory for carrying out different operations such as
removal of different interferences that affect the accuracy
of measurements of cyanide and digestion operations.

Materials

The list of chemical materials used in the procedure
such as sodium acetate trihydrate CH;COONa-3H,O
(99%), pyridine CsHsN (99%) and sulfuric acid H,SO,
(97%) was obtained from J.T. Baker. Glacial acetic acid
CH;COOH (99.8%) and hydrochloric acid HCI (37%) were

supplied by Scharlau. Chloroamine-T C;H,CINNaO.S
and potassium cyanide KCN were obtained from
PubChem. Barbituric acid C;HiN,Os; and sodium
hydroxide NaOH were obtained from Himedia. Slphamic
acid H3;NOsS, lead carbonate PbCO;
thiosulfate Na,S,0; were supplied by B.D.H. Silver nitrate
AgNO;, magnesium chloride hexahydrate MgCl,-6H,O
(99%), potassium chloride KCI (99.5%) and potassium
dichromate K,Cr,0 (99.9%) were supplied by Merck.

and sodium

Instrumentation

All samples were collected by using a water
sampler instrument from the surface water at depth of
10-15 cm in low tide and some physicochemical
properties such as pH, conductance, salinity, temperature
of water, total dissolved solid TDS were measured
directly in the field by multimeter type: WTW (Multi
3410 Set C, Germany). The concentration of free cyanide
and total cyanide was measured by UV-Vis instrument
type: Shimadzu double- beam UV-Vis spectrophotometer
(model 1800 PC, Japan) with 1.0-cm quartz cell.

Procedure

After being collected, the samples were preserved
at pH = 12 by using 1.0 M of sodium hydroxide. pH was
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adjusted to 12 in order to prevent any interaction between
sulfate and cyanide ions that occurs under pH 12 that may
later lead to the formation of thiocyanate ions. All samples
were kept under cooling at 6 °C in dark glass bottles and
then transferred to the laboratory in order to remove the
oxidizing agents such as chlorine from the samples by
using 0.1 g sodium thiosulfate [2,12].

To determine the free cyanide concentration in all
the samples, 40 mL of the alkaline sample was put in a
50 mL volumetric flask (air-tight) and 1 mL of buffer
solution was added to it. The buffer solution was prepared
from CH;COONa-3H,O and dissolved in glacial acetic
acid. After that, 2 mL of chloroamine-T solution was
added to the mixture and was left for 2 min. Then, 5 mL
from the mixture of pyridine-barbituric acid (this mixture
was prepared by dissolving 15 g barbituric acid in 75 mL
pyridine, and adding 15 mL of concentrated HCl and then
complementing it to 250 mL with deionized water) were
added to the solution and complemented to 50 mL with
deionized water and left for 8 min [2,13]. Finishing these
steps, the sample was ready for analysis at 578 nm by using
the UV-Vis spectrophotometer.

To determine the total cyanide concentration, a
digestion operation had to be executed using a distillation
method as the one described in the standard method [2].
Several materials such as sulfuric acid, sulphamic acid,
lead carbonate and MgCL-6H.O were used in this
method. After completing the digestion of the samples,
the described method above was repeated.

In order to determine the concentration of free and
total cyanide, the stock solution (1000 mg/L) must be
prepared by using KCN and to obtain more accurate
results a calibration of KCN standard material should be
carried out. In this study the conductometric titration
method was used by using silver nitrate, the silver nitrate
was calibrated with potassium chloride and the potassium
dichromate was used as an indicator. The concentration
of AgNO; was 880 mg/L after executing the calibration
operation with potassium chloride. The calibration curve
was obtained through the preparation of a series of 50 mL
dilute solutions containing 0, 0.02, 0.1, 0.25, 0.5 mg/L of
cyanide concentration and the same procedure was

Indones. I. Chem., 2020, 20 (4), 880 - 886

applied as described before for all the other samples. The
result of the standard curve is shown in Fig. 2.

m  RESULTS AND DISCUSSION

In order to obtain precise results, the conductometric
titration method was used through the titration process
between silver nitrate and 30 mL of potassium cyanide
and measuring their conductivity after each addition of
silver nitrate. The results of the conductometric titration
method are shown in Fig. 3. This method is important
for the calibration operation of the cyanide solution for
it enables completing the calibration without using any
indicator [14]. The results show that the concentration
of the cyanide ion stock solution after carrying out the
calibration operation was 997.33 mg/L.
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Some physicochemical properties were measured
immediately in the field. These parameters are important
for determining the quality of water and its effects on the
aquatic system. All of the results of the physico-chemical
properties measurements are shown in Table 1.

The pH of the water samples from various regions
was recorded at 8.096-8.512 range. This refers to the
behavior of alkali water due to the existence of different
carbon compounds in waters such as carbon dioxide,
carbonic acid, bicarbonate ions, and carbonate ions. These
parameters are responsible for changing the pH value in
aquatic systems. pH results of all the stations along Shatt
Al-Arab River were compared between upstream and
downstream. The highest pH value was recorded
downstream in station Wi This may be due to the
increase of concentrations from bicarbonate and carbonate
salts in sea waters resulting from tides [2,15], on the other
hand, the lowest pH value was recorded upstream in
station W, because this station has not undergone any
anthropogenic activities. Moreover, the pH value was
increased from stations W, towards W, upstream region.
This might be attributed to the effect of low and high tide.
At the same time, the decreased value of pH was noted in
stations W4 to W7 due to the increase of the released
untreated wastewater into the River [16]. pH results were
compared with world regulations and were found to be

within the acceptable limits of WHO 2011, EC 1998,
CGL 2014 and the Iraqgi standard 2001 for drinking
waters [17-20]. The pH results are shown in Table 1.
The electrical conductivity, salinity and total
dissolved solid are important for knowing the quality of
water and its uses [16]. The measurements results of
these parameters are shown in Table 1. The data
obtained were in the ranges of 3010-6840 pmhos cm™,
1926.4-4377.6 mg/L and 1.5-3.7 ppt for electrical
conductivity, total salinity,
respectively. The results were compared between the

dissolved solid and

upstream and the downstream samples. The
downstream samples showed high values, especially in
station Wy, because these regions are affected by
different concentrations of salts from marine water
through tide, whereas the upstream samples showed low
values, especially in station W, because there are no
industrial or agricultural activities in this area.

The increase of salts concentration was noted from
station W; towards Ws, withWs having the highest
concentration because in this region there are various
industrial, agricultural and population activities.
Moreover, the increase in salts concentration was also
noted from station W towards station W because of the
increase in population, industrial and agricultural

activities. Additionally, the river navigation was high in

Table 1. Physico-chemical properties of selected water samples

Sampling o Temperature of Salinity TDS EC EC
locations pH in field water °Cin field pptinfield mg/Linfield pmhoscm™infield pmhoscm™ at25°C
Wi 8.096 13.7 1.5 1926.4 3010 3838.5
é W, 8.126 13.9 1.6 1971.2 3080 3908.7
% W; 8.135 13.8 1.6 1945.6 3040 3867.3
DD* Wy 8.369 13.8 1.5 1939.2 3030 3854.6
W;s 8.325 14.1 1.8 2214.4 3460 4369.7
g W 8.267 15.7 3.2 3814.4 5960 7247.3
§ Wy 8.158 15.1 3.6 4288.0 6700 8262.3
é Ws 8.201 13.7 3.5 4140.8 6470 8250.8
% Wy 8.280 21.2 1.9 2297.6 3590 3870.9
a Wi 8.512 14.9 3.7 4377.6 6840 8474.9
WHO 2011 6.5-8.5 - - 1000 - -
CGL 2014 6.5-8.5 - - 500 - -
EC 1998 6.5-9.5 20 - 1500 2500 2763.958
1QS 2001 6.5-8.5 - - 1000 - -
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this area because of the commercial port located nearby.
Meanwhile, low salts concentration was noted from station
W; towards W, because this region is affected by the
flowrate of Karun River towards Shatt Al-Arab [16] in the
nearby zone from station Wo. The most important sources
of salts concentration in aquatic systems are weathering
of rocks, combustion of coal and oil, movement of wind,
irrigation and drainage operations, rain water, domestic
effluents and industrial waste [15-16].

The free cyanide of all the stations was measured
using Uv-Vis spectrophotometer at wavelength 578 nm
through complex formation with pyridine-barbituric acid
after the chlorination operation was executed by adding
chloramine-T and a reddish color solution was formed.
Free cyanide is a highly toxic species that can exist in the
form CN~ or HCN. Moreover, released hydrocyanic acid
increases in the aquatic system when the pH value is
decreased to a value of about 5-6.5 [4,21]. The increase of
cyanide concentration level in the water environment has
many risks towards the quality of the aquatic system and
thus it will negatively affect the human and animal health,
especially in fish because it is able to accumulate in their
organs [1,22]. The results of all the cyanide concentration
measurements of the samples are shown in Table 2.

Indones. I. Chem., 2020, 20 (4), 880 - 886

The highest value of free cyanide concentration in
all the stations was recorded in the downstream regions,
especially in station W7 This might be due to the
increase in population, industrial and agricultural
activities [6,11]. Furthermore, this particular place is an
important region for river navigation because of the
commercial port located nearby. Meanwhile, stations
Wy and Wy in the downstream regions and station W,
from the upstream region had not recorded any value of
free cyanide concentration. This might be attributed to
the decrease of the population activity in these regions.
The concentration of free cyanide was also increased
from station W, towards W3 because these stations have
undergone an increase of human activities, especially in
station W3, whereas station W, did not record any value
of free cyanide that might be attributed to the decrease
in human activities and increase of agricultural
activities. In addition to that, the concentration value of
free cyanide decreased in station W, when compared
with station W3 and once again the increase of free
cyanide concentration was noted in station W because
of the high population, industrial and agriculture
activities. Likewise, the concentration of free cyanide was
compared for all the measurements in the downstream

Table 2. Free and total cyanide concentration of all stations selected from surface water

. . Mean (n = 3) of Free Standard Mean (n = 3) of Total Standard
Sampling locations ) . L . . o
cyanide concentration mg/L  Deviation (SD)  cyanide concentration mg/L  Deviation (SD)

W, 0.036 0.007 0.207 0.010

W, N.D 4.253 0.042

W; 0.222 0.048 0.357 0.031

g W, 0.019 0.007 9.022 0.003

g | ws 0.160 0.031 4.631 0.032

DD* Average 0.087 0.019 3.694 0.023

Ws 0.013 4.234 0.020

W5 0.254 0.027 9.962 0.001
g Ws 0.109 0.007 6.271 -

= W, N.D 3.944 0.004

£ |wy N.D 4.758 0.013

R | Average 0.075 0.007 5.834 0.007
WHO 2011 0.17 - -
CGL 2014 0.2 - -
EPA 2009 0.2 - -
1QS 2001 0.02 - -

N.D: Not Detected
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regions and it was noted that the concentration of free
cyanide increased from station W towards W5. This might
be due to population increase and the increase in industrial
and agricultural activities. Additionally, the river navigation
also increased in this area. Meanwhile, the concentration
of free cyanide decreased from station W, towards W,.
When compared with other studies carried out in the
Shatt Al-Arab environment, the data of this study were
found to be consistent [23]. The results of the free cyanide
concentration of all the stations were compared with several
international regulation regarding permissible cyanide
concentrations, namely WHO 2011, CGL 2014, IQS 2001
and EPA 2009 and the results of the current study have
shown to be within the acceptable limits of EPA 2009 and
CGL 2014. Meanwhile five stations have shown to be within
the acceptable limits for IQS 2001. Additionally, two
stations, W3 and W5 have recorded values that exceed the
WHO 2011 allowed limits. The data for all the free cyanide
measurements of the selected stations are shown in Table 2.

Total cyanide concentration refers to the sum for all
the cyanide ions that are involved in the structure of
different compounds such as simple and complex
compounds and also organic and inorganic compounds
[1,8]. Total cyanide concentration of the selected samples
for all the stations were measured through a digestion
operation using the distillation method in acidic medium
and by gas liberation of hydrocyanic acid. The gas was
allocated later in alkaline solution and measured in UV-Vis
[2,12]. The all the
measurements of the upstream region were in the range of

spectrophotometer results of
0.207-9.022 mg/L and the average of the concentrations
for this region was 3.694 mg/L. Meanwhile, the stations of
the downstream region recorded higher concentrations of
the total cyanide when compared with the upstream
stations, in the range of 3.944-9.962 mg/L and an average
of 5.834 mg/L. This might be attributed to the increase of
industrial and population activities and also river
navigation in these regions as well as the industrial waste
and domestic untreated waste released into the river. The
results of the total cyanide concentration are shown in
Table 2. Generally, the most important sources that lead
to the increase of the cyanide concentrations in water
environment are the electroplating industry, gas extraction

885

stations, combustion of coal and oil, movement of wind,
irrigation and drainage operations, wastewater, industrial
photographic processes,
production of synthetic rubber, chemical synthesis,

waste, metal processing,
manufacture of plastics, pesticide/rodenticide control,
laboratory processes and the manufacture of dyes and
pigments [6-8,10,24].

m CONCLUSION

The current study has shown that cyanide
concentration is present in the Shatt Al-Arab River
environment that lead to many risks on human and
animal’s health. The results of the free cyanide
concentrations were compared with several international
regulations such as WHO 2011, CGL 2014, IQS 2001 and
EPA 2009, where it showed values that exceed the
permissible values in five stations when compared with
IQS 2001 and thus lead to the increase of toxic properties
in the aquatic system that can have a negative effecton
human and animal’s health. The results are consistent
with Rasheed and Al-Imara study carried out in the Shatt
Al-Arab environment that used cyanide selective electrode
method for measurement. Meanwhile the total cyanide
concentration has shown the highest values in all stations
when compared with all the allowed limits globally.
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Abstract: Pentaerythritol tetraoleate esters synthesized from high oleic palm oil methyl
ester (POME) have potential as biolubricant base stock. In the present study, the chemical
transesterification of POME and pentaerythritol (PE) using sodium methoxide as a
catalyst was conducted under vacuum. The effect of operating variables such as reaction
temperature, catalyst concentration, the molar ratio of POME to PE, vacuum pressure,
and stirring rate on the yield of PE tetraoleate was examined. The ideal conditions for the
reaction were at a temperature of 160 °C, 1.25% (w/w) catalyst concentration, the molar
ratio of POME to PE at 4.5:1, vacuum pressure at 10 mbar, and stirring speed at 900 rpm.
PE tetraoleate with a yield of 36% (w/w), was successfully synthesized under this

condition within 2 h of reaction time.

Keywords: transesterification; pentaerythritol tetraester; optimization; biolubricant

m INTRODUCTION

Pentaerythritol (PE) tetraester can be synthesized
from various vegetable oils and fatty acid esters. The
synthesis of polyol esters can be carried out via chemical
synthesis or enzymatic synthesis. However, enzymatic
synthesis is inappropriate for high temperature reaction.
Besides, chemical synthesis is a more economical process
as the catalyst cost, and catalyst consumption will be
much lower, compared to enzymatic synthesis [1]. The
chemical synthesis method can be conducted via
transesterification and esterification methods. Most of
vegetable oil-based lubricants are synthesized via
transesterification because of its lower cost and higher
conversion at milder operating conditions. High oleic
vegetable oils are potential candidates for mineral oil
replacement as a base oil for lubricants and synthetic ester
due to its excellent oxidative stability. A higher oleic
content with relatively low trans and saturated fatty acid
contents requires less additional processing steps to
improve its oxidative stability. Furthermore, vegetable

oil-based polyol ester lubricants have excellent thermal
stability, high viscosity, and biodegradable [2-4].

Previous research by Aziz et al. [5] reported that
the highest yield of PE tetraoleate ester obtained via
transesterification of palm oil methyl ester (POME) with
PE was 37.56%. The reaction was conducted under
vacuum to remove the methanol byproduct; thus,
minimize the reverse reaction and move the reaction
forward. The study also reported the performance
parameters for the transesterification to achieve high PE
ester conversion. These parameters include reaction
temperature, reaction time, catalyst concentration, and
the molar ratio of POME to PE. The performance
parameter has been optimized with the catalyst
concentration, and the molar ratio of POME to PE was
found to be the most significant parameter to achieve a
high yield of PE tetraoleate ester. Nonetheless, the yield
of tetraester is still too low, thus require further studies
to deliberate further on how to increase the conversion
to tetraester, and thus improve its yield.
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Even though the effect of the mixing rate and vacuum
pressure plays an important role in increasing the rate of
reaction, both parameters have not been investigated. In
this reaction, mixing is important to ensure PE is soluble
and form a homogeneous mixture with POME. Mixing
increases the reaction area between the reactants and not
only occurs at the interface; hence, it increases the rate
reaction to form a product with the presence of catalyst [6].
effect
transesterification reaction is important for the removal

Furthermore, the of vacuum pressure in
of methanol and to promote the forward reaction [7].
Effective methanol removal may lead to the high formation
of the desired yield, which is PE tetraester. Therefore, in
this study, the effect of vacuum pressure and mixing rate
on the transesterification process of POME and PE via
transesterification in batch scale reactions were carried out.

The lubricating properties of the polyol ester depend
on the structures of these esters. Thus, it is important to
achieve high reaction conversion to obtain high tetraester
using the feasible method. The method must be able to
produce high conversion to tetraester, simple and
economical. Aziz et al. [5] studied the transesterification
reaction of PE with palm oil methyl ester (POME) in a
batch reactor. The method used sodium methoxide as a
catalyst is found to be more feasible, and the reaction time
is shorter than the method using an acid catalyst. In this
study, the interaction parameters for the transesterification
of POME and PE to produce tetraester are elucidated. The
effects of reaction parameters such as reaction temperature,
catalyst concentration, the molar ratio of POME to PE,
vacuum pressure and stirring rate to the formation of
products, i.e., PE monooleate (monoester), PE dioleate
(diester), PE trioleate (triester) and PE tetraoleate
(tetraester) were observed.

m EXPERIMENTAL SECTION
Materials

Palm oil methyl ester (POME) and pentaerythritol
(PE) alcohol were obtained from Solution Engineering
(M) Sdn Bhd and Fischer Scientific, respectively. The
analytical grade sodium methoxide was used as a catalyst.
Transesterification reaction of POME and PE was carried
out in the batch reactor.

Indones. I. Chem., 2020, 20 (4), 887 - 898

Reactor Setup

The reactor setup includes 500 mL of the flat
bottom three-necked flask as a batch reactor, a reflux
condenser, thermometer, a hot plate, and a magnetic
stirrer bar. A reactor equipped with a thermometer, a
sampling port, and a condenser was immersed in a
silicon oil bath and connected to a vacuum pump. A hot
plate stirrer was used to provide heat as well as to control
the stirring speed of reaction mixture in the reactor. A
magnetic bar was used to ensure uniform mixing of the
reaction mixture. A thermometer was used to measure the
temperature of the reaction, and the reflux condenser was
used to condense and return the palm oil methyl ester to
the reactor due to its low boiling point. A vacuum pump
equipped with a pressure transmitter was connected to
the reflux condense to allow for the reaction to take place
under various vacuum conditions. An air relief valve was
placed in between the reflux condenser and vacuum pump
to adjust the vacuum level. The reactor was immersed in
asilicon oil bath to ensure uniform temperature reaction
throughout the reaction and prevent heat loss.

Procedure

Synthesis of PE esters via transesterification

The reaction conditions were varied based on
parameters to be studied, i.e., reaction temperature,
catalyst concentration, vacuum pressures, the ratio of
POME to PE, and stirring rate. By adapting the optimum
reaction conditions obtained by Aziz et al. [5], the effects
of reaction parameters on the formation of PE tetraester
were examined. The reaction was conducted at
temperature of 140 to 170 °C, molar ratio of POME to PE
0£4.00:1 to 5.00:1, catalyst concentration of 0.5% (w/w) to
1.5% (w/w) and vacuum pressure ranged from 5 mbar to
50 mbar were employed while stirring rate fixed at
600 rpm and 1.2% catalyst w/w at 600 rpm. For the effect
of stirring rate, the experiments were conducted at 300,
600, and 900 rpm, while the other parameters were kept
constant at a temperature of 160 °C, the molar ratio of
reactant 4.50:1, catalyst concentration 1.25% (w/w) and
vacuum pressure of 10 mbar. Product samples were
collected at certain time intervals to monitor the ester
content. All PE disappeared in 1 h of reaction. However,
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the synthesis was prolonged for up to 2 h to ensure
complete conversion of PE.

Analysis of the sample

The sampling procedure must be carried out within
the possible shortest time to minimize the changes in the
reaction system. The product sample was taken from the
flask reactor and kept in the vial. The reaction sample was
immediately diluted with ethyl acetate and BSTFA and
swirled to prevent sample degradation and reverse reactions.
The composition of product samples was analyzed using
GC analysis method developed by Yunus et al. [8]. DB-HT5
capillary column with 15 m x 0.32 mm x 0.1 pm i.d., was
used to perform the separation in the gas chromatography
system. The reaction sample was diluted with 1 mL ethyl
acetate and then swirled. Afterward, 0.5 mL of BSTFA was
added into the mixture and swirled again. Before being
injected into the GC, the prepared samples were heated
for 10 min at 50 °C. The oven temperature was set at 80 °C
initially and held for 3 min. Then, it was ramped to 380 °C
at 6 °C/min and held for another 6 min. The temperature
of the detector and injector was set at 360 and 300 °C,
respectively. The carrier gas used was hydrogen with a flow
rate of 26.7 mL/min, and the split ratio was done at 1:1.

CH,OH

HOH,C——C—CH,0H + R'COOCH; —=——

|
CH,0H

Pentaerythritol Methyl ester

CH,OCOR'

HOH ,C—C—CH,0H

CH,0H
Monocester

+ R'COOCH,;

Methyl ester

CH,OCOR'

HOH,C——C—CH,OCOR' + R'COOCH,

CH,0H

Diester Methyl ester

CH,OCOR'

HOH,C——C—CH,OCOR'

CH,OCOR'

Triester Methvl ester

+ R'COOCH; ————
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m RESULTS AND DISCUSSION
Transesterification Mechanism of PE Esters

The mechanism of the reaction is proposed to
occur via four stepwise series reactions with the
formation of intermediates. The reaction began with the
formation of intermediate PE monoester, followed by
PE diester, then the formation of PE triester, and finally,
the product PE tetraester. Fig. 1 shows the overall step of
The
formation of PE triester and PE tetraester increased

transesterification of pentaerythritol esters.

significantly in the first 30 min of reaction. The steps can

be simplified by the following equations.
k1
PE+ POME<k:I>ME +M

1

k2
ME+POME<DE+M
o

. M
DE+POME<TE+M
%

k;
TE+ POME<TTE+M
o

4
The overall reaction is:
K

PE + 4POME (¢ TTE +4M 2)
K
(".:H2O CCR'
HOHzc—T—CH2oH +  CHZ0H
CH,0H
Monoester Methanol
CH,OCOR'
HOH,C——C——CH,0COR' + CHZ0H
CH,0H
Diester Methanol
(|3H2000R'
HOHQC—T—CHQOCOR' + CH5;0H
CH,0COR'
Triester Methanol
CH,OCOR'

CH,0COR—C—CH,0COR' =+ CH;OH

CH;OCOR'

Tetraester Methanol

Fig 1. The overall transesterification of palm oil methyl ester with pentaerythritol where R’ is Ci7Hs;
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Fig. 2 shows the distribution curve of PE ester
formation after 2 h of reaction at 160 °C and 10 mbar.
From the analysis, it is evident that more PE triester and
tetraester was formed compared to monoester and diester
during the first few minutes of reaction. It indicates that
the rate reaction of monoester from pentaerythritol was
very fast. Once the monoester formed, it reacts with
POME immediately to form diester. The result also
indicates that the composition of monoester was
maintained below 0.5% throughout the reaction. Lower
composition of diester was observed during the first few
minutes of reaction, probably due to the competitive
reaction to produce triester from diester. After 45 min of
reaction, the composition of diester was between 6.0%
and 7.0%. Even though almost all monoester was
subsequently converted to diester, not all diester was
converted to triester, as indicated in the composition of
PE ester after 2 h of reaction. Triester compositions were
found between 24.0% to 28.0% whereas the composition
of tetraester was between 26% to 35% after 45 min of
reaction. The lower composition of PE tetraester at the
end of the reaction might be due to the lower rate of
reaction of triester to form tetraester because of greater
steric hindrance of tetraester compared to the triester. In
between 60 min to 105 min reaction, the composition of
tetraester formed was lower than the triester. This might
occur due to the accumulation of methanol in a reaction
mixture that drives the PE tetraester reversed back to the
triester. The slowest formation of tetraester from the
triester also indicates that this step is rate-determining
step with forwarding rate reaction constant, ki.

Effect of Reaction Time

In this study, the interaction parameters for the
transesterification of POME and PE to produce tetraester
are elucidated. The effects of reaction parameters such as
reaction temperature, catalyst concentration, the molar
ratio of POME to PE, vacuum pressure and stirring rate
to the formation of products, i.e., PE monooleate
(monoester), PE dioleate (diester), PE trioleate (triester)
and PE tetraoleate (tetraester) were observed. A
preliminary study has been conducted to obtain optimum
reaction time, and it indicated that the highest conversion
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was achieved after 2 h of reaction. Fig. 3 shows the
comparison of product formation at 1 h reaction and 2
h reaction. Pentaerythritol alcohol reactant still exists in
the product mixture after a 1 h reaction. However, when
the reaction extends up to 2 h, pentaerythritol alcohol
completely disappeared and formed PE esters that are
PE monoester, PE diester, PE triester, and PE tetraester,
and the composition was presented in Table 1. Further
increment of reaction time decreased the formation of
PE tetraester decreased due to some reverse reactions.

Effect of Reaction Temperature

The reaction temperature was varied from 140,
150, 160 °C, and 170 °C to study the dependency of
transesterification reaction on temperature. The other
parameters were fixed at constant values; reactants molar
ratio of 4.25:1, 1.2% w/w sodium methoxide catalyst,
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95 4 —-&--Triester -—@—-Tetrasster o
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;,330 - & F.
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Fig 2. Composition change of PE ester products versus
reaction time at 160 °C. (POME:PE, 4.5:1; 10 mbar;
1.25% w/w sodium methoxide; 900 rpm)

Table 1. Composition of PE oleate esters at optimum

conditions
Products Composition
(% w/w)

Pentaerythritol monooleate (PE monoester) 0.4%
Pentaerythritol dioleate (PE diester) 6.7%
Pentaerythritol trioleate (PE triester) 25.5%
Pentaerythritol tetraoleate (PE tetraester) 36.0%
Remaining POME 31.4%
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Fig 3. Gas chromatography of PE esters formation at (a) 1 h reaction and (b) 2 h reaction

10 mbar vacuum pressure, and 600 rpm stirring rate. The
samples were collected after 1, 2, and 3 h, and then
analyzed using the GC to determine the composition of
the product. However, it was observed that the reversible
reaction occurred after 3 h reaction and most of the PE
tetraester reversed back to form triester. Thus, all
reactions were stopped after 2 h. Moreover, the synthesis
of PE tetraester was performed below 180 °C to avoid
sublimation of pentaerythritol. Due to this consideration,
the reaction temperature was set in between 140 to 170 °C.

The effect of reaction temperature on the formation
of PE esters at 1 h reaction is shown in Fig. 4, and the

formation of PE esters at 2 h reaction is shown in Fig. 5.
The yield of PE tetraester at 1 h reaction were 13.4, 24.0,
28.5 and 20.9% at 140, 150, 160 and 170 °C respectively.
Fig. 4 shows that the effect of temperature is more
obvious after 2 h of reaction. At the same temperature,
the composition of PE esters rose to 17.36, 29.43, 36.73,
and 20.71%, respectively. The improvement in reaction
conversion from 1 to 2 h shows a similar trend with
responding to the increase in temperature. The results
indicated that the yield of tetraester increased with
temperature and the maximum yield was obtained at
160 °C. However, the yield of tetraester was slightly
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reaction (POME: PE, 4.5:1; 10 mbar; 1.25%w/w sodium

methoxide, 600 rpm)

dropped when the temperature was further increased to
170 °C. This may occur due to a higher rate of the
backward reaction that reverses the tetraester back to the
These with
transesterification reaction of TMP triester reported by
Yunus etal. [7] and Koh et al. [9]. At higher temperatures,
the rate of reverse reaction of TMP triester to diester was
represented by kinetic reaction rate constants, ks,r was
significantly larger than k,,r [10].

triester. findings  concur similar

At higher temperatures, the rate of reaction increases;
thus, it increases the yield of PE tetraester. However, the
reactant POME can also evaporate at high temperatures,
resulting in the occurrence of reverse reaction which
reduces the yield of PE tetraester. Hence, it is very
important to use cold water in the condenser to condense
the evaporating POME and return to the reaction flask.
Furthermore, the sublimation of pentarerythritol may
also occur. If the reaction temperature is too high, both
POME evaporation and pentarerythritol sublimation
could take place, resulting in the low yield of PE ester.
Therefore, the optimum reaction temperature is proposed
at 160 °C which produced the highest yield of tetraester.

Effect of Catalyst Concentration

The use of enzymes as a catalyst for this
transesterification reaction is not suitable because of the
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higher melting point of pentaerythritol, which is at 260 °C.
Furthermore, some of the acid catalysts are toxic, and the
reaction is longer to obtain high yield. A homogeneous
acid catalyst such as sulfuric acid or hydrochloric acid is
corrosive, and the main problem is that this hazardous
strong acid generates mush wastewater during product
purification. Furthermore, the reaction with the acid
catalyst requires a long reaction time for completion [11].

On the contrary, most of the alkaline catalyst is
non-toxic, and the reaction is much faster. Thus, sodium
methoxide was used as a catalyst for the transesterification
reaction of PE and POME to form PE tetraester.
However, sodium methoxide catalyst is easily oxidized
in the air; hence, the reaction should be maintained
under anhydrous condition [5].

The effect of catalyst concentration on the
transesterification reaction was evaluated in the range of
0.5% to 1.5% (w/w), while the other parameters such as
temperature, reactants molar ratio, vacuum pressure,
and stirring rate were kept constant at 160 °C, 4.25:1,
10 mbar and 600 rpm, respectively. The reaction was
carried out for 2 h. Fig. 6 shows the effect of catalyst
concentration of the PE ester formed in which the
catalyst concentration was varied at 0.5, 0.75, 1.00, 1.25,
and 1.5%, respectively. The catalyst concentration has a
positive effect on the PE tetraester composition. At the
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lowest catalyst concentration, 0.5% w/w, the percentage of
tetraester was low at 12.8%. There is no significant effect
of catalyst concentration increment from 0.5% to 0.75%
w/w on the tetraester composition, which remained at
12.8%. However, when the catalyst was at 1.0% w/w, the
composition of tetraester increases to 22.7%. The results
are comparable with a transesterification of PE tetraester
by Aziz et al. [5], where increasing the -catalyst
concentration from 0.75% to 1.0% w/w significantly
increased the composition of PE tetraester. A similar
finding was observed when sodium methoxide used as a
catalyst in transesterification of TMP triester, where the
highest triester composition was obtained at a catalyst
concentration of 1.0% w/w. There is no significant effect
on the TMP triester yield increment when the sodium
methoxide catalyst used at a concentration between 0.5%
w/w to 0.7% w/w [12]. In a transesterification of biodiesel
from karanja oil using sodium methoxide, a similar result
was observed where the highest composition of karanja
oil methyl ester was obtained at a catalyst concentration
of 1.0% w/w [13].

In this study, the highest PE tetraester composition,
which is 35.2%, was obtained with 1.25% w/w of catalyst.
It shows that increasing catalyst concentration will
accelerate the reaction and formed more PE esters. On the
increasing of catalyst to 1.5% w/w, the composition of
tetraester drastically reduced to 21.3%. The amount of
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monoester and diester at all catalyst concentration were
below 0.5 and 10.0%, respectively. Whereas, the total
composition of triester was in the range of 25.0% to
32.0% at all concentrations.

This similar to the PE
transesterification reaction by Aziz et al. [5] but the

finding is ester
highest tetraester composition was obtained in 1 h.
However, the reaction was conducted for 2 h in this
study to ensure pentaerythritol completely reacted to
form PE tetraester. This is because a small amount of
pentaerythritol still left in the reaction mixture when the
reaction was conducted in 1 h, and only a small amount
of PE tetraester was formed. It might be due to a very
slow reaction during the first minute due to the mixing
and dispersion of reactants and catalysts. Furthermore,
the temperature of the reaction mixture slightly reduced
about 10 °C to 15 °C as soon as the sodium methoxide
catalyst was added. This is because transesterification is
an endothermic reaction that adsorbed energy from the
surrounding, consequently reduce the temperature of
the reaction mixture. Based on the observation, the
reaction required 10 min to 15 min to increase to the
desired reaction temperature. Therefore, the rate
formation was slow at 1 h of reaction, and a lower
amount of PE tetraester produced.

The increment of catalyst concentration from
1.25% to 1.5% w/w decreased the amount of PE ester
formed. The presence of a large amount of alkaline
catalyst in the reaction could lead to the formation of
fatty acid soap. The hydrolysis of methyl ester will
produce fatty acid and lead to fatty acid soap formation
in the presence of metal catalyst [5,14]. Therefore, the
formation of PE ester will be affected. The yields of PE
ester component were reduced at the highest catalyst
concentration 1.5% w/w, as shown in Fig. 6. A similar
result was noticed when sodium methoxide was used for
transesterification of high oleic TMP triester [12] and
transesterification of biodiesel from karanja oil [13],
where a higher amount of catalyst reduced the yield of
TMP triester and karanja oil methyl ester, respectively.
When homogeneous sodium methoxide was employed
for transesterification of POME to TMP triester, a low
catalyst concentration of 1.0% w/w catalyst was required
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to achieve 92.6% TMP triester composition [12]. However,
a high catalyst concentration of 1.25% w/w catalyst was
required to obtain a high yield of PE tetraester. Therefore,
it can be observed as an optimum catalyst concentration
for the examined conditions.

Effect of Molar Ratio of POME to PE

The molar ratio of reactants is one of the important
parameters that affect the rate of reaction in the

transesterification process [1,15-16]. The molar ratio of

POME to PE from the stoichiometric is 4 to 1. However,
the amount of POME used was in excess to enhance the
forward reaction and hinder the backward reaction [16].
The molar ratio of POME to PE was varied at 4:1, 4.25:1,
4.5:1, 4.75:1, and 5:1 to study the effect of the molar ratio
of reactants on the PE tetraester formation. The other
reaction parameters were kept constant at reaction
temperature 160 °C, vacuum pressure at 10 mbar, and
1.25% w/w sodium methoxide. The reaction was carried
out up to 2 h at 600 rpm.

The effect of the molar ratio of POME to PE on the
formation of PE ester is shown in Fig. 7. The composition
of PE tetraester was very low at the stoichiometric ratio of
4:1, which is around 5.0%. The composition of tetraester
increased to 19.1 and 35.2% when the ratio of reactants
was increased to 4.25:1 and 4.5:1, respectively. However,
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Fig 7. Effect of the molar ratio of POME to PE on PE ester

yield at 2 h reaction (10 mbar; 160 °C; 1.25% w/w sodium
methoxide, 600 rpm)
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the composition of tetraester decreased drastically to
13.9% when the ratio of the reactants was further
increased to 4.75:1. At a molar ratio of 5.00:1, the
composition of tetraester was slightly increased to 21.2%.
Atavery high ratio of POME to PE, i.e., at 10:1 and 12:1,
the composition of tetraester was markedly decreased to
12.0% and 6.7%, respectively.

There is no significant effect of using the high
molar ratio of reactants since the reaction was based on
the stoichiometric molar ratio. The highest composition
of tetraester was obtained at the molar ratio 0f 4.5:1. At
a molar ratio of 4.00:1 and 4.25:1, the reaction was
assumed incomplete since a large proportion of ME and
DE still exist. The excess of POME was used to ensure
the reaction is complete. When the large excess of POME
was used in the reaction, the interaction between the
catalyst and the reactants was reduced due to the dilution
effect. Thus, the best molar ratio of POME to PE is 4.5:1.

Effect of Vacuum Pressure

The vacuum was used in the reaction to remove the
methanol from the process and promote the forward
reaction. In order to study the effect of vacuum pressure
on the transesterification reaction, the experiments were
conducted at 5 mbar, 10 mbar, 20 mbar, and 50 mbar. The
other parameters were fixed at a reaction temperature of
160 °C, POME to PE 4.5:1, and at 1.25% w/w sodium
methoxide. The reaction was run for 2 h.

The effect of vacuum pressure on the yield of PE
esters is shown in Fig. 8. The highest composition of PE
tetraester was obtained at 10 mbar, which was at 36.7%.
When the vacuum level increased to 20 mbar and 50 mbar,
the composition of tetraester drastically decreased to
16.7 and 19.3%, respectively. At low vacuum (high
pressure), not all POME was converted to PE esters. For
example, 45% of PE esters at 20 mbar and 50 mbar were
still in intermediates forms of esters (monoester, diester,
and triester). This may occur due to an inadequate vacuum
that unable to prevent the backward reaction and reverse
the PE esters back to POME. The removal of methanol was
slow at a low vacuum; the reaction between methanol
with PE esters may have occurred and resulted in the
reverse reaction to form POME. It can be seen from the
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composition of POME at 20 mbar and 50 mbar, which is
higher compared to the composition of POME at 5 mbar
and 10 mbar. This observation is similar to previous
research on the transesterification reaction of TMP esters
conducted by Yunus et al. [7] and Kamil et al. [17].

However, at 5 mbar, the composition of tetraester
obtained was reduced to t019.1%. This is because if the
vacuum is too high (low pressure), POME will be sucked
away together with methanol from the system, resulting
in the lower formation of PE esters. POME may evaporate
from the reaction system because of lower boiling point
properties. Hence, it will change the stoichiometric ratio
of reactants in the reaction. The backward reaction may
have occurred to reverse the tetraester back to partial
esters due to the insufficient quantity of POME. In
economic consideration, high vacuum requires high
energy and increase the cost of equipment and process.

Therefore, for the transesterification of POME with
PE, the optimum vacuum pressure was found to be at
10 mbar for the synthesis temperature between 140 °C to
170 °C. The high yield of PE tetraester was formed under
this condition. In contrast with the synthesis of TMP
triester using sodium methoxide catalyst, the optimum
vacuum pressure was obtained at 20 mbar at a synthesis
temperature between 100 °C to 130 °C.

Effect of Stirring Rate

Mixing is very important in transesterification
reactions involving POME and PE. PE is solid, and the
POME is liquid. In order to make sure PE is soluble and
form a homogenous mixture with POME in the presence
of a catalyst, good mixing is crucial. This will provide a
good mass and heat transfer and maintain uniform
conditions in the reaction system. Furthermore, mixing
will enhance the mixing of particles or molecules of
These
conditions can be achieved by conducting the reaction

reactants, thus reduced reaction time [9].
in the turbulent flow which can be promoted with the
addition of baffles. In a batch system, the reaction can be
conducted by providing external mixing using rotary
agitation [18]. In a small-scale batch reaction, a stirred
batch reactor will be used to conduct the reaction.

In this study, the mixing process in a batch reactor
was achieved by providing the stirring of the mixture using
magnetic stirrer. The stirring speed played an important
role in speeding up the reaction rate. The stirring speed
was varied at 300, 600, and 900 rpm, and the other
parameters were kept constant at 160 °C, 10 mbar, 1.25%
sodium methoxide, and POME to PE at 4.5:1. The
sample was taken at 15 min interval, and the reaction
was conducted for 2 h. The effect of stirring speed on the
composition of PE esters is shown in Fig. 9.

A good mixing between the reactants, i.e., POME,
PE, and sodium methoxide catalyst, resulted in effective
collisions between the reactants molecules and catalysts.
Therefore, enough energy is gained to overcome the
potential energy barrier for the reactions to occur and
obtain the desired product [9]. Fig. 9 shows that, as the
stirring rate increases, the yield of PE tetraester
increases. At the lower stirring speed of 300 rpm, the rate
formation of PE esters was slow. It can be seen in Fig.
9(a) that the rate of tetraester formation from triester
was slow at the beginning, and slightly increased up to
90 min of reaction. At 90 min to 105 min, the rate suddenly
increased and thus increased the composition of PE
esters. However, the composition of the triester is higher
than the tetraester, along with the reaction. It may be
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Fig 9. Effect of stirring speed on PE ester yield at 2 h reaction at (a) 300 rpm (b) 600 rpm and (c) 900 rpm (POME: PE,

4.5:1; 160 °C; 10 mbar; 1.25% w/w sodium methoxide)

due to insufficient energy to break the potential energy of

triester to convert to tetraester at lower stirring speed.
Furthermore, slow mixing may require a longer time to
achieve a high composition of desired tetraester [13].

As the stirring speed was increased to 600 rpm, the
rate reaction also increased. In the beginning, the
composition of the triester is higher than tetraester until
90 min of reaction. The highest tetraester was found after
105 min reaction with tetraester composition at 32.6%.
However, the composition of tetraester decreased to
23.5% when the reaction was prolonged to 120 min, as
shown in Fig. 9(b). This may occur due to the occurrence
of the reverse reaction. Once the reaction achieves its
optimum yield, continued stirring will promote the
reverse reaction which is competing with the optimality
of system kinetics [19].

The highest tetraester composition was obtained
when the reaction was conducted at 900 rpm, with a yield
of 35.5% after 120 min of reaction. The rate formation of
tetraester and triester gradually increased at the early
45 min of reaction. In between 45 min to 105 min, the
reaction system produced more tetraester and triester as

shown in Fig. 9(c). Therefore, the stirring rate between
600 rpm to 900 rpm can be regarded as the best mixing
speed for the reaction. Under these conditions, a
reasonably high yield of PE tetraester can be obtained.
Controlling the mixing speed is necessary for the
optimum condition of PE esters formation. However, if
the stirring speed is too high, it increases the rate of
reverse reaction thus reduces the yield of tetraester.

m CONCLUSION

Based on the results from the optimization study
presented, the optimum parameters for the
transesterification reaction of POME with PE were
found. The temperature of reaction at 160 °C, molar
ratio reactants, i.e, POME to PE at 4.5:1, sodium
methoxide catalyst concentration at 1.25%, vacuum
pressure at 10 mbar and stirring speed at 900 rpm were
established as optimum conditions. All reactions were
carried out for 2 h in a stirred batch reactor.

The transesterification reaction of POME and PE
involved four steps of consecutive reactions to form PE
monoester, PE diester, PE triester, and PE tetraester.
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Pentaerythritol was not detected in the reaction product
and has been fully converted into PE esters. The
composition of monoester was below 0.5% at all reaction
conditions. The highest composition of PE tetraester was
achieved at 36%. The composition of PE tetraester obtained
similarly with the previous study by Aziz et al. [5]. It
might occur due to the slower rate formation to produce
PE tetraester that has a bulky molecule structure. These
steric effects would decrease the rate formation of PE
tetraester because it has greater steric hindrance with four
ester groups as compared to PE triester that consists of
three ester groups. The substitution of large methyl oleate
group into pentaerythritol by removal of -OH would
make the molecule sterically crowded. When more -OH
was replaced with methyl ester group, the steric effect
would increase, and bulky ester molecule formed [20].

In this study, an efficient chemical synthesis to
produce PE esters from palm oil is established. The
transesterification reaction system using an alkaline
catalyst and equipped with a vacuum system allows for
faster reactions and suppress reverse reactions.
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m INTRODUCTION infections are also increasingly developing in other

Antifungal is a compound with the activity in fungal species [2]. On the other hand, another emerging

destroying or inhibiting the growth of fungi. The infection problem is related to Toxoplasma gondii. This

development of these compounds is slower compared parasite can have harmful effects on the fetus, children,

with antibacterial agents as the similar eukaryotic cell and patients  with low immune ~systems [3].

properties of the organisms that the developed targets are Antitoxoplasmosis is a group of compounds that has the
more limited [1]. The level of fungal infection has been

increased in recent years, and the causes of fungal

activity to kill or inhibiting the growth of the parasite.
Currently, first-line therapy for infection of T. gondii is
the combination of pyrimethamine and sulfadiazine,
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which work synergistically in inhibiting folic acid
metabolism of the parasite [4]. However, the combination
can cause severe side effects, and lifelong treatment is
needed in patients with low immune systems [5]. In
addition, the therapy is also contraindicated for the first
trimester in pregnancy. These problems result in the
demand for the
antitoxoplasmosis agents with a better spectrum of
activity and safety profile.

Eleutherine americana (Aubl.) Merr. ex K. Heyne is

discovery of antifungal and

a plant that is well distributed in South America, South
Africa, and Southeast Asia. The bulb of the plant has been
used in traditional medication for a long time in the
treatment of heart disease, breast cancer, diabetes, and
hypertension [6]. Furthermore, several kinds of research
have reported the antimicrobial activity of the plant using
in silico method [7-8]. Previous research has also reported
that the E. Americana bulb is rich in naphthoquinones [7].
The compounds are known to have the activity as
antimicrobial and antiparasitic agents [8]. In this research,
in silico interaction study was carried out between the
constituents of the plant with selected target proteins for
antifungal and antitoxoplasmosis agents. Aquatic toxicity
prediction was also studied to the compounds as the
preliminary assessment of their safety profile.

Indones. I. Chem., 2020, 20 (2), 899 - 910

m EXPERIMENTAL SECTION
Materials

Three-dimensional structures of target proteins
Bank
(https://www.rcsb.org/). The targets used for antifungal
activity study were an ORPs (OSBP-related proteins),
Osh4, and N-myristoyltransferase (Nmt). Toxoplasma

were obtained from the Protein Data

gondii purine nucleoside phosphorylase (TgPNP) and
calcium-dependent protein kinase-1 (TgCDPK1) were
used in the study of antitoxoplasmosis activity (Table 1
and 2). (1-methylimidazole-2-yl)-[3-methyl-4-[3-(pyri
dine-3-ylmethylamino) propoxy]-1-benzo-furan-2-yl]
methanone (R64) and 25-hydroxycholesterol were used
as a positive control in antifungal activity study, while the
positive controls used in antitoxoplasmosis activity study
were immucillin-H (IMH) and 5-amino-1-tert-butyl-3-
(21E).
Research has shown that the NMT gene is essential for

(quinolin-2-yl)-1H-pyrazole-4-carboxamide

vegetative growth and survival of Candida albicans and
Cryptococcus neoformans [9-10]. In addition, NMT is a
promising target protein for the development of new
fungicidal drugs and has a broad spectrum of antifungal
[11]. Osh4 is an important antifungal target protein
which plays arole in sterol membrane regulation [12].

Table 1. Three-dimensional structures of proteins used in antifungal activity study

Target Name Structure Reference
N-myristoyltransferase [14]
(PDB ID: 1IYL)
Osh4

(15]

(PDB ID: 1ZHX)
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Table 2. Three-dimensional structures of proteins used in antitoxoplasmosis activity study

Target Name Structure Reference
Purine nucleoside phosphorilase [13]
(PDB ID: 3MBS3)

Calcium-dependent protein kinase-1 (5]

(PDB ID: 4M84)

For antitoxoplasmosis target proteins, PNP plays an
important role in the rescue pathway of nucleotides, and
the structure of PNP enzymes in T. gondii is different
from the structure of PNP in mammals [13]. CDPK1 has
a function in the invasive and release of T. gondii from its
host. In addition, this enzyme is only found in plants and
Apicomplexa, but it is not found in humans and animals
[5]. The test compounds were 31 molecules that have been
reported as the chemical constituents of E. Americana
(Table 3).

Procedure

Geometry optimization of the test compounds and
preparation of the targets

Three-dimensional structures of 31 test compounds
were built using GaussView® and optimized using
Gaussian® with Density Functional Theory (DFT) B3LYP
method and 6-31G as the basis set. Target protein
preparation, including removal of the ligand and water
molecules, were carried out using Discovery Studio 2016.
Hydrogen atoms were added to the proteins using
AutoDock 4.2.6.

In silico interaction study
In silico, an interaction study was carried out by
conducting molecular docking of the test compounds

with each target protein using AutoDock 4.2.6. The
docking procedures were validated before being used for
the test compounds using the root mean square
deviation (RMSD) value of the ligand’s coordinates after
redocking compared with the initial position before
being extracted from the protein files. The value of not
larger than 2 A is considered as the acceptance criteria,
which indicate that the ligands are back to their original
position using the docking procedures [25]. Parameters,
such as free energy of binding, inhibition constant and
the interaction between the compounds and the residues
of the target, were analyzed from the docking results.
The data were also compared for the test compounds
and the positive controls.

Toxicity prediction using ECOSAR v2.0

The test compound with the best parameter was
then subjected to aquatic toxicity prediction using
ECOSAR v2.0 [26]. The prediction is including their
toxicity towards organisms such as fish, daphnid, and
green algae. The procedures involve the submission of
SMILES notation of the compounds that were being
studied. The results were the value of LCs for fish and
daphnid or ECs, for green algae for acute toxicity and
ChV (chronic value) for the three organisms for the
chronic toxicity.
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Table 3. Chemical constituents of E. americana used as the test molecules
No Compound Structure No Compound Structure
= ﬁ H I+] CO.CH,
Ry )
LH | AR J Q
1 Elecanacin [16] /”\T/ 17  Eleuthinone A [22] | Jj\
L A NF A N
I:H; &) cH, c‘xzu- [5) L:‘H,- a
2 Eleutherin [16] Bt J/!\O 18 Eleuthraquinone A E . /ﬁ/k”‘“-
S o~ \/'KC_" [22] \;v;" PN ™
. viw ﬂ Iw L
Eleuth B S S Sl
3 Eleutherinon A [17] 19 euthraquinone I L
[22] u/’\\,.&’\\ o) 2 =
I L
4 Eleutherinon B [17] 20  Eleucanarol [22]
o o = 1,2-dihydroxy-8-
/ methoxy-3-
5 Eleutherol [18] TN 21 .
. methylanthraquinone
(16]
Eleutherinoside A RN
6 Isoeleutherin [16] 22 cutherinoside " '|\_V,.;\ A
[23] e
e
Eleutherinoside B S W W g
7  Hongconin [19] 23 cutherinoside (e Mgl T B
[23] i) T
i, d %
1,3,6-trihydroxy-8- /:\ P k/,\
8  Isoeleutherol [16] 24  methylanthraquinone L j\ \\ i
[16] A
(25)-1-(3-hydroxy-5- Y
methoxy-1,4-dioxo- % j T N
9 1,2,3,4-tetrahydro L W b 25  B-sitosterol [16]
s et ,.—c_’
naphthalen-2-yl )propan- r - -
2-yl acetate [16] ’
(2R)-1-(3-hydroxy-5-
OCH, [s]

methoxy-1,4-dioxo-

10 1,2,3,4-
tetrahydronaphthalen-2-
yl)propan-2-yl acetate

[16]

‘//‘\\ o

26  Kadsuric acid [20]

S

o—f

Sophi Damayanti et al.



Indones. I. Chem., 2020, 20 (2), 899 - 910

903

Table 3. Chemical constituents of E. americana used as the test molecules (Continued)

No Compound Structure No Compound Structure
_ 6,8-dihydroxy-3,4-
TS /"“'\T/ dimethoxy-1- i r|"
“/ P o methyl-anthraquin- S J\ e et
11 Eleutherinol [20] il 27 ! I T ]
L one-2-carboxylic o NN NN
i = _,
\[ acid methyl ester & o
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1,5-dihydroxy-3- . | 2-acetyl-3,6,8- L /|L -
P T W
12 methylanthraquino | | | 28  trihydroxy-1-methyl LL \l L
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Dihyd leutheri \,;’f;‘\,"" P .
13 rycroeieitherin T i \T 29  Eleuthoside C [16]
ol [20] o {,\‘ o
9,10-dihydro-8-
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14  one 8-O-f- 30  dioxo-2-
glucopyranoside \4 s anthracenecarboxylic
[16] =] acid methyl ester
(16]
II;:H
15  Eleuthoside A [21] Erythrolaccin [16]
16  Eleuthoside B [21]

RESULTS AND DISCUSSION

|
In silico Interaction Study

The results of the validation of the molecular
docking procedures are shown in Table 4 and 5. It can be
seen from the Table 4 and 5 that the docking procedures
fulfill the criteria of acceptance for the value of RMSD,
indicating that the positions of the ligands were not

significantly changed after being used in the proposed
docking procedures. The docking result of the test
compound to each target (Table 6) indicates that all of
them have an affinity towards the target protein with
negative values of free energy of binding between them
and the proteins. The characteristic compounds of E.
Americana (compound 1, 2, 3,4, 5 and 11) seem to have
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Table 4. Result of the docking procedures validation for antifungal study

Protein  Ligand Free binding Inhibition RMSD (A) Superimposed Ligand
Energy (kcal/mol)  Constant (uM) Structure*
\ oy
Osh4  HC3 -11.51 3.67x 10 1.860 H PR
l’ ' .i,
Nmt R64 -10.04 4342 x 10 0.784
s,

*Superimposing ligand structures before and after redocking with proposed procedures to compare both coordinates. The ligands
with the original position are indicated with yellow color while the redocking results are indicated with green.

Table 5. Result of the docking procedures validation for antitoxoplasmosis study

) ) Free binding energy Inhibition ; Superimposed Ligand
Prot Ligand RMSD (A
rotem - Ligan (kcal/mol) Constant (uM) W Structure”
|

‘1)
TgPNP  IMH -6.93 8.35 0.900 ) &

{3
TgCDPK1  2IE -9.04 2.351 x 107 0.709 %

*Superimposing ligand structures before and after redocking with proposed procedures to compare both coordinates. The ligands with

the original position are indicated with yellow color while the redocking results are indicated with green.

a weaker affinity to Osh4 and Nmt, with the larger value
of the energies and inhibition constants. Compound 25
has a better affinity towards both targets, compared to the
positive controls used. The result was also obtained in an
antitoxoplasmosis study using TgPNP and TgCDPK1 as
the targets. The compound has the lower binding free
energy and inhibition constant compared to the positive
control and other test compounds. Compound 1, which is
a typical compound in the plant, and four other compounds
(compound 17, 18, 21, and 26) also have the lower value
of both parameters compared to IMH in protein TgPNP.

Docking results to TgCDPK1 show that no typical
compound of E. Americana which has a better affinity
than the positive control. Test compounds having that
criteria are compound 25, 26 and 29, with compound 25
has the best affinity among all.

Toxicity Prediction using ECOSAR v2.0.

Aquatic toxicity prediction was carried out as the
preliminary assessment of the safety of the compounds.
ECOSAR itself has the maximum for the value of log Koy
that indicates that the compound is insoluble that it cannot
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Table 6. Docking results of the test compounds to the target proteins

Free binding energy (kcal/mol)

Inhibition constant (uM)

Compound
Osh4 Nmt  TgPNP TgCDPK1 Osh4 Nmt TgPNP  TgCDPK1

1 -7.59 -7.61 -6.95 -6.73 2.71 2.65 8.06 11.66
2 -7.71 -7.56 -6.16 -7.12 2.22 2.89 30.75 6.09
3 -7.01 -6.68 -5.33 -6.48 7.24 12.68 124.73 17.94
4 -7.1 -6.52 -541 -6.31 6.2 16.54 109.16 23.89
5 -6.66 -7.04 -6.02 -6.93 13.03 6.92 38.85 8.27
6 -7.43 -7.41 -6.3 -6.83 3.58 3.69 24.17 9.85
7 -7.18 -6.67 -5.63 -6.93 5.47 12.98 74.65 8.32
8 -6.81 -7.3 -6.52 -6.68 10.24 4.43 16.51 12.72
9 -8.00 -7.28 -6.24 -7.58 1.36 4.59 26.5 2.77
10 -7.62 -7.25 -6.62 -7.38 2.58 4.86 14.01 3.91
11 -7.24 -7.18 -5.61 -6.95 4.96 5.50 76.9 8.05
12 -7.12 -6.63 -6.12 -7.14 6.09 13.7 32.66 5.83
13 -7.44 -7.37 -5.55 -7.02 3.51 3.98 85.29 7.18
14 -8.32 -8.47 -6.18 -8.41 0.800 0.621 29.73 0.686
15 -7.15 -7.54 -5.01 -7.64 5.79 2.95 212.45 2.52
16 -7.54 -7.71 -5.70 -8.58 2.95 2.22 66.69 0.513
17 -7.83 -7.79 -7.46 -7.56 1.83 1.95 341 2.85
18 -8.24 -8.33 -7.09 -8.00 0.911 0.781 6.4 1.36
19 -8.02 -8.54 -6.31 -8.22 1.32 0.549 23.71 0.940
20 -6.65 -6.57 -5.77 -6.22 13.28 15.35 58.48 27.39
21 -7.68 -7.35 -7.58 -7.58 2.35 4.12 2.77 2.77
22 -8.25 -7.64 -5.57 -8.03 0.894 2.52 82.53 1.3
23 -7.08 -7.44 -3.61 -6.94 6.43 3.54 2.25.10° 8.16
24 -7.56 -7.30 -6.41 -7.80 2.85 4.45 20.13 1.91
25 -11.55 -11.18 -8.06 -10.29 3.4.10°7 6.4.10 1.24 2,848.102
26 -10.11 -8.02 -7.79 -9.07 0.039 1.33 1.94 2,238.10™
27 -8.87 -8.65 -6.68 -7.59 0.315 0.460 12.78 2.74
28 -8.26 -8.6 -6.35 -7.59 0.876 0.495 22.11 2.73
29 -7.6 -8.52 -3.6 -9.64 2.68 0.564 2.28 8,516.102
30 -94 -8.47 -6.4 -7.48 0.129 0.619 20.36 3.29
31 -7.15 -7.32 -5.85 -7.45 5.79 4.32 51.64 3.47

Positive controls -11.51  -10.04 -6.93 -9.04 3,67.107 4,342.10 8.35 2,351.10™

develop the toxicity towards the test organism if it has log
Kow higher than the limit (Table 7). The program also has
a classification of the toxicity (Table 8) that is used by the
United States Environmental Protection Agency (US EPA),
which consists of high, moderate, and low concern,
assessed from the acute and chronic toxicity parameter [27].

The toxicity prediction result (Table 9) shows that
the compound 25 and 26 have the value of log K, which
are larger than the maximum limit that they are
considered as ‘low concern’. Compound 1, 17, and 29 are

also in the same cluster since they have LCs, and ECs
values larger than 100 mg/L and ChV value larger than
10.0 mg/L. On the other hand, compound 18 and 21
have the value of ECs, towards green algae smaller than
1 mg/L that these compounds are considered as ‘high
concern’ toxicity level.

Based on the in silico interaction study and the
toxicity prediction test, it can be summarized that
compound 25 (B-sitosterol) is the most promising
compound contained in E. americana that predicted to be
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Table 7. The maximum limit of log K. value for aquatic toxicity parameters in ECOSAR*

Fish (LCs, 96 h) Daphnid (LCs, 48 h)

Green algae (ECso, 96 h) Chv

5.0 5.0

6.4 8.0

*The values are in ppm. LCso indicates concentration in water that kills 50% of organism in a continuous exposure. ECso

is concentration that gives decrease of growth of 50% relative to the control in continuous exposure. ChV (chronic value)

ia a geometric average of NOEC (no observed effect concentration) and LOEC (lowest observed effect concentration)

(EPA, 2013)

Table 8. Classification of aquatic toxicity levels

High Concern Moderate Concern

Low Concern

Any of the 3 acute values
are < 1.0 mg/L, or any of
the chronic values are <

Any of the 3 acute values are
between 1.0 mg/L and 100 mg/L,
OR any of the chronic values are

All 3 acute values are >100 mg/L, and all three chronic
values are >10.0 mg/L, or there are “No Effects at
Saturation” (or NES). NES occurs when a chemical is

0.1 mg/L between 0.1 mg/L and 10.0 mg/L  not soluble enough to reach the effect concentration,
i.e, the water solubility is lower than an effect
concentration, or, for liquids, when K, criteria are
exceeded for an endpoint. For solids, NES is expected
if Koy exceeds the specific SAR K, cutoffs, or the
effective concentration is more than one order of
magnitude (> 10 X) less than water solubility.

Table 9. Results of prediction of aquatic toxicity
Molecular  Solubility Log Organism
Compound weight in water K Fish Daphnid Green algae

(g/mol) (mg/L) ™ LCsx96h ChV LCsx,48h  ChV  ECs,96h ChV
1 272.3 728.72 1.62 487.69 45.75 267.44 23.67 172.52 41.81
17 274.28 15,384.22 0.06 498.69 56.38 1,276.11 1,524.82 738.63  100.82
18 312.32 172.81 2.08 5.61 1.48 14.56 0.74 0.4 2.7
21 286.29 871.62 1.44 7.93 3.59 22.15 1.5 0.67 4.82
25 414.72 0 9.65 0 0 0 0 0 0
26 470.7 0 9.28 0 0 0 0 0.01 0.02
29 598.61 6,124.03 -1.16 12,177.76  873.82 1,264.8 79.72  950.84  950.88

*The values are in ppm

the inhibitor of Osh4, Nmt, TgPNP, and TgCDPK1 with
better affinity compared to the positive control and other
constituents of the plant. In a previous study, it also has
been reported that the compound has the activity as an
antifungal in an in vitro study [28-29].

Study of Interaction of Compound 25 towards the
Target Proteins

Fig. 1 shows the two-dimensional diagram of the
interaction between compound 25 and the positive
controls with Osh4 and Nmt. The molecular docking
result in Fig. 1(a) shows that the compound 25 forms 8

van der Waals interactions with the residues GLN96,
ARG100, GLU107, LYS108, LYS109, ASN165, PRO198,
and VAL213 of Osh4. Twenty-four of alkyl interactions
with the residues TRP10, PHE13, LEU24, LEU27, ALA29,
ILE33, LEU39, PHE42, TYR97, PRO110, ILE167,
PHE171, LEU177, VAL179, LEU201, ILE203, ILE206 and
PRO211, and a hydrogen bond with the residue GLN181
of the target. On the other hand, it is indicated in Fig.
1(b) that the positive control form a similar interaction
with the target which consists of 12 van der Waals
interactions with TRP10, ALA29, PRO30, LEU39, PHE42,
GLU107,LYS108, ILE167, LEU201, ILE206, PRO211 and
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Fig 1. Two-dimensional scheme of interaction between compound 25 and the positive controls with the antifungal
target proteins*: (a) compound 25 and Osh4, (b) HC3 and Osh4, (c) compound 25 and Nmt, (d) R64 and Nmt. *alkyl
interaction (violet), hydrogen bond (green), van der Waals interaction (light green), pi-pi stacked/pi-pi T-shaped
(magenta), pi-cation (orange), and carbon-hydrogen/pi-hydrogen donor (pseudo green)

VAL213, ten alkyl interactions with LEU24, ILE33, LYS109,
PRO110, LEU177, VAL179 and ILE203, two hydrogen
bonds with GLN96 and ARG100, and 2 phi and hydrogen
donor interactions with PHE13 and TYR97 of the target.
The same residues are found to be involved in the
interaction of the protein with both compounds (PHE13,
LEU24, ILE33, TYR97, PRO110, LEU177, VAL179, and
ILE203). The interactions of the two ligands with Nmt are
shown in Fig. 1(c) and (d). It can be summarized that
compound 25 and the protein form 8 van der Waals
interactions with the residues of TYR119, ASN175,
TYR225, PHE356, ASN392, CYS393, VAL449 and
LEU450, twenty alkyl interactions with TYR107, PHE117,
PHE123, PHE176, TYR335, LEU337, TYR354, LEU394,
LEU415 and LEU451, and 2 hydrogen bonds with
LEU355 and LEU394 of Nmt. Meanwhile, the positive
control and the protein form 11 van der Waals
interactions involving residues TYR107, ASP110,
TYR119, PHE123, PHE176, GLN226, LEU350, VAL390,

CYS393, LEU394 and LEU415. Four alkyl interactions
are also found between the compound and TYR225,
LEU337, ILE352 and TYR354. Other interactions
consist of 4 hydrogen bonds with HIS227, TYR335,
ASN392 and LEU451, five phi-phi interactions with
PHE117, TYR225, PHE240 and PHE339, and a pi-cation
interaction with HIS227 of the protein. Same as before,
the similar residues are also found to be involved in the
interaction of the compounds with the target such as
PHE117, TYR335, LEU337, TYR354, and LEU451. The
previous study suggested that the residues of PHE117
and TYR354 are involved in the inhibition of the target
by ligands [14]. From the diagrams, it can be seen that
more alkyl interaction formed by compound 25 and the
targets may be the reason for its better affinity parameter
in the docking result.

Two-dimensional diagram of interactions between
compound 25 and the positive control used with TgPNP
and TgCDPK1 is shown in Fig. 2. Fig. 2(a) and (b),

Sophi Damayanti et al.



908

(a)

L1
A1
Tl
AF
Alp A
Pl r;:_._
T AclES
Fo a:rn
CEHE |
FEF
L]
LY
LS
o
A 1P
FET
[TT4]
a:15f
mi
il LRy
a1
A
&)
(c)
Mo 3 r '
aiy a i i
ul - Ly
T
1)
CeT T
154
Fed
et
Wi
e T
rond iy
wiE

Indones. I. Chem., 2020, 20 (2), 899 - 910

T/l
(b) A
A
THE Azrlg
() 3
Aty A}
¥
ANE
. 1Ly ]
TIkF
LR
nEe
LI
FRO
AL
'1
WLk e i
' ALLEE AT
Gl
T T
Al
(d) A
LEw ARG
AssE 1y
A:50
Vi
LR iLE
LG
LEW
AshLa
ys
e T .
T
Ly K11l 1y
T E L A
A2
AL&
Ly
Ly
H G L TR Al El
e i L )
ALlRD

Fig 2. Two-dimensional scheme of interaction between compound 25 and the positive controls with the

antitoxoplasmosis target proteins*: (a) compound 25 and TgPNP, (b) IMH and TgPNP, (c¢) compound 25 and
TgCDPKI1, (d) 21E and TgCDPKI1. *alkyl interaction (violet), hydrogen bond (green), van der Waals interaction (light
green), pi-pi stacked/pi-pi T-shaped (magenta), carbon hydrogen/pi-hydrogen donor (pseudo green), pi-sigma (deep

purple) pi-sulfur (deep yellow)

indicating the test compound forms 9 van der Waals
interactions with the residues of ARG93, THR96, CYS97,
GLY98, ASP186, GLU188, ASP210, TRP216, and
TYR221, sixteen alkyl interactions with ILE71, PHE165,
TYR166, ILE185, MET187 and PRO213, and a carbon-
hydrogen interaction with TYR166. Meanwhile, IMH and
the protein TgPNP form 7 van der Waals interactions
with the residue of ILE71, ARG93, GLY98, ASP186,
PRO213, TRP216 and TYR221, two pi-alkyl interactions
with ILE185 and MET187, five hydrogen bonds with
THR96, MET187 and GLU188, two carbon-hydrogen
interactions with THR96 and ASP210, and 4 pi
interactions with THR96, CYS97, and PHE165.
Compound 25 and TgCDPKI, as shown in Fig. 2(c) and
(d), form 9 van der Waals interactions at the residues of

ARG55, GLY58, GLY128, GLU129, TYR131, THR132,
GLY134, ASP195 and PHE196, twenty-four alkyl
interactions at LEU57, VAL65, ALA78,LYS80, MET112,
LEU114, LEU126, VALI130, LEU181, ILE194, and
LEU198, while the control (21E) and the protein form 7
van der Waals interactions at GLY58, VAL79, LEU114,
GLY128, VAL130, ASP195 and LEU198, ten alkyl
interactions at LEU57, VAL65, ALA78, LYS80, LEU126,
LEU181 and ILE194, three hydrogen bonds at GLU129
and TYRI131, a pi-sigma and a pi-sulfur interaction
interactions at MET112. Fig. 2 shows us that several
residues involved in the interaction between compound
25 and both TgPNP and TgCDPK1 have similarities
with their positive controls. PHE165, ILE185, and
MET187 are involved in the interaction of compound 25

Sophi Damayanti et al.



Indones. . Chem., 2020, 20 (2), 899 - 910 9209

and the positive control with TgPNP, while LEU57,
VAL65, ALA78, LYS80, LEU126, and LEU181 are
involved in the interaction of the compound and the
control with TgCDPXKI1. Similar to the overall comparison
between compound 25 and the control in antifungal
interaction study, the more of the alkyl interactions
formed between the compound and the target compared
with its interaction with the positive control results in the
better affinity of the compound 25 towards the two target
proteins used in antitoxoplasmosis study.

m CONCLUSION

The research results suggest that E. Americana can
be proposed as the candidate of alternatives in the treatment
of fungal infection and toxoplasmosis as the constituents
of the plant seem to have an affinity to the target used in
this study. Compound 25 (B-sitosterol) is the constituent
of the plant with a better affinity compared to the positive
controls. A preliminary toxicity study suggests that the
compound has a low level of aquatic toxicity.
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Abstract: Synthesis of cobalt-doped zirconium titanate (Co-doped ZrTiO,) as a
potential photocatalyst with visible-light-response had been conducted. Materials used in
this research were titanium tetraisopropoxide (TTIP) as a precursor of TiO,, ZrO; as
another semiconductor for coupling, and CoSO7H,0 as the source of cobalt dopant. The
composite was prepared by the sol-gel method with various cobalt contents and
calcination temperatures. Composites with various Co dopant contents (0, 1, 3, 5, 7, and
9% (Co wt./Ti wt.)) were calcined at 500 °C for 4 h. In addition, the composite with 5%
of dopant content was calcined at 700 and 900 °C to observe the influence of calcination
temperature. All samples were characterized by using X-ray powder diffraction method
(XRD), Fourier-transform infrared spectroscopy (FTIR), specular reflectance UV-Vis
spectroscopy (SRUV), and scanning electron microscopy equipped with X-ray energy
dispersive spectroscopy (SEM-EDS). Co-doped ZrTiO4 with the lowest bandgap (2.94 V)

was achieved in a sample containing 3% of cobalt content calcined at 500 °C.

Keywords: cobalt; dopant; Co-doped ZrTiOy photocatalyst; sol-gel

m INTRODUCTION

The increasing demand for textile products with
good coloring quality makes the use of synthetic dyes in
the textile industry increasing proportionally [1].
Synthetic dyes are widely used because of their better
color, low prices, reusable, and various color choices [2].
Unfortunately, the use of synthetic dyes also has
disadvantages, one of which can discharge waste that
cannot be decomposed naturally, thus making it
dangerous for the environment. Several ways for
conventional textile wastewater treatment have been
developed, such as chlorination, ozonation, and
biodegradation. However, those methods still have several
disadvantages, including high operational costs and
relatively difficult to execute [3].
alternative for processing textile waste is to use the
photocatalytic principle using a photocatalyst [4].

One of the most commonly used photocatalysts is

Therefore, one

TiO,. TiO; is a semiconductor with high photocatalytic

activity, non-toxic, relatively inexpensive, and has good
stability in aqueous solutions [5]. TiO, is a polymorph
with large bandgap values of 3.20, 3.02, and 2.96 eV for
anatase, rutile, and brookite phases, respectively [6].
Anatase normally exists in the sol-gel product, while
brookite is formed as a by-product of precipitation
under the acidic condition at low temperature. Pure
brookite has a rather difficult preparation method than
anatase [7]. Among other polymorphs, anatase phase of
TiO, is considered to exhibit the best photocatalytic
activity based on the dynamics of charge carriers,
chemical properties, and activity in photocatalytic
degradation of organic compounds [8]. With a bandgap
value of 3.20 eV, the maximum wavelength absorption
of anatase is at the range of 200-400 nm, in which the
UV region included. The sunlight spectrum consists of
5-7% of UV light, 46% of visible light, and 47% of
infrared radiation. Therefore, modification of TiO; is
necessary to shift the absorption to the visible-light
region to increase its photocatalytic activity [9].
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TiO, modification is performed with different
methods, including by doping using transition metals [10]
and coupling TiO, with other semiconductors [11]. TiO,
doping with Co®" transition metal has a higher
photocatalytic activity than pure TiO, and shifts the
absorption to the direction of visible light [12-13]. The
higher content of the Co dopant added to TiOs is able to
reduce bandgap value from 3.20 to 2.50 eV [14].

Zirconia (ZrO,) has a good thermal and chemical
stability, excellent strength, and high stability against
photo-corrosion, thus making it a promising photocatalyst
[15]. ZrO; coupled with TiO, (ZrO,-TiO,, ZrTiO,) can
produce a composite with higher photocatalytic activity
compared to pure TiO,, smaller bandgap than pure ZrO,,
and good thermal stability [16]. Syoufian et al. successfully
synthesized photo-active zirconium titanate hollow
spheres through the sol-gel method using sulfonated
polystyrene as the template [17]. Doping of iron and
copper into the ZrTiO; structure is proven to broaden its
absorption spectrum onto visible region [18-19].

In this research, Co-doped ZrTiO4 was synthesized
by the sol-gel method. The sol-gel method was chosen
because it offers several advantages, such as an easy
process, simple equipment, homogeneous phase, the
ability to control the crystal size, nano-sized powder with
high purity, and low-temperature condition [20-21].
Various contents of cobalt dopant were applied to study
their performance in shifting the absorption of Co-doped
ZrTiO4. Embedding the Co-doped TiO; on the surface of
ZrO, was conducted to inhibit the anatase-to-rutile
transformation. Higher calcination temperatures were
applied to study the stability of the anatase phase under
ZrO, presence.

m EXPERIMENTAL SECTION
Materials

Titanium(IV) (TTIP) (97%,
Sigma-Aldrich) was used as the precursor of TiO..

tetraisopropoxide

Zirconia fine powder (Jiaozuo Huasu) and cobalt(II)
sulfate heptahydrate (CoSO4+7H,0O) (Merck) were the
source of ZrO, matrix and Co dopant, respectively.
Absolute ethanol (Merck) and demineralized water (Jaya
Sentosa) were chosen as solvents.
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Instrumentation

The crystal structure of the material was analyzed
by X-ray powder diffractometer (XRD) PANalytical
X’Pert PRO MRD instrument with CuKa radiation.
(FT-IR)
analysis was conducted using Thermo Nicolet iS10.

Fourier-Transform Infrared Spectrometer

Specular Reflectance UV-Vis spectrophotometer (SRUV)
UV1700 Pharmaspec was used to measure the ultraviolet
and visible (UV-Vis) absorption of composites. Surface
structure was observed with scanning electron
microscope equipped with energy dispersive X-ray

spectrometer (SEM-EDS) FlexSEM1000.
Procedure

Co-doped ZrTiO, was synthesized by the sol-gel
method. 2.5 mL of titanium tetraisopropoxide (TTIP)
precursor was dissolved in 25 mL of absolute ethanol
and stirred for 30 min. 1 g of ZrO, powder and a certain
amount of CoSO,-7H,0O with various concentrations (0,
1,3,5,7,and 9% (Co wt./Tiwt.)) were dissolved together
in 25 mL of demineralized water. Diluted TTIP was
Zr0,-CoS0,47H,0
suspension. The mixture was further stirred for 30 min

added dropwise into aqueous
and separated by centrifugation at 2000 rpm for 1 h. The
obtained solid was aged in the open air for 24 h and then
heated at 80 °C for 24 h. Composites with various Co
dopant contents were calcined at 500 °C for 4 h. The
composite with 5% of dopant content was calcined at
700 and 900 °C to observe the influence of calcination
temperature. All samples were characterized by using
XRD, FTIR, SEM-EDS, and SRUV spectroscopy.

m  RESULTS AND DISCUSSION

Characterization of the crystalline phase was
investigated by comparing the pattern of synthesized
materials with references. Fig. 1 shows diffraction
patterns of Co-doped ZrTiO, with various Co contents
calcined at 500 °C. Diffraction patterns of composites
show that the highest peaks belong to the two crystal
phases, the anatase phase of TiO, and the monoclinic
phase of ZrO,. The anatase peaks were observed at 25°
and 48°, while the monoclinic peaks were observed at 28°
and 31°. Characteristic diffraction peaks of TiO, anatase
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Fig 1. Diffraction patterns of (a) TiO,, and Co-doped ZrTiO, with (b) 0, (c) 1, (d) 3, (e) 5, (f) 7, and (g) 9% (Co wt./Ti wt.)

of Co contents calcined at 500 °C

phase (ICDD: 00-001-0562) appear at 25° (di01), 37° (di03),
and 48° (do). On the other hand,
diffraction peaks of ZrO, monoclinic structure (ICDD:
00-036-0420) appear at 28° (di01), 31° (di11), and 34° (doo2).
There was a decrease in the peak intensity of anatase along

characteristic

with an increase in Co dopant content. The higher
contents of Co dopant add more Co atoms entering the
crystal lattice. This causes the crystal structures to be
irregular and less crystalline.

Fig. 2 shows diffraction patterns of 5% Co-doped
ZrTiO4 with various calcination temperatures and the
reference material of TiO, calcined at 500 °C. The XRD
patterns of TiO, and Co-doped ZrTiO; calcined at 500 °C
show the peaks of two crystalline phases, anatase and
monoclinic. The diffraction pattern of Co-doped ZrTiO4

calcined at 700 °C shows that there was a phase
transformation from anatase to rutile, as seen by the
appearance of rutile peaks at 27° and 35° (ICDD: 00-004-
0551; 27° (d110), 36° (d101), and 54° (dz11)). The intensity
of rutile patterns was higher in Co-doped ZrTiO,
calcined at 900 °C, which corresponds with the result of
previous works [18-19,22]. Anatase peak at 25° was
visible with low intensity in the composites calcined at
500 and 700 °C, indicating that the presence of ZrO,,
which is dominant as supporting material, can inhibit
the anatase to rutile transformation [23].

Fig. 3 presents the FTIR spectra of Co-doped
ZrTiO4 with various Co contents and TiO, as a reference.
All the samples were calcined at 500 °C. The results are
in correspond with previous work [24], in which the
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Fig 2. Diffraction patterns of (a) TiO, calcined at 500 °C, and 5% Co-doped ZrTiO, calcined at (b) 500, (c) 700, and
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Fig 3. FTIR spectra of (a) TiO,, and Co-doped ZrTiO4
with (b) 0, (¢) 1 (d) 3, (e) 5, (f) 7, (g) 9% (Co wt./Tiwt.) of
Co contents calcined at 500 °C

absorption of the Ti-O-Ti bond at the wavenumber of
400-600 cm™ tended to weaken as the Co content
that cobalt had been
successfully doped on composites. The Ti-O-Ti

increased. This indicates
vibration is hindered by the presence of Co dopant on
the ZrTiO, structure. Absorption at a wavenumber of
1635 cm™' shows the -OH bending vibration of H,O, and
the absorption at a wavenumber of 3300-3700 cm™
belongs to the ~OH stretching vibration of H,O. These
are also in correspond with the results of previous work
[25]. There was a vibrational band on Co-doped ZrTiO,
spectra that appeared and elevated around 1100 cm™ as
the cobalt content increased. The band is possibly
designated to be either Co-O-Zr or Co-O-Ti vibration,
or may even possibly be both.

Fig. 4 presents the FTIR spectra of 5% Co-doped
ZrTiO4 with various calcination temperatures together
with TiO; calcined at 500 °C as reference. In general, the
spectra show that composites with higher calcination
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temperatures had decreasing stretching vibration of ~-OH
(3300-3700 ¢cm™) and bending vibration of H-O-H
(1635 cm™) in H,O (the intensity decreased and the peak
widened). These are caused by the decrease of water
content in the synthesized material due to the high
heating temperature during the calcination process. The
absorption of the Ti-O-Ti bond also decreased as
calcination temperature increased. This is caused by the
phase transformation from anatase to rutile. The bond
length of the anatase phase is shorter than the rutile phase,
thus resulting in different vibrational energy.

The SEM image of doped ZrTiO, containing 3% of
cobalt content calcined at 500 °C is shown in Fig. 5, and
its corresponding EDS analysis is presented in Table 1.
EDS analysis shows that the Co dopant and TiO, were
successfully embedded on the surface of ZrO,. The
synthesized composite appears to be in microsize with an
estimated particle diameter of around 2-5 pm.

Fig. 6 shows the absorption spectra of Co-doped
ZrTiO,, whereas the corresponding bandgap values of
Co-doped ZrTiO, are shown in Table 2. Based on the UV-
Vis absorption results, turning points of synthesized
materials had already at a wavelength higher than 400 nm
(visible range). All synthesized composites show a lower
bandgap than TiO,. The results are in correspond with the
previous work [14], in which Co addition had succeeded
in reducing the bandgap value from 3.14 eV to 2.94 eV
with the optimum content of 3%. While at Co dopant
contents more than 3%, the absorption edge returned to
the lower wavelength. The bandgap value increased
because of the diminishing doping effect and emerging
heterojunction effect. The bandgap of 5% Co-doped
ZrTiO4 calcined at 700 and 900 °C are lower than that of
500 °C. Based on the diffraction data, the rutile phase of
5% Co-doped ZrTiO4 emerged as calcination temperature
arose. Higher calcination temperatures shift the bandgap

915

of Co-doped ZrTiO, due to the higher content of the
rutile phase, which has a lower bandgap than anatase.
Our results show that all Co-doped ZrTiO, had relatively
small bandgap and should be a potential photocatalyst
under visible light application.

(d)

(c)
(b}
(a)

Transmittance (a.u.)

3500 3400 2500 2400 1900 1400 S00 400
Wavenumber {cm-1)

Fig 4. FTIR spectra of (a) TiO, calcined at 500 °C, and
5% Co-doped ZrTiO, calcined at (b) 500, (c) 700, and
(d) 900 °C

500 °C

Table 1. EDS analysis of 3% Co-doped ZrTiO, calcined at 500 °C

Element Weight %  Atomic % Net Int. Error % K ratio Z A F
OK 42.68 74.91 334.55 9.87 0.0629 1.1622 0.1268 1.0000
ZrL 30.22 9.30 766.97 1.12 0.2486 0.8231 0.9990 1.0012
TiK 26.14 15.32 782.62 2.05 0.2257 0.9196 0.9301 1.0101
CoK 0.96 0.46 16.23 5.41 0.0086 0.8882 0.9616 1.0454
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Fig 6. UV-Vis absorption spectra of various Co-doped ZrTiO,

Table 2. Bandgap data of TiO, and Co-doped ZrTiO,

Composites Eg (eV)
TiO, 500 °C 3.14
Co-ZrTiO4 1% 500 °C 2.96
Co-ZrTiO4 3% 500 °C 2.94
Co-ZrTiO4 5% 500 °C 3.02
Co-ZrTiO4 5% 700 °C 2.97
Co-ZrTiO4 5% 900 °C 2.94
Co-ZrTiO4 7% 500 °C 3.03
Co-ZrTiO4 9% 500 °C 3.06

m CONCLUSION

Synthesis of Co-doped ZrTiO, as a potential visible-
light responsive photocatalyst by the sol-gel method had
been successfully conducted. This was proved by the UV-
Vis absorption spectra which show the absorption edge of
composites at a wavelength more than 400 nm (visible
range). The addition of Co dopants shifts the absorption
of ZrTiO, to the visible light region. The optimum content
of the Co dopant is obtained at 3% (Co wt./Ti wt.) with an
optimum calcination temperature of 500 °C to give the
bandgap value of 2.94 eV. The presence of ZrO, in
composites inhibits the phase transformation of anatase
to rutile at high temperatures (700 and 900 °C). All
materials have displayed visible-light-response as a
potential photocatalyst.
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Abstract: A kinetic study of HTPB synthesis by radical polymerization of butadiene with
hydrogen peroxide initiator was conducted using infrared spectroscopy. HTPB conversion
was determined based on the conjunction termination rate constant, and all
polymerization kinetics were evaluated to identify the constant. All polymerization steps
(decomposition, initiation, propagation, conjunction, and proportional termination) can
be evaluated based on polymer conversion and functionality from data provided by
infrared spectroscopy. The investigation variables included the initial molar ratio of
initiator to monomer (H.O/butadiene) and the reaction temperature. These steps were
assumed as the first-order reactions, giving constant reaction rates of ka, ka, kp, ks, ki, and
ki The reaction rates obtained for these constants were 4.2 x 107 sec, 8.9 x 107, 7.7 x
10° 8.5 % 107, 3.2 x 107 and 5.3 x 10’ L mol™ sec”, respectively, with activation energy of
7608, 14188, 2247, 105, 87 and 135 kJ mol™, respectively. The determining step of the
reaction rate was identified as the initiation reaction. HTPB conversion can be measured
if all polymerization kinetics constants have been evaluated.

Keywords: polymerization; HTPB; butadiene

m INTRODUCTION

Polyurethane based on hydroxyl-terminated
polybutadiene (HTPB), in recent years, has been used as a
solid propellant binder for satellite-launcher-motor
boosters and ICBM (intercontinental ballistic missile)
motors [1-2], because it has good mechanical properties
at rocket operating temperatures. Polyurethane based on
HTPB is synthesized by copolymerization of HTPB and
isocyanates, such as toluene diisocyanate (TDI) or
isophorone diisocyanate  (IPDI). Research into
polyurethane based on HTPB as a propellant binder has
been conducted since 1945 [3]. Initially, this research
focused on HTPB/isocyanate composition related to its
mechanical and viscous-elasticity properties. Subsequent
research has focused on the effect of HTPB structures
such as chain length, isomers, hydroxyl value, and
molecular weight distribution. In the last ten years,
research into polyurethane based on HTPB has looked at
increasing the energetic properties of the binder by

substituted HTPB with nitro, azide, and oxy functional
groups [4-7]. HTPB is a polybutadiene with two chains
of hydroxyl groups that have been particularly studied in
its use in propellant materials. HTPB can be synthesized
by ionic, ionic-coordination, and radical polymerization
of butadiene. HTPB produced by ionic and ionic-
coordination polymerization has narrow molecular
distribution weight, but this type of production requires
a highly complex reaction, which is expensive to carry
out [3-5]. In contrast, HTPB produced by radical
polymerization has broad molecular weight distribution,
but its formation reaction is simple and cheap. HTPB is,
therefore, generally produced by radical polymerization
of butadiene using a hydrogen peroxide initiator [3,8].
The synthesis mechanism for HTPB by radical
polymerization of butadiene with hydrogen peroxide
initiator is (1) decomposition of hydrogen peroxide
producing hydroxyl radicals, (2) monomer initiation by
hydroxyl radicals producing radical monomers, (3)
propagation of radical monomer growth with
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monomers producing radical polymers, (4) termination
of radical polymers producing ‘dead polymers’ [9-10].
steps are
involving  both

Termination simultaneous mechanisms

conjunction and disproportional
reactions. Conjunction termination would produce
HTPB, while disproportional termination would produce
mono hydroxyl polybutadiene (HPB) [4]. Given this
mechanism, the study of the kinetics of HTPB synthesis
requires at least two data sets to be retrieved. The
initiation and termination steps are fast reactions [8], and
data kinetics are limited by polymer weight and average
molecular weight. Therefore, the difficulty is encountered
in data retrieval, given the fast reaction rate of the process.
For this reason, it is assumed that in the kinetics of HTPB
synthesis, termination and initiation rates are the same,
and simultaneous conjunction and disproportional
termination are ignored [10].

This approach resembles the olefin polymerization
kinetics for rubber applications [7-8]. The kinetic of
radical polymerization of butadiene and other diene
compounds and olefins for rubber applications has been
explored since 1940 [11-12]. The polybutadiene in rubber
applications has hydrogen-ended functional groups, and
polymerization usually uses a peroxide initiator, a redox
system, and other strong oxidizers. Wibowo assumes that
the ratio of HTPB and mono hydroxyl polybutadiene
(HPB) conversion is constant, but this data cannot be
satisfied statically [13]. The aim of this research is to
explore all the kinetic steps of HTPB synthesis using at
least three sets of data retrieved in a manner suitable for
fast reaction rates.

The kinetics of radical polymerization can be
evaluated based on the presence of increased polymers or
decreased monomers. Decreased monomers can be
observed from their pressure [14-15], while increased
polymers can be evaluated from their weight and chain
extent or molecular weight. Unfortunately, decreased
monomers and increased polymers cannot be
simultaneously identified. The polymer molecular weight
can be evaluated via colligative property measurement,
viscosity, light scattering, size exclusion chromatography
and gel permeation chromatography [16-18]. The

polymer extent of a reaction can also be identified by
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infrared spectrometry, based on double bond absorption
and type of isomer (cis, trans and vinyl isomers)
[12,14,19]. Kinetic study of HTPB synthesis by infrared
spectroscopy is the most commonly used method
because it is fast, cheap and simple to perform.

Infrared spectrometry using adsorption infrared
spectra at wavenumber 2250 cm™ can be applied to
determine hydroxyl value and functionality of
polybutadiene and HTPB [20-22]. The functionality of
HTPB is a ratio of average hydroxyl chain to
polybutadiene structure. Based on this functionality, the
ratio of mono hydroxyl polybutadiene and hydroxyl
terminated polybutadiene (HTPB) can be estimated and
infrared analysis of polybutadiene can be used to
determine the extent of reaction and functionality. All of
the constant reaction steps in HTPB synthesis should be
evaluated using at least two kinetic data items, and this
research, therefore, includes the conjunction and
disproportional steps in studying the kinetics of HTPB
synthesis via infrared spectroscopy to describe HTPB
conversion, average functionality, and molecular weight
distribution. Through this approach, all kinetic data for
HTPB synthesis can be explored.

In HTPB synthesis by radical polymerization of
butadiene wusing a hydrogen peroxide initiator,
butadiene is radically polymerized via initiation,
propagation and termination stages [6-7]. The initiation
stage involves the dissociation of hydrogen peroxide
(H:0,) to produce hydroxyl radicals (OH*®) which then
react with t monomer butadiene (CsHs), producing
radical monomer chains with hydroxyl groups (HO-
C4Hs"). The propagation stage involves the growth of the
polymer. The active radical monomers (HO-C,H¢")
react with other monomers to produce radical active
dimers (HO-(C4Hg)."). Polymer activity develops by the
addition of monomer butadiene to produce higher
polymer radical actives (HO-(CsH¢)."). The growth
activity of the polymer radicals is terminated by
reactions between polymer radicals producing dead
polymers, via the active polymer radical (HO-(C4Hs)x)
reacting with the other active radical polymers (HO-
(CsHe)y").  The proceed by
combinatorial-type reactions producing HTPB with two

termination can
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end hydroxyl chains (HO-(CsHe)xy-OH)  or
proportional-type reactions producing two dead
polymers, HO-(C4Hs)x and HO-(C,Hs)y, with one of the
dead polymers having a double bond. Functionality is
identified as the total of dead polymers of both two-
hydroxyl-chained (HTPB) and one-hydroxyl-chained
(mono hydroxyl polybutadiene) types. Based on the
enthalpy of formation, disproportional-type reactions
need higher energy than combinatorial-type reactions [8-
9]. By means of this kinetic model, all of the kinetic data
(rate constants), including the combinatorial and

proportional steps, can be effectively evaluated.
m  EXPERIMENTAL SECTION
Materials

Butadiene 98% used in this research was produced
by Aneka Gas Co Ltd., Jakarta, Indonesia and was distilled
to remove tert-butylcatechol. The hydrogen peroxide
used was in pure analysis grade, and the solvent used was
toluene.

Instrumentation

The reactor used was an autoclave of 1-L capacity
equipped with a stirrer and hot fluid control. A closed
FTIR cuvette was connected to the reactor and the
solution from the reactor was continuously circulated to
it.

The in-situ HTPB product was identified by FTIR
(Fourier transform infrared spectrometry). FTIR outputs
were measured at ambient conditions at the wavenumber
range of 400-4000 cm™ using an FT-IR spectrometer
(Prestige-21). HTPB was identified at wavenumber of
3500, 1700, 710, 790, and 910 cm™ for specific absorption
of hydroxyl and CH, and cis, trans and vinyl isomers [6].
HTPB was observed for absorption bending vibrations
(wagging) of the CH groups in the cis-HTPB unit at a
wavenumber of 730 cm™, for out-of-plane (wagging)
vibrations of the CH, groups near the double bond of the
vinyl-HTPB units at 910 cm™, and for out-of-plane
(wagging) vibrations of the CH groups near the double
bonds in trans-HTPB units at 970 cm™.

The polymer concentration was measured for
absorbance at wavenumber 1750 cm™ via bending

then
extrapolated to a standard curve using Beer’s law [12].

vibrations (wagging) of the CH groups,
The standard solution was HTPB in toluene at
concentrations of 1.0 x 107, 5.0 x 107, 1.0 x 107, 5.0 x
10*and 1.0 x 10° mol L.

The hydroxyl number of HTPB was determined by
observing FTIR uptake values at wavenumber 3450 cm™
as specific uptake for hydroxyl groups [1]. The
absorbance of hydroxyl groups was then extrapolated
with standard alcohol 1,4-butanediol and 1-butanol. In
this research, standard alcohol was a mixture of 1,4-
butanediol and 1-butanol (mol/mol) at 1.0, 1.1, 1.2, 2.0.
The functionality of 1-butanol is 1 and 1,4-butanediol is
2.

Procedure

Butadiene was reacted with hydrogen peroxide in
a 1-L autoclave for 60 min in inert nitrogen conditions.
The reaction was isothermal and conducted at 100 °C
and 25 bar pressure. The extent of the reaction and
functionality was measured by FTIR spectroscopy at
wavenumber of 3450, 730, 790 and 910 cm™ [1,4,7].
Reaction parameters were initiator and reaction
temperatures.

The effect of the initiator on polymerization
kinetics was studied by adjusting the initial
H,O,/butadiene ratio (mol/mol) to 10, 20, 30 and 32%,
and the reaction was carried out at 100 °C, 25 bar, and
stirrer speed of 100 rpm. The initial butadiene
1 M. The effect of reaction
temperature on polymerization kinetics was studied by

concentration was

adjusting the reaction temperature to 100, 110 and 118 °C
at a pressure of 25 bar, initial H,O,/butadiene ratio of
10%, and stirrer speed of 100 rpm.

Kinetic model
The polymerization of butadiene with hydrogen
initiator occurs radical

peroxide through free

mechanisms [8]. The reaction is started by the
dissociation of hydrogen peroxide to form a pair of
hydroxyl radicals (OH® with dissociation rate constant
of ky. The reaction of hydroxyl radical (OH*) and
monomer butadiene (H,C=CH-CH=CH,) produces the

radical-ended monomer *H,C-CH=CH-CH,OH with
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adding monomer reaction rate of k,. The initiation step,
therefore, comprises the dissociation of hydrogen
peroxide and the adding of monomer reaction. The
propagation reaction is started by radical-ended dimer
*(H,C-CH=CH-CH,),OH production from radical-
ended monomer *H,C-CH=CH-CH,OH and another
monomer. The radical-ended dimer then reacts with
another monomer to form radical-ended trimer *(H,C-
CH=CH-CH,);OH. These propagation reactions occur
repeatedly so that the radical-ended polymer acquires a
longer chain length °(H,C-CH=CH-CH,)OH. The
propagation rate is constant at steady-state and radical-
ended polymer reactivity in the chain growth is the same.
Individual propagation reactions are identified as rp;, rp.,
..., rp; following the extent of the reaction. These
propagation reaction steps have the same reaction rates
because the activity of the radicals is the same (their
activity is not affected by the size of the molecule). The
radical-ended polymer reactivity in chain growth is the
all propagation stages
characterized using the same reaction rate constant of k;

same. Therefore, can be

[8-10]. The termination step occurs in simultaneous

combinatorial and proportional reactions [7]. *H,C-
CH=CH-CH,(H,C-CH=CH-CH,),-OH and other
polymer-ended radicals produce mono hydroxyl

polybutadiene with a double bond, H,C-C=H-
CH=CH,(H,C-C=H=CH-CH,),-OH, and
mono hydroxyl polybutadiene with a single bond H;C-
CH=CH-CH;(H,C-CH=CH-CH,),~OH. The junction
or combinatorial reaction is a covalent bond reaction of
the radical-ended polymer °*(H,C-CH=CH-CH,),-OH
and the other radical-ended polymer *(H,C-CH=CH-
CH,),~-OH to produce HTPB, HO(H,C-CH=CH-
CH,)xy~OH. The combinatorial and proportional

another

termination rate constants are ki and k.

The initiator decomposition, initiation, propagation
and termination reactions in the radical polymerization of
butadiene are simplified as presented in Equations 1 to 5.
Compound I is the initiator, R and A are butadiene
monomers, RP;j are active polymers with chain length i,
and RP; and RPjR are stable polymers bound to hydroxyl
groups R with chain length j. The initiator decomposition
reaction rate constant is ks, the monomer adding rate

Indones. I. Chem., 2020, 20 (2), 919 - 928

constant is k,, the propagation rate constant is k, and the
termination rate constant is k. The combinatorial
reaction rate constant in the termination reaction is kg
and the disproportional reaction rate constant in the
termination reaction is ka. These polymerization
kinetics are the assumed first order:

kd
1->2R (1)
ka
R+A—RP (2)
kP

RP, + A—>RP;, (3)
ktc

RP, +RP, 5P, (4)
ktd

RP, +RP; > P, +P, (5)

The reaction rate equation of initiator dissociation
is expressed in Eq. (6). The reaction rate equations of the
polymerization steps (initiation, propagation, and
termination) are expressed in Eq. (6) to Eq. (10).
Polymer concentration comprises all polymers with
chain extent from j = 0 to j = n, [P]o = XL, P. The active
M]o
polymers with chain extent from j =0 to j = n, [M], =

radical concentration comprises all radical

Y=o RP,. The termination rate constant is the sum of
combination and disproportion rate constants (k.= ki +

ktd)-

__di_
Rg= dt 2fk4[1] ©
__dAl_
I 9
R, =_%=ka[A] [P ]+k,[A][P] ®)
d[P],
=g R 2Pl ®
dM
Ry=- [dt]o = (2ky +kyg) [PTg (10)

Monomer A is initiated by hydroxyl radicals
followed by
continuous propagation with polymer radicals growing

forming radical-ended monomers
their size/length of chain. Through polymer radical
growth, radical concentration is constant (steady-state)
until the rate of radical forming is zero (R., = 0). Eq. (9)
would express in Eq. (11).
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1/2
tk
t

The equation of propagation rate would be
expressed by substituting Eq. (11) into Eq. (7) to form Eq.
(12).

k
e
t

Eq. (6) is merged with Eq. (9) then integrated with 8
= (ke/k) and a = (-kgt) to express initial monomer
concentration [A],, expressed in Eq. (13) where M, is the

molecular formula of monomer butadiene [11].

Monomer conversion is X = [A]/[A]o.

[Aly =Q-B)f[I]y(1-a) (13)

M, - (Mo ~ (MM, (14)
([Plo +[M]y)

M. o BoXMy (15)

" ([P]() + [M]o)
Eq. (16) is formed from merging Eq. (10), (12) and
(15) and would apply to the calculation of the termination
rate constant k.. The values of k. and  can be evaluated
based on each change of average molecular weight and

weight of the polymer.
12 12 12
[w] :(ﬁj +(2_[3)(1_a)[%] (16)
[I]() a kt (04

The propagation rate constant k; is calculated from
Eq. (6). The constant (k,/k.*) is calculated as the slope of
plotting R, to R; or Ry, to (fka[I]o"*[A]o).

Polymer functionality (fon) is the equivalent total of
hydroxyl groups bonded in the polymer (polybutadiene).
Polymers are a mixture of mono hydroxyl polybutadiene
(RM;) and hydroxyl terminated polybutadiene (RM;R)
[9]. The functionality of the polymer is expressed in Eq.
(17).

(2[RM;]+[RM;R])
O ([RM; ] +[RM;R])

The total polymer produced is P with P = 2[RM;] +
[RMjR]. RM; is eliminated from Eq. (17) to become Eq.
(18).

(17)

[RM,]=1-—— (18)

OH
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The
increasing rate of polymer RM;jR expressed by Eq. (19).
Eq. (20) is the integration of Eq. (19) with the initial
condition [RMjR], = 0 and HTPB concentration at time
t of [RMR].
d[RM,R]

combinatorial termination rate 1is the

— kg [RM;R] (19)

In[RM;R] =kt + constants (20)
Eq. (18) is to be substituted into Eq. (20) to form
Eq. (21), which is the relationship equation of the
polymer produced (HTPB) and the functionality of the
polymer as the time of reaction. The disproportional
termination rate constant ky is the slope of plotting In(1
- P/fon) as time t. The conjunction termination rate
constant ki is the deviation of k; and ki (ki = k-kua).

ln(l—%OH): kgt (21)

The polymer concentration was determined by the
absorbance of polymers at wavenumber 910 cm™ at the
time of reaction.

m  RESULTS AND DISCUSSION

HTPB was identified by infrared spectroscopy at
wavenumber 400-4000 cm ™" and its infrared spectrum is
shown in Fig. 1. The HTPB compound was identified
based on infrared absorption at 3450, 1730, 710, 910, and
970 cm™, a specific absorption for the hydroxyl group,
C-C bond, and C=C bond with cis, trans, and vinyl
isomers [12-13]. The presence of a hydroxyl group
indicates that the polybutadiene has hydroxyl groups. The

Absorbance
o
(%3]

4000 2500 2000 2500 2000 17501500 1250 1000 vED 500
Wavenumber [cm-1)

Fig 1. Infrared spectra of polybutadiene
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absorbance at wavenumber 710, 910, and 970 cm™ were
sharp and strong. The absorption at 930 cm™ implied
increasing HTPB. The functionality of HTPB was
observed at wavenumber 3450 cm™'.

The absorbance of polybutadiene infrared spectra
every ten minutes was observed at wavenumber 910 and
3450 cm™ (Table 1). The HTPB concentration was linear
to absorbance (Beer’s law) [12]. The HTPB concentration
was calculated based on absorbance at 910 cm™ (Asyo) using
Beer’s law in Eq. (22) [12]. The functionality of the
polymer was measured based on absorbance at 3450 cm™
(Asss0) using Eq. (23). The € and b are molar attenuating
coefficient or absorptivity of the attenuating species and
the optical path length, respectively

P=—A9113° (22)
(S

A
RM, |=—340 23
[RM; J=—= (23)

The HTPB concentration and functionality every
ten minutes are shown in Table 1. Initial condition was

Indones. I. Chem., 2020, 20 (2), 919 - 928

[A]o = 0.00023 mol L and [I], = 0.00002 mol L. The
polymer produced (XM,) was calculated from the
absorbance of the infrared spectra at 1750 cm™'.

To study the kinetic model, the ([A]oXMa/M.,)/
([TJoar)”* was plotted to the (1-a)([I]o/a)” and expressed
in Fig. 2 based on Eq. (16). The value of (2-p) is the slope
of this curve. The value of (fka/k:)” is the intercept of this
curve. The value of B (ki/k:) and (fka/k;)” are 12,001 and
8.5 x 1 0" mol L™ sec™. The value of fks was calculated
from the decomposition data of hydrogen peroxide in
the various solvents [17]. The dissociation rate constant
of hydrogen peroxide in toluene is 4.2 x 10~ sec™ [15].

The propagation rate constant k, was calculated
from Eq. (6). The constant (k,/k.*) was calculated as the
slope of plotting R, to R; or R, to (fkq[I]o”*[A]s) as
expressed in Fig. 3. The value of (k,y/k:*) is 4.62 and the
value of k;, is 7.7 x 10° mol L™! sec™.

The disproportional termination rate constant (k)
is the slope of curve In(1-P/fox) as time t as expressed in

Table 1. HTPB concentration and functionality at 100 °C and pressure of 25 bar

Time (min)  Absorbance at 910 cm™  Absorbance at 3450 cm™  Cp (mol L) fon-|[RMR]/[RM]
10 0 0 0 1
20 0.23 0.05 0.00023 1.11111
30 0.35 0.16 0.00035 1.35556
40 0.48 0.31 0.00048 1.68889
50 0.58 0.41 0.00058 191111
60 0.62 0.42 0.00062 1.93333
0.0020 « 32 -
31 4
0.0018 4
L
= 30 |
8
= 0.0016 ; 2 26
= =
= 0.0014 & 28
b=
o
< 27
0.0012 4
25 o
0.0010 v v v . 25 r v r v r T v
0020 0.025 0.030 0.035 0.040 54 56 5.8 5.0 5.2 6.4 6.6 6.8
(1-a)({[oa).5 Trd[A]0~[]0 x105

Fig 2. Curve ([A]oXMa/M,)/([I]oa)” versus (1-a)([I]o/a)”

Fig 3. The curve of R, to (fka[I]o*[Al]o)
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I:I..1.5..?;|:|---'-1-E-..6.E|..T.E
Time (min)
Fig 4. Plotting In(1-P/fon) as time t

Fig. 4. The value of (k/kw) is 2.5. The conjunction
termination rate constant k. is the deviation of k; and k.
The value of ki, ky, and ki are 8.5 x 10’ mol L sec’}, 3.2
x 107, and 5.3 x 10’ L mol™! sec™.

Based on the radical polymerization mechanism and
the value of their rate constant, value of kg = 4.2 x 10~ sec™’,
ki =8.9%x 10" L mol™” sec’’, k, = 7.7 x 10° L mol™ sec™’, k, =
8.5x 10’ Lmol!sec™!, ky=3.2 x 10’ L mol™ sec™!, and k. =
5.3 x 10’ L mol™ sec’. The determining polymerization
rate is the lowest step reaction rate. Therefore, the
determining polymerization rate is the initiation reaction
which has the lowest reaction rate constant (2.5 x 10™* L
mol™ sec™).

The monomer radical forming rate is faster than the
initiator decomposition (k; > kp) indicating that the
monomer radical forming step determines the initiation
rate. Every hydroxyl radical formed directly reacts with a
butadiene monomer to produce a monomer radical. This
phenomenon corresponds to Flory’s statement that the
speed of initiation in radical polymerization is
represented by the reaction of the formation of a radical
monomer [13,16].

The k, value is almost equal to k; indicating a
competitive reaction, each forming of a monomer radical
being followed by the growth of the polymer radical. The
overall polymerization reaction rate is an exponential
curve as shown in Fig. 4. Initially, the polymerization
reaction grows rapidly with the formation of monomer

radicals. When the monomer radical formation reaction is
complete, the growth of the polymer will decrease [16-17].

The (ky/kt”) value of 2.56 indicates that the
propagation rate is faster than the termination rate. On
polymerization, at 100 °C and a pressure of 350 psi the
polybutadiene formed has a long chain. The reaction at
90 °C and a pressure of 350 psi obtained (ky/k:*) = 0.07,
indicating that the polymer is not formed because all of
the growing polymer radicals will directly become dead
polymers. Thus, the requirement for polybutadiene
formation is a minimum temperature of 100 °C at a
pressure of 350 psi.

The value of ky is higher than k. indicating that
more HTPB is produced than monofunctional
polybutadiene. The value of ku/ki of 1.6 indicates that
polymer functionality is 1.6. HTPB formation is faster
than the formation of mono functional polybutadiene.
The results show that the functionality of polymer can
be used to study the termination reactions of both
disproportional and combinatorial termination in the
radical polymerization of butadiene. This result refines
the study of butadiene polymerization kinetics by using
average molecular weight data and conversion based
only on the termination rate [15,17].

According to Eq. (13) and Fig. 2, the
polymerization rate (R;) is directly proportional to exp(-
kat/2), [A][I]o”*, and ky/k*. The polymerization rate is
exp(-kat/2)
decomposition rate decreases exponentially as more

proportional to indicating that the

initiators are used for polymerization. The
polymerization rate is directly proportional to [A][I]o",
indicating that the polymerization rate is directly
proportional to the initial initiator and initial monomer
concentration. The overall polymerization rate is
directly proportional to the initial initiator
concentration. This value is the same as that for the
radical polymerization of both olefin and styrene [14].
The polymerization rate is proportional to (ky/k:*)
indicating that polymerization will occur if the value of
(kp/k(*) is greater than one, so propagation will take
place before termination occurs. The calculation results
show that the value of (k,/k.*) is 2.56, and so maintained

polymerization will take place.
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Table 2. Polymerization rate constants of HTPB and TDI

Reaction rate constant

Initial H,O,/butadiene ratio (%mol/mol)

10% 20%

30% 32%

42 %107
8.9x10™
7.7 x 10°
8.5 x 107
5.3 x 107
3.2 x 107

kq (sec™)

k. (L mol! sec™!)

k, (L mol™ sec™)
k; (L mol™ sec™)

ki (L mol™ sec™)
ki (L mol™ sec™)

42 x 107
8.9x10™
7.7 x 10°
8.5 x 107
5.3 x 107
3.2 x 107

42x107° 42x107°
89x10™* 89x10™*
7.7 x 10° 7.7 x 10°
8.5 x 107 8.5 x 107
5.3 x 107 5.3 x 107
3.2x 107 3.2x 107

Effect of Initiator

The reaction rate constants kg, ka, kp, ki, ki, and kg
were calculated using Eq. (16) for different initial
H,O,/butadiene ratios and the results are presented in
Table 2. These results indicate that there is no difference
in the polymerization rate if the polymerization steps are
the same and that the different initial H,O,/butadiene
ratio does not change the polymerization rate constants of
each step. Based on the calculation of the values of kg, ki,
kp, ko ke, and ki, the developed kinetic model had an
average error of 1.9% in comparison to experimental data,
so the model represents real kinetics for different initial
H,O./butadiene ratios. Therefore, the increasing initial
concentration of the initiator significantly increases the
reaction rate.

Effect of Reaction Temperature

Reaction  temperature  significantly  affects
polymerization, following the Arrhenius equation, as
presented in Eq. (14). The effect of reaction temperature
on polymerization rate constants can be evaluated based
on collision frequency factor and reaction activation
energy. To calculate these variables, polymerization of
butadiene was conducted at various reaction temperatures
(100, 110 and 118 °C). After reaction rate constants were
calculated, In(k;) was plotted versus (1/T), as can be seen
in Fig. 5. According to the Arrhenius equation, the
intercept is In(A) and the slope is (-E/R). The collision
frequency factor and reaction activation energy for each
reaction rate constant is presented in Table 3.

The activation energy of each reaction step shows the
effect of reaction temperature on the reaction rate constant.
The initiation reaction needs higher energy than the other

reactions. Based on Table 3, the initiation reaction can be

20 +

= n kd
#In ki
min kid
&n ktc
®In kt

— o

L

2.50 2..55 2.;':'-0 2.;35 E.ITI]
AT (1/Kelvin)
Fig 5. The plot of In(k) versus 1/T

Table 3. The activation energy for polymerization of

butadiene
Reaction steps E. (kJ/mol)
Dissociation 7608.1414
Initiation 14188.6724
Propagation 2247.2742
Termination 105.5878
Conjunction termination 87.2970
Disproportional termination 135.5182

identified as the most sensitive to the change of reaction
temperature and is, therefore, the determining reaction.
This data confirms that the rate of reaction was affected
by the reaction temperature increase.

m CONCLUSION

The termination of radical polymerization of
butadiene using hydrogen peroxide initiator was
examined by observing the increase of polymer

conversion and functionality. Polymerization of

Heri Budi Wibowo et al.



Indones. . Chem., 2020, 20 (2), 919 - 928 927

butadiene was carried at an initial H,O,/butadiene ratio of
10%, with hydrogen peroxide 25%, and a reaction
temperature of 100 °C. The kinetic constants of
polymerization were 4.2 X 10 sec”’, 8.9 x 10* L mol™ sec,
7.7 x 10> L mol™ sec™’, 8.5 x 10" L mol™ sec™, 3.2 x 10’ L
mol ™ sec”!, and 5.3 x 10’ L mol™ sec™* for kp, ki, ky, ki, ki,
and kua, respectively, with activation energy of 7608,
14188, 2247, 105, 87, and 135 kJ/mol, respectively. The
determining step of this polymerization was the initiation
reaction. This kinetic model shows that the conversion of
difunctional polybutadiene (HTPB) had been affected by
the reaction temperature.
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Abstract: This study aims to investigate the synthesis and characterization of f-carotene
encapsulated in the blending matrices of starch (native and hydrolyzed starch)-
chitosan/TPP (tripolyphosphate) by examining the effects of starch-to-chitosan weight
ratio, B-carotene addition level, and TPP addition level on the encapsulation efficiency
(EE) and loading capacity (LC); and to evaluate their storage stability. The encapsulation
was done by the dropwise addition of ethanolic 5-carotene dispersion into the blending
matrices. The results of XRD analysis show that the encapsulation process significantly
decreases the crystallinity of the starches, chitosan, and B-carotene. Scanning electron
microscope (SEM) images reveal that the encapsulation products form irregular lumps.
The EE and LC tend to increase with the increase in polymer fraction of matrices and
B-carotene addition level, and with the decrease in TPP addition level. The addition of
chitosan and the replacement of native starch by hydrolyzed starch tend to increase
storage stability of B-carotene encapsulated in the starch matrix because chitosan can act
as a good film-forming and antioxidant, while hydrolyzed starch contains amylose
amylopectin with a short chain which is better in film-forming ability. These results
promote the use of the hydrolyzed starch-chitosan/TPP as a matrix to enhance the
stability -carotene via encapsulations.

Keywords: starch; chitosan; TPP; f8-carotene; encapsulation

m INTRODUCTION

Encapsulation of active compounds is an important
research topic that has attracted many researchers until
recently. Encapsulation is a way to wrap the active
substance in order to increase its stability, solubility,
bioavailability, and the delivery of the active substance in
the body and any desired medium [1-2]. In an
encapsulation study, the wrapped material is called the
core, while the wrapper is called a matrix. Various matrix
materials have been used in the encapsulation process, such
as surfactants, synthetic polymers, and natural polymers,
including proteins, lipids, and carbohydrates [3].

B-Carotene is one of the main carotenoid
compounds and is an active compound that contributes
significantly to human health, i.e., as a pro-vitamin A, an
antioxidant, and an anticancer agent. Unfortunately,
B-carotene is unstable to light, heat, and oxygen [4]. To
improve the stability of B-carotene, numerous researchers
have tried to encapsulate -carotene in various matrices
to produce liquid or solid products that are easier to be
handled. For example, B-Carotene has been encapsulated
in the form of oil-in-water (O/W) nano-emulsions with
polysorbate tween as an emulsifier using high-pressure
homogenization. At 25 °C, the stability of B-carotene
decreased after four weeks, with a relatively slight loss of
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B-carotene content [5]. In another study, a biosurfactant
of egg white protein was applied to improve the
physicochemical stability of B-carotene emulsions. The
stability of [-carotene found to increase up to
approximately 80% on day 30 by using this biosurfactant
[6]. Encapsulation using surfactants produced high
stability of the
encapsulation products is relatively low with regard to

encapsulation efficiency, but the

temperature and dilution. In addition, certain surfactants
have been reported to be toxic at high concentrations [7].
Polymers could be used to replace surfactant, but synthetic
polymers show low biocompatibility within the body and
had a risk of becoming toxic. Natural polymers have
advantages as a matrix of encapsulation since they are
biocompatible, biodegradable, and non-toxic, even in
high concentrations [8-9]. In the previous study,
B-carotene has been encapsulated in natural polymers
such as starch, maltodextrin, and modified starch [10].
The use of modified (acid hydrolyzed) starch has been
proved to be able to increase the storage stability of -
carotene. A similar result has also been reported in the use
of hydrolyzed pinhao (Araucaria angustifolia seeds)
starch to increase the storage stability of micro-
encapsulated p-carotene [11].

Meanwhile, the ability of starch as an encapsulating
matrix can also be increased by mixing starch with other
compatible polymers. For example, starch could be
combined with chitosan to produce a compatible matrix
[12-13]. Chitosan and its derivatives have various
chitosan has

advantages as matrix materials, as

antibacterial and antioxidant activities, increases
mechanical strength, and tends to be degraded in the
small intestine [14-15]. A combination of starch and
chitosan polymers could increase composite mechanical
strength and resist to high temperatures as well as reduce
the rate of amylose release [16]. The polymer combination
also produced material that was more resistant to
ultraviolet (UV) light in comparison with those using the
native starch [17].

The study investigated the effects of the weight ratio
of native starch to chitosan on the yield, color, Fourier
Infra-Red (FTIR) spectra, optical microscope image, and

particle size of the encapsulation products. The

preliminary study showed that B-carotene has been
successfully encapsulated in native starch-chitosan/TPP
blending matrices producing micro size encapsulation
products. Continuing our preliminary research [18],
The objectives of this research are (1) to characterize the
products of -carotene encapsulation in the matrices of
native starch-chitosan/TPP and acid hydrolyzed starch-
chitosan/TPP using Scanning Electron Microscopy
(SEM) and X-ray diffractometry (XRD), (2) to study the
effect of starch/chitosan weight ratio, f-carotene and
TPP addition level on the encapsulation efficiency (EE)
and loading capacity (LC), and (3) to investigate the
effects of light and heat on the B-carotene stability stored
as encapsulation products. As far as we know, our report
is original and unique because it is different from the
previous reports [10-11]. Here, we have used corn
starch, modified the matrice by chitosan addition,
studied the effect of the use of hydrolyzed starch instead
of native starch, used the solvent displacement method
in the synthesis process, and applied freeze-dry in the

drying step.
m EXPERIMENTAL SECTION
Materials

Corn starch, chitosan, TPP, and B-carotene were
purchased from Sigma Aldrich. Glacial acetic acid and
absolute ethanol were purchased from Merck. All
materials were used as received without further
purification.

Instrumentation

A Sorvall biofuge primo R refrigerated centrifuge
and a Leybold-Heraeus freeze dryer Lyovac GT 2 were
used in the preparation of microparticle. The
morphology of obtained microparticle was analyzed by
using a scanning Electron Microscopy (SEM, JEOL
Model JSM-6510LA) and a Transmission electron
microscopy (TEM, JEM-1400 JEOL 120 kV). XRD
pattern was measured by using a Pananalytical
diffractometer with Bragg Brentano geometry and CuKa
radiation (A = 0.1542 nm, 40 kV, 30 mA). The
determination of B-carotene content was performed by

measuring the absorbance of B-carotene in hexane using
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a Shimadzu UV 1800 spectrophotometer at 450 nm. A
storage chamber with a size of 48 x 37 x 44 cm’ which was
equipped with two Gaxindo BLB-T5/6W UV Lamps (A =
365 nm) separated at a distance of 2 cm was used to test
the effects of UV light on the storage stability of
B-carotene encapsulation.

Procedure

Synthesis of hydrolyzed starch

The synthesis of hydrolyzed starch was carried out
in accordance with the previous reports [18-19] as
follows. As much as 100 g of starch was added to 500 mL
of 0.15 M HCI, and the mixture was stirred by using a
magnetic stirrer for 8 h while maintaining a temperature
of 50 °C. The hydrolyzed starch was filtered, and the
obtained residue was then washed 4 times with distilled
water and dried for 48 h at 50 °C [18].

Encapsulation process

The encapsulation process was performed in a
similar procedure to our previous work [19] except that
the compositions and concentrations of TPP and
B-carotene were varied. The matrix mixture of starch-
chitosan/TPP was prepared as described in the literature
[20] with slight modifications. A certain amount of
volume (according to the weight ratio of starch and
chitosan) of cationic solution (1% w/v chitosan) was
added to the TPP-starch mixture (prepared by adding
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water in starch followed by the boiling process) with the
compositions as described in Table 1. The encapsulation
process was carried out based on the method of the
literature [21] with minor modifications. The matrix
mixture (220 mL) was heated and stirred in a water bath
at 90 °C for 10 min, followed by the addition of 100 mL
of a certain amount of ethanolic B-carotene dispersion
as given in Table 1 dropwise while continually stirred.
The mixtures were then cooled at room temperature and
were added with another 100 mL of ethanolic f-carotene
dispersion of the same concentration as that used in the
previous step. Then, the mixture was centrifuged, dried
in freeze-dryer, crushed, and sieved 200 mesh.

Determination of B-carotene content

B-Carotene content in capsules was determined by
the method described in the literature [5,22] with slight
modifications. A total of 5 mg of sample was dispersed
in 1 mL of 2 M HCI, heated in a water bath at 75 °C for
3 min, cooled and added with 2 mL of ethanol and 3 mL
of hexane in a test tube. The mixture in the tube was then
shaken using vortex until the powder had been bleached.
This step was repeated several times and then stopped
when all the B-carotene had been extracted. Furthermore,
the supernatant was taken, and absorbance of the hexane
fraction was measured at 450 nm with a UV-Vis
spectrophotometer. The concentration of the p-carotene

Table 1. Sample formulation

Formulation ~Weight ratio of Volume of 1% starch Volume of 1% chitosan  p-carotene addedin ~ TPP added in 20 mL
code starch to chitosan  dispersion (mL) solution (mL) 200 mL ethanol (mg) solution (mg)
Fx0 1.00 100 100 0 600
Fx1 0.25 60 140 10 600
Fx2 0.43 40 160 10 600
Fx3 1.00 100 100 10 600
Fx4 2.33 160 40 10 600
Fx5 4.00 140 60 10 600
Fx6 1.00 100 100 5 600
Fx7 1.00 100 100 15 600
Fx8 1.00 100 100 20 600
Fx9 1.00 100 100 10 400
Fx10 1.00 100 100 10 500
Fx11 1.00 100 100 10 700
Fx12 1.00 100 100 10 800

x = N or H, FN = native starch based formulation, FH = hydrolyzed starch based formulation
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was determined based on the standard curve of
B-carotene that was obtained in the same way as the
sample. Loading capacity (LC) and encapsulation
efficiency (EE) were calculated by using Eq. (1) and (2).
mBC
LC /g)=—-— 1
(mg/g)=—" (1

mBC

EE (%)= 100 2
(%) =— o = )

where, mBC = mass of P-carotene encapsulated in the

microparticle (mg), mMP = mass of microparticle (g),
mTBC = total mass of B-carotene in theoretical loading
(mg).
Storage stability test

The storage stability of the encapsulation products
was tested according to the literature [11] with slight
modifications. The encapsulation products were stored in
a dark storage vessel placed in a refrigerator (5 + 1) °C and
in an ambient temperature chamber (30 + 1) °C. In order
to investigate its stability against UV irradiation, the
encapsulated P-carotene samples were placed in a UV
chamber which furnished with a pair of UV light tube
BLB-T5/6W, A = 365 nm at ambient temperature. The
samples were placed at a distance of 7 cm below the lamps.
The concentration of P-carotene was determined once
every week for 6 weeks using a UV-Vis spectrophotometer.
The storage stability was expressed as the residual rate in
a percent: wi/wo, where w. was the weight of p-carotene
after storage during the time interval t, and w, was the
initial weight of 3-carotene.

(a)
J Native Starch
Hydrolyzed Starch
—"’—“/\\g_ Chitosan

L B

i

Intensity (a.u.)

f-carotene

g 15 25 35 45 55
26 (deg)
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m  RESULTS AND DISCUSSION
XRD Analysis

The diffraction patterns of starches, chitosan, TPP,
and p-carotene (Fig. 1(a)) show semicrystalline structures,
and their characteristic peaks of 20 are listed in Table 2.
The diffraction pattern of hydrolyzed starch shows a
slight decrease in crystallinity compared with that of the
native starch. This fact may indicate the increase of a
shorter chain of amylose in hydrolyzed starch [10,25]. In
addition, amylopectin depolymerization resulting from
starch hydrolysis increased the quantity of linear chains
similar to amylose [26-27]. In X-ray diffractograms of
starch, the crystalline regions of the starch are dominated
by aggregated double helices of amylopectin chains,
while the amorphous regions are greatly composed of
amylose. The increase in the quantity of linear chains
similar to amylose may increase the amorphous region
of hydrolyzed starch. Hence, the shorter chains of
amylose and linear chains similar to amylose can
participate in double helices with amylopectin, reducing
the crystallinity of the starch granules [28].

Moreover, the X-ray diffraction pattern of the
blending of starch-chitosan/TPP matrices depicted in
Fig. 1(b) clearly shows a significant decline in its
crystallinity indicated by the presence of a widening peak
at 20 of 19.89 for native starch-chitosan/TPP and 6.88,
11.82, 18.56, and 34.44 for hydrolyzed starch-
chitosan/TPP. The fact that the peaks in the blending

(b)
m FNO
;W
8 - FHIO
b=y
W
=
B m
£ FN3
FH3
5 15 25 35 45 55

28 {deg)

Fig 1. XRD pattern of materials (a) starch, hydrolyzed starch, chitosan, TPP, and {-carotene; (b) blended matrices
without B-carotene (FNO and FHO), and encapsulation products (FN3 and FH3)
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Table 2. The 26 peaks of materials analyzed by XRD

Materials 20

Native Starch 9.95 14.88 17.16 18.02 20.09 23.22 26.68 38.37

Hydrolyzed starch 1512 17.17 18.18 20.07 26.61  30.28

Chitosan 20.55

TPP 18.78 19.37 19.78 20.05 24.71 24.78 29.60 33.17
33.28 34.05 34.49 37.08

B-carotene 11.07 14.49 1541 16.61 17.55 18.74 21.38 21.81
23.17 24.61 27.99 55.26

FNO 19.89

FHO 6.88 11.82 18.56 34.44

FN3 11.83 18.80

FH3 18.68

matrices and its encapsulation products decreases suggest
that the molecular interaction among starch, chitosan,
and TPP [13] exists. Meanwhile, the product of B-carotene
encapsulated in native starch-chitosan/TPP matrices also
shows broad bands at 26 of 11.83 and 18.80, while the one
that was encapsulated in hydrolyzed starch-chitosan/TPP
matrices shows a broad band at 18.68. From the X-ray
diffraction data, it is observed that there is a significant
reduction in the number of peaks of [-carotene
encapsulated in the hydrolyzed starch-chitosan/TPP (FH3)
compared to that of the hydrolyzed starch-chitosan/TPP
blended matrix without B-carotene (FHO). In contrast,
such significant reductions in the number of peaks of
B-carotene are not observed when it is encapsulated in the
native starch-chitosan/TPP (FNO and FN3). This finding
indicates that the encapsulation of p-carotene is more
effective to be done in hydrolyzed starch-chitosan/TPP
than in native starch-chitosan/TPP matrices. These XRD
pattern results corroborated the existence of interaction
of starch, chitosan, and TPP in agreement with what has
been concluded in the previous study [19].

SEM Analysis

The SEM images of the results are presented in Fig.
2.1t can be seen that the SEM images/morphology of acid-
hydrolyzed starch does not significantly change from that
of the native starch. It is observed that there was a slight
addition of indentation to that of hydrolyzed starch
granules compared with that of native starch (Fig. 2(a)
and 2(b)). Similar results in the SEM image of starch

granules after being hydrolyzed were also found in other
studies in acid hydrolyzed starch synthesis [26]. The
structure of dried particles is influenced by how the
particle dried. Spray drying tends to produce spherical
particles with a smooth surface, while the freeze-drying
process tends to produce non-spherical particles [27].

The SEM images of blending of starch-
chitosan/TPP matrices (Fig. 2(d) and 2(e)) and the
encapsulation products (Fig. 2(f) and 2(g)) indicate that
they are not perfectly spherical but tend to follow the
SEM image of chitosan with a non-sharp irregular shape
(Fig. 2(c)). These images indicate that starch and
chitosan are compatible with each other in blending
matrices. Results of SEM analysis support the conclusion
of XRD data in this research, as well as the FTIR analysis
of our preliminary study [19].

TEM Analysis

TEM analysis was performed to determine the size
of the microparticles in a dry state. TEM images of
encapsulation products are presented in Fig. 3.

Fig. 3(a) and 3(b) show agglomerated particles,
while Fig. 3(c) and 3(d) show single particles of
encapsulation products. The single-particle size of FH3
is smaller than FN3. The morphology of encapsulation
products is round with clear boundaries that are
different from the SEM analysis. This is due to SEM
images taken from a dry state deposited on carbon, while
TEM images taken from samples are dispersed in
distilled water before drying. When dispersed in distilled
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Fig 2. SEM images of matrix materials: (a) starch, (b) hydolyzed starch, and (¢) chitosan; blended matrices without
B-carotene: (d) FNO and (e) FHO; encapsulation products: (f) FN3 and (g) FH3

Fig 3. TEM images of encapsulation products: (a) FN3 at 10,000 magnification, (b) FH3 at 10,000 magnification,
(c) FN3 at 40,000 magnification, and (d) FH3 at 40,000 magnification
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water, the particles separate well and in a state of relaxation,
so when dried, they are more rounded. In addition, the
obtained SEM images suggest that the particles are
agglomerated. In the FN3 and FH3 samples, the darker
colored part is the blended starch-chitosan/TPP matrix
because this part is more hydrophilic and dense. This proves
that -carotene is successfully encapsulated in the matrix.

The Effects of Weight Ratio of Starch to Chitosan on
EE and LC

The effects of starch-to-chitosan weight ratio on EE
and LC of P-carotene encapsulated in the matrix of
hydrolyzed starch-chitosan/TPP (FH) and the matrix of
native starch-chitosan/TPP (EFN) are presented in Fig. 4.
In this experiment, we have used various weight ratios of
starch to chitosan, e.g., 0.25, 0.43, 1.00, 2.33, and 4.00, the
constant addition of -carotene (10 mg), and fixed TPP
addition level of 600 mg (Table 1). EE and LC of FH are
consistently higher than those of FN (the mean of EE FN
25.94-34.61%, EE FH 27.04-34.64%, LC FN 1.27-
1.51 mg/g, and LC FH 1.33-1.70 mg/g). This fact was
probably due to the increasing of shorter chains of
amylose in hydrolyzed starch [10,25] and the increase of
the quantity of linear chains similar to amylose [26-27] as
mentioned above. The shorter amylose chains and linear
chains similar to amylose have more tendency to dissolve
in water and make a continuous network by hydrogen

45 - - 4
40 -
(=
35 | 5
30 -
F o5 =
i -
i 20 E
o
=
15
10 1
I:.
0 r v v r 0
0 1 2 3 4
Weight ratio of starch to chitosan
=t EE ofFN ==R-.FE ofFH
—— LC ofFN == ==LC ofFH

Fig 4. Effects of weight ratio of starch to chitosan on EE
and LC
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bonds with itself or with chitosan/TPP, producing a gel
structure that traps B-carotene in the structure [10,25].
Loksuwan [10] has also reported that acid modification
of starch by spray drying method as a single matrix in
B-carotene encapsulation increases the efficiency and
loading capacity of B-carotene encapsulation. These
results suggest that hydrolyzed starch has a better
capability to entrap B-carotene than the native one.

At the weight ratio of starch to chitosan of 0.25-
1.00, it is observed that EE and LC of FN and FH have a
similar trend, namely the increasing proportion of
chitosan in the matrices enhances the EE and LC.
Nevertheless, in the ranges of starch-to-chitosan weight
ratio of 1.00-4.00, the additional portion of starch
increases the EE and LC of FH, but it is not for FN. These
results are in good agreement with what has been
reported by Subramanian et al. [12] suggesting that the
excess portion of the polymer, both starch, and chitosan,
in the weight ratio of starch to chitosan up to 1.00 results
in the increase of EE and LC.

Effects of B-carotene Addition Level on EE and LC

The effects of the p-carotene addition level on EE
and LC of P-carotene encapsulated in the matrix of
hydrolyzed starch-chitosan/TPP (FH), and native
starch-chitosan/TPP (FN) are presented in Fig. 5. In this
part of the experiment, a fixed weight ratio of starch to
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Fig 5. Effects of p-carotene addition level on EE and LC
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chitosan of 1.00 and a constant TPP addition level of
600 mg were used, while -carotene addition level was
varied in the range of 5, 10, 15, and 20 mg (Table 1). The
trends of data obtained here are in line with those
observed for the effect of the weight ratio of starch to
chitosan previously discussed, e.g., increasing B-carotene
addition gives rise to higher observed EE and LC in FH as
compared to those found in FN (the mean of EE FN
21.47-30.59%, EE FH 24.2-29.05%, LCFN 0.52-2.82 mg/g,
and LC FH 0.58-2.89 mg/g).

The increase in the B-carotene addition level of 5-
10 mg, both in FH and FN, results in significant increases
in LC and EE. However, in the B-carotene addition level
of 10-20 mg, the significant increase in LC is not
accompanied by a significant increase in EE. These results
suggest that in the range of 5-20 P-carotene addition
levels, the matrices have not reached their saturated
condition, and therefore, they are still capable of trapping
B-carotene. However, the increase of trapped p-carotene
in the matrices resulted from the addition level of
B-carotene in the range of 10-20 mg could not enhance its
EE. This is probably due to the fact that the higher the
addition level of B-carotene in the ethanol, the lower the
difference in surface tension between the solvent
(ethanol) phase and non-solvent (aqueous) phase [28].
The decrease in surface tension difference between the
two phases leads to a weaker Marangoni stress, resulting
in the larger droplet of solvent phase [29]. The larger
droplets of the solvent phase are more difficult to be
entrapped by the matrix system, and it tends to deposit in
the outer site of the resulted micro-particle. This gives rise
to an undesired condition where some B-carotene can be
easily re-released during the washing step using ethanol.
In the previous literature [21], it has been reported that in
the range of 5-20 mg P-carotene addition level, LC tends
to increase, but EE was found to decrease when a similar
method was used by using only starch for the matrix.
Interestingly, in our results, we observe that the increasing
LC in a similar addition level is still accompanied by the
increase of EE. This finding clearly reveals the role of the
addition of chitosan/TPP in increasing starch capability
as a matrix of B-carotene encapsulation.

Indones. I. Chem., 2020, 20 (4), 929 - 940

The Effects of TPP Addition Level on EE and LC

The effects of the TPP addition level in the ranges
of 400-800 mg on EE and LC of B-carotene encapsulated
in the matrix of hydrolyzed starch-chitosan/TPP (FH)
and native starch-chitosan/TPP (FN) are presented in
Fig. 6. In this section, the fixed weight ratio of starch to
chitosan of 1.00 and constant B-carotene addition level
of 10 mg were used, while the TPP addition level was
varied in the range of 400, 500, 600, 700, and 800 mg
(Table 1). A relatively narrow range of TPP addition
levels between 400 and 800 mg/L has been chosen in this
study because the additions of TPP with the weight ratio
of starch and chitosan lower than 400 mg while keeping
the weight ratio of starch to chitosan of 1.00 is not
effective as shown by the extremely low yields of the
encapsulation products. On the other hand, the addition
of TPP larger than 800 mg at the weight ratio of starch
to chitosan of 1.00 results in fast agglomeration and
precipitation of the matrix mixture even before the
B-carotene addition step could be done.

Fig. 6 shows that the EE and LC of FH were slightly
higher than FN. Again, this fact supports the previous
conclusion that hydrolyzed starch-chitosan/TPP is the
better matrix for f-carotene encapsulation (the mean of
EE FN 24.44-28.31%, EE FH 27.62-29.05%, LC EN
1.11-1.35 mg/g, and LC FH 1.30-1.37 mg/g). In the range
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Fig 6. Effects of TPP addition level on EE and LC
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of 400-800 mg of the TPP addition level, the increase in
the TPP addition level has no significant effect on EE and
LC of FH. On the other hand, similar results are found in
FN in the range of 400-700 mg. However, in the range of
700-800 mg TPP addition level, a decrease both in EE and
LCis observed. The decrease in EE and LC is probably due
to the existence of an excess of TPP, which saturates the
native starch, causing the matrix to become tighter, and as
a result, B-carotene tends to be trapped in the outer
surface of the matrix. The trapped B-Carotene in the
surface is easily dissolved during the experimental step of
ethanol washing after the centrifugation stage. This
situation explains the small results of f-carotene found in
the encapsulation products. Similar results have also been
found in another study [13] suggesting that increasing
concentration of TPP in the matrices tends to reduce EE
and LC of encapsulation products.

Storage Stability Evaluation

Fig. 7 displays the storage stability of PB-carotene
encapsulated in the various matrices of native starch only
(NS), hydrolyzed starch only (HS), native starch-
chitosan/TPP  (FN3), and  hydrolyzed starch-
chitosan/TPP (FH3). It is clearly observed that the storage
stability of p-carotene increases when a combination of
starch-chitosan/TPP matrix is used compared to those of
using starch only, native starch, and hydrolyzed starch.
The replacement of native starch with hydrolyzed starch
in the matrix of starch-chitosan/TPP slightly increases the
stability of B-carotene against UV light (Fig. 7(a)) and
heat (Fig. 7(b) and 7(c)). The reaction rate constants and
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the half-life of the sample degradation have been
determined according to the first-order reaction
equation, as presented in Table 3. The reaction kinetics
of B-carotene degradation has been found to follow the
first-order reaction rate as obviously can be seen from its
coefficient of determination (R?) value, which is in the
range of 0.9561 to 0.9976. The longest half-life in every
storage condition is shown by the matrix of FH3. The
shortest half-life was shown by NS. The enhancement of
the stability of PB-carotene by modification of starch
trough hydrolysis reaction has also been reported by
Spada et al. [11]. In his paper, he reported that by using
hydrolyzed pinhédo (Araucaria angustifolia seeds) starch
as a matrix, the rate constant (k) calculated using first-
order kinetic model lower (k = 0.014-0.017 days™ in the
dark at 10-25 °C ) than its native starch (k = 0.048-
0.076 days™ in the dark at 10-25 °C). The lower the k,
the higher the storage stability of B-carotene. In this
research, the storage stability of B-carotene encapsulated
in the starch matrices, both native and hydrolyzed
starch, increases significantly by the addition of chitosan
into the matrix system. The rate constant (k) calculated
using first-order kinetic model lower (k = 0.0072-
0.0711 days™ in the dark at 5-30 °C) than its native
starch (k= 0.0107-0.0761 days™ in the dark at 5-30 °C),
while in the presence of UV light, the k much higher
than in the dark. The half-life of encapsulation product
in the order of FH3 > FN3 > HS > NS as reflected from
its k. The cause of this result may have been due to the
capacity of chitosan in film-forming and antioxidant

01 ——FH3
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Time [days)

Time (days)

21 28 35 42 0 7 14 21 28 35 42
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Fig 7. Storage stability of encapsulation products (a) in the presence of UV light at ambient temperature, (b) in the
dark at ambient temperature, and (c) in the dark at (5 + 1) °C
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Table 3. Coefficient of determination (R?) and kinetic parameters in the storage stability test of B-carotene

encapsulation products

Sample code R? Regression Equation k (day™) tos (day)
Stored in the presence of UV radiation, ambient temperature

NS 0.9976 y =-0.3341x - 0.0665 0.3341 2.07
HS 0.9961 y=-0.3221x - 0.0816 0.3221 2.15
FN3 0.9831 y =-0.1478x - 0.2683 0.1478 4.69
FH3 0.9820 y=-0.1367x - 0.1251 0.1367 5.07
Stored in the dark, ambient temperature

NS 0.9835 y =-0.1088x - 0.1695 0.109 6.36
HS 0.9836 y=-0.1078x - 0.1377 0.1078 6.43
FN3 0.9948 y=-0.0761x + 0.0842 0.0761 9.11
FH3 0.9879 y=-0.0711x + 0.0951 0.0711 9.75
Stored in the dark, (5 + 1) °C

NS 0.9808 y =-0.0206x + 0.0756 0.0205 33.80
HS 0.9799 y=-0.019x + 0.0688 0.0189 36.67
FN3 0.9561 y=-0.0108x + 0.0379 0.0107 64.77
FH3 0.9640 y =-0.0073x + 0.012 0.0072 96.25

function, thus, it is able to preserve P-carotene from
degradation by light and heat [14].

m CONCLUSION

It has been shown that the capability of starch as a
matrix of B-carotene encapsulation can be enhanced by
using hydrolyzed starch and a combination of starch with
cross-linked chitosan using TPP as a cross-linker as
matrices. The crystallinity of the encapsulation products
decreases due to the occurrence of the interaction
between starch, chitosan, and TPP. XRD and SEM result
has confirmed the good compatibility of the mixture
among starch, chitosan, and TPP. The storage stability of
B-carotene is enhanced by the encapsulation of (-
carotene in the starch-chitosan/TPP matrix. The highest
results of EE and LC, as well as the longest storage stability
of B-carotene encapsulated in the matrices of hydrolyzed
starch-chitosan/TPP,
promising use of this matrix combination in the

support the potential and

encapsulation of other hydrophobic drugs.
m ACKNOWLEDGMENTS

The authors would like to thank the Directorate
General of Higher Education, Ministry of Research,
Technology, and Higher Education, The Republic of

Indonesia (Kemenristekdikti), for the research funding
through the Doctoral Dissertation Research Grant
(PDD) with contract number 2885/UN1.DITLIT/DIT-
LIT/LT/2019.

m REFERENCES

[1] Chaévarri, M., Marafnon, 1., and Villardan, M.C., 2012,
“Encapsulation technology to protect probiotic
bacteria” in Probiotics, Eds. Rigobelo, E.C,
IntechOpen, Rijeka, 501-540.

[2] Nedovic, V., Kalusevic, A., Manojlovic, V., Levic, S.,
and Bugarski, B., 2011, An
encapsulation technologies for food applications,
Procedia Food Sci., 1, 1806-1815.

[3] Joye, L]., and McClements, D.]., 2014, Biopolymer-
based
Fabrication, characterization, and application,
Curr. Opin. Colloid Interface Sci., 19 (5), 417-427.

[4] Gul, K, Tak, A,, Singh, A.K,, Singh, P., Yousuf, B,
and Wani, A.A., 2015, Chemistry, encapsulation,

overview of

nanoparticles  and  microparticles:

and health benefits of B-carotene - A review, Cogent
Food Agric., 1 (1), 1018696.

[5] Yuan, Y., Gao, Y., Zhao, J., and Mao, L., 2008,
Characterization and stability evaluation of -
carotene nanoemulsions prepared by high pressure

Agnes Dyah Novitasari Lestari et al.



Indones. J. Chem., 2020, 20 (4), 929 - 940 939

homogenization  under various
conditions, Food Res. Int., 41 (1), 61-68.
[6] Gu, L., Su, Y., Zhang, M., Chang, C. Li, ],
McClements, D.J., and Yang, Y., 2017, Protection of
B-carotene from chemical degradation in emulsion-

emulsifying

based delivery systems using antioxidant interfacial
complexes: Catechin-egg white protein conjugates,
Food Res. Int., 96, 84-93.

[7] Yang, J., Han, S., Zheng, H., Dong, H., and Liu, J.,
2015,
nanoparticles based on natural polysaccharides,
Carbohydr. Polym., 123, 53-66.

[8] Fathi, M., Martin, A., and McClements, D.]., 2014,
Nanoencapsulation of food

Preparation and application of micro/

ingredients using
carbohydrate based delivery systems, Trends Food
Sci. Technol., 39 (1), 18-39.

[9] Fouladi, E., and Nafchi, A.M., 2014, Effects of acid-
hydrolysis and hydroxypropylation on functional
properties of sago starch, Int. J. Biol. Macromol., 68,
251-257.

[10] Loksuwan, ], 2007,

microencapsulated p-carotene formed by spray

Characteristics of

drying with modified tapioca starch, native tapioca
starch and maltodextrin, Food Hydrocolloids, 21 (5-
6), 928-935.

[11] Spada, J.C., Norena, C.P.Z., Marczak, L.D.F., and
Tessaro, 1.C., 2012, Study on the stability of B-
carotene microencapsulated with pinhédo (Araucaria
angustifolia seeds) starch, Carbohydr. Polym., 89 (4),
1166-1173.

[12] Subramanian, S.B., Francis, A.P., and Devasena, T.,
2014, Chitosan-starch nanocomposite particles as a
drug carrier for the delivery of bis-desmethoxy
curcumin analog, Carbohydr. Polym., 114, 170-178.

[13] Perez, J.J., and Francois, N.J., 2016, Chitosan-starch
beads prepared by ionotropic gelation as potential
matrices for controlled release of fertilizers,
Carbohydr. Polym., 148, 134-142.

[14] Peng, H., Xiong, H., Li, J., Xie, M., Liu, Y., Bai, C., and
Chen, L., 2010, Vanillin cross-linked
microspheres for controlled release of resveratrol,
Food Chem., 121 (1), 23-28.

chitosan

[15] de Vos, P., Faas, M.M., Spasojevic, M., and Sikkema,
J., 2010, Encapsulation for preservation of
functionality and targeted delivery of bioactive food
components, Int. Dairy J., 20 (4), 292-302.

[16] Raguzzoni, ].C., Delgadillo, I., and Lopes da Silva,
J.A., 2016, Influence of a cationic polysaccharide on
starch functionality, Carbohydr. Polym., 150, 369-
377.

[17] Bajer, D., and Kaczmarek, H., 2010, Study of the
influence OV UV radiation on biodegradable
blends based on chitosan and starch, Prog. Chem.
Appl. Chitin Deriv., 15, 17-24.

[18] Lawal, O.S., and Adebowale, K.O.,
Physicochemical characteristics and

2005,
thermal
properties of chemically modified jack bean
(Canavalia ensiformis) starch, Carbohydr. Polym.,

60 (3), 331-341.

[19] Lestari, A.D.N., Mudasir, Siswanta, D., and Martien,
R., 2018, Preliminary study on microprecipitation of
B-carotene in starch/chitosan/TPP (tripolyphosphate)
matrices: Effects of weight ratio of starch/chitosan,
AIP Conf. Proc., 2049, 020045.

[20] Rampino, A., Borgogna, M., Bellich, B., Blasi, P,
Virgilio, F., and Cesaro, A., 2016, Chitosan-pectin
hybrid nanoparticles prepared by coating and
blending techniques, Eur. . Pharm. Sci., 84, 37-45.

[21] Kim, ]J.Y., and Huber, K.C,, 2016, Preparation and
characterization of corn  starch-p-carotene
composites, Carbohydr. Polym., 136, 394-401.

[22] Rutz, ].K., Borges, C.D., Zambiazi, R.C., da Rosa,
C.G., and da Silva, M.M., 2016, Elaboration of
microparticles of carotenoids from natural and
synthetic sources for applications in food, Food
Chem., 202, 324-333.

[23] Chu, B.S., Ichikawa, S., Kanafusa, S., and Nakajima,
M., 2007, Preparation and characterization of f-
carotene nanodispersions prepared by solvent
displacement technique, J. Agric. Food Chem., 55
(16), 6754-6760.

[24] Ferranti, V., Marchais, H., Chabenat, C,
Orecchioni, A.M., and Lafont, O., 1999, Primidone-
loaded

poly-e-caprolactone nanocapsules:

Agnes Dyah Novitasari Lestari et al.



940 Indones. J. Chem., 2020, 20 (4), 929 - 940

Incorporation efficiency and in vitro release profiles,
Int. J. Pharm., 193 (1), 107-111.

[25] Chen, L., McClements, D.J., Zhang, H., Zhang, Z.,
Jin, Z., and Tian, Y., 2019, Impact of amylose content
on structural changes and oil absorption of fried
maize starches, Food Chem., 287, 28-37.

[26] Ulbrich, M., Beresnewa-Seekamp, T., Walther, W.,
and Floter, E., 2016, Acid-thinned corn starch-
impact of modification parameters on molecular
characteristics and  functional

Starch/Stdirke, 68, 399-409.

properties,

[27] Hasani, S., Ojagh, S.M., and Ghorbani, M., 2018,
Nanoencapsulation of lemon essential oil in
Chitosan-Hicap system. Part 1: Study on its
physical and structural characteristics, Int. J. Biol.
Macromol., 115, 143-151.

[28] Hsin, W.L., Sheng, Y ], Lin, S.Y., and Tsao, H.K.,
2004, Surface tension increment due to solute
addition, Phys. Rev. E, 69 (31), 1-8.

[29] Blanchette, F., Messio, L., and Bush, J.W.M., 2009,
The influence of surface tension gradients on drop
coalescence, Phys. Fluids, 21 (7), 072107.

Agnes Dyah Novitasari Lestari et al.



Indones. . Chem., 2020, 20 (2), 941 - 952 941

pH Dependence on Colorimetric Detection of Hg?* by Histidine-Functionalized Gold
Nanoparticles

Dewi Eviane, Dwi Siswanta, and Sri Juari Santosa’

Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Gadjah Mada,
Sekip Utara, Yogyakarta 55281, Indonesia

* Corresponding author: Abstract: In this study, we successfully developed gold nanoparticles capped with
histidine (His-AuNPs) for Hg?* detection using trisodium citrate as the reducing agent.
The optimum pH for the detection of Hg?* by His-AuNPs was 12. The addition of Hg** to
the His-AuNPs caused the color change from red to black-blue, which is readily detectable

tel: +62-8164262984
email: sjuari@ugm.ac.id

Received: November 24, 2019 by the naked eye. This color change is followed by a decrease in the intensity of the primary
Accepted: January 20, 2020 Surface Plasmon Resonance (SPR) peak at a wavelength (1) of 525 nm and an increase
DOI: 10.22146/ijc.51824 in the secondary peak at A = 650 nm. His-AuNPs effectively detected Hg** with limits of

detection and quantitation of 1.77 uM and 5.89 uM, respectively. His-AuNPs exhibited
good performance for the detection of Hg* in waste water collected from a steel industrial
facility in Banten Province, with a recovery and a percent relative standard deviation of
115% and 1.02%, respectively.

Keywords: AuNPs; histidine; Hg** detection; synthesis

= INTRODUCTION alternative method that is fast and simple is colorimetric
detection using gold nanoparticles (AuNPs).
Colorimetric detection is based on interactions between
a target compound and the surfaces of AuNPs, which
results in a visually distinct color change.

Mercury is a heavy metal that frequently
contaminates the environment. Natural environmental
mercury is mainly the result of volcanic activity; however,

human activities also contribute to the increasing levels of i )
The major advantage of the use of AuNPs is the

ability to functionalize their surfaces with a variety of
functional groups. Functional groups on the AuNP
surfaces not only stabilize the AuNPs in solution but also
provide sites for interactions with metal ions through

mercury through metal mining, forest fires, solid-waste
incineration, and the combustion of fossil fuels (coal, oil,
and gas) [1-2]. The divalent mercury ion (Hg*") is the
most common form of mercury and is stable when
dissolved in water [3]; this mercury species binds easily to
amino acids in the body. Mercury is difficult to
decompose biologically and persists in ecosystems. The

coordination [8]. The interactions between the
functional groups of capping agents and metals affect
AuNP stability, which can lead to AuNP aggregation [9].
Aggregation increases the sizes of AuNPs, which results
in a red-to-blue color change; a shift and expansion of

health effects of mercury include damage to the nervous
system, heart, kidneys, and bone [4].

Hg** has usually been analyzed by atomic
adsorption spectroscopy (AAS), inductively coupled the surface plasmon resonance (SPR) are also observable
plasma optical emission spectroscopy (ICP-OES) and
mass spectrometry (ICP-MS), high-performance liquid

chromatography (HPLC), advanced mercury analysis

by UV-Vis spectroscopy [10].

Various chemicals have been used as capping
agents in the synthesis of nanoparticles for metal
detection. 4,4-Dipyridine compounds have been used as
capping agents in the synthesis of AuNPs for the
detection of Hg** [11]. AuNPs stabilized Tween-20 were
used as a probe for the colorimetric detection of Hg**

(AMA), and gas chromatography-atomic fluorescence
spectroscopy (GC-AFS) [5-7]. The previous methods are
mostly time consuming and require a laboratory. One
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[12]. However, 4,4-dipyridine and Tween-20 were toxic
compounds and not environmentally friendly. Amino
acids have been used as capping agents because they were
green and biocompatible [14]. The amino acid contains
more than one functional group, namely carboxylic acid
and amino groups; these functional groups can interact
with more than one metal ion [11]. Several amino acids
have been used as capping agents for synthesized AuNPs
to detect metal ions. Sener et al. showed that AuNPs
synthesized using 11-mercaptoundecanoic acid and five
amino acids (lysine, cysteine, histidine, tyrosine, and
arginine) as capping agents are capable of detecting some
toxic heavy-metal ions [12]. In another publication, Sener
et al. reported the syntheses of AuNPs for the detection of
Hg*" using trisodium citrate as the reducing agent and
fourteen types of amino acids as capping agents [13].
Colorimetric detection was only observed when arginine
and lysine were used as capping agents, whereas the use of
histidine and the eleven other types of amino acids as
capping agents did not alter the UV-Vis spectrum of the
AuNPs. Liu et al. modified thymine in order to induced
AuNPs aggregation in the presence of Hg** [14]. Chai et
al. used I-cysteine-functionalized AuNPs to detect Hg**
[15], while Liu et al. reported the use of AuNPs with
cysteine capping agents for the detection of Cu** [11].
pH plays an important role in AuNP-based metal
detection. Guan et al. successfully synthesized AuNPs for
the detection of Fe’* at a set pH with histidine as the
capping agent [19], while Fu and co-workers adjusted the
pH during the synthesis of AuNPs-glutathione for the
detection of Ni** [20]. Inspired by this previous work, in
this study, we adjusted the pH during the synthesis of
AuNPs using trisodium citrate as the reducing agent and
histidine as the capping agent in order to develop a system
for the detection of Hg**. We expect that the developed
system can be used to detect Hg*" in wastewater samples.

m EXPERIMENTAL SECTION
Materials

Solid gold with 99.99% purity was obtained from
PT. ANTAM Indonesia. Analytical grade of trisodium
citrate, histidine, HNOs, Hg(NOs), and various standard
solutions of Cd(NOs),, Zn(NOs),, Cu(NO3),, Cr(NOs)s,

Indones. I. Chem., 2020, 20 (2), 941 - 952

Pb(NO:s),, Fe(NOs);, Co(NO:s),, Ag(NOa), Mg(Nos)z,
Ni(NOs), AI(NO3), K(NO;), Na(NOs), Mn(NOs), were
used for this purpose. NaOH and HCI reagents were
used to regulate pH. These compounds were obtained
from Merck (Germany) and were used without further
purification.

Instrumentation

The UV-Vis absorbance spectra were measured
UV-1700
morphologies of the nanoparticles were characterized by

using  Shimadzu PharmaSpec.  The
Transmission Electron microscopy (TEM, JEOL JEM-
1400). The nanoparticles size and zeta potential were
determined by Particle Size Analysis (PSA) Horiba SZ-
100. The infrared spectra were analyzed by Fourier
Transform Infrared (FTIR) using a Shimadzu FTIR
Prestige-21. The crystal structures of the nanoparticles

were characterized by Shimadzu XRD-6000.
Procedure

Preparation of histidine functionalized AuNPs

Chloroauric acid (HAuCly) solution was prepared
from 1 g certified gold metal 99.99% which was dissolved
in 40 mL of aqua regia. Deionized water was added to
increase the volume of the solution to 100 mL. AuNPs
were synthesized by the widely used Turkevich method
with a few modifications [18]. AuNPs were prepared in
a test tube by adding 5 mL of 0.26 mM chloroauric acid
solution to 5 mL of 0.02 M sodium citrate solution. The
test tube was then placed and heated in a water bath at
95 °C for approximately 15 min. The solution color
changed from clear yellow to dark red indicating the
formation of AuNPs. To functionalized AuNPs with
histidine, 5 mL of 0.1 mM histidine with a pH value of 1
to 13 was added to the synthesized AuNPs solution. The
pH of the histidine solution was adjusted using a
solution of 0.1 M NaOH and 0.1 M HCI.

Effect of reaction time

The effect of reaction time was determined by
reacting 1 mL of the His-AuNPs with 1 mL of a 10 pM
Hg*" solution, and the absorbance of the resulting solution
was measured using UV-Vis spectrophotometer at 10 min
intervals for 120 min.
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Detection of Hg**

The 1 mL solution of synthesized His-AuNPs was
used as the colorimetric detection. The color change from
red to purple to blue-black occurred after the addition of
1 mL of various Hg* concentrations. Colorimetric
detection was carried out on industrial wastewater from
Banten Province. Hg** concentration in wastewater was
measured using a mercury analyzer. The collected samples
were known to have Hg** concentrations of 3.55 nM. The
samples were spiked with Hg®* standard solution to
become 3 and 5 uM. The color changes were observed
using a UV-Vis spectrophotometer.

Effect of other cations

The effects of some other ions were investigated by the
addition of Cd**, Zn**, Cu*', Cr’*, Pb*", Fe’*, Co*", Ag', Mg™',
Ni**, AP*, K*, Na*, Mn*". Interference experiments were
carried out by adding 0.5 mL of a 10 uM metal solution of
the other metal ions to 0.5 mL of 10 uM Hg*', then was
added to a 1 mL solution of the synthesized His-AuNPs.
Colorimetric changes were observed using a UV-Vis
spectrophotometer at wavelength 525 nm. A blank solution
devoid of any additional metal cation was also tested.

Characterization

The SPR spectra were acquired at room temperature
using a UV-Vis spectrophotometer directly after synthesis
using a 1 cm optical path length quartz cuvette and 200-
800 nm wavelength range. The morphologies of the AuNPs
were characterized by Transmission Electron microscopy
(TEM, JEOL JEM-1400). AuNPs for TEM analysis were
prepared by immersing the copper grid into AuNPs
solution then drying at room temperature. AuNPs size was
determined by Particle Size Analysis (PSA, Horiba SZ-100).
The zeta potential of the AuNPs solution was assessed using
a Horiba SZ-100 Zeta Potential Analyzer. The Particle size
and zeta potential were directly measured after synthesis
using a 1 cm optical path length cuvette. The crystallinity
of AuNPs achieved was investigated by Shimadzu XRD
6000. The interaction between AuNPs, reducing agent,
capping agent, and Hg** was analyzed by FTIR. The sample
was prepared by collecting nanoparticle deposits from the
centrifugation of the nanoparticle solution.

943

m RESULTS AND DISCUSSION
Effect of Histidine on SPR Peak of AUNPs

pH value is one of the most important factors that
influenced the AuNPs system. One of the systems
influenced is the SPR peak intensity of AuNPs [20]. In
this study, the acidity of histidine solution was affected by
the pK, of histidine; based on its pK, (a-NH;*: pK, = 9.2,
imidazole group or R: pK. = 6.0, a-COOH: pK. =1.8) [19],
His-AuNPs should be more stable under relatively
alkaline conditions (pH 8-12). Under these conditions, all
of the carboxyl and amino groups in the histidine capping
agent are deprotonated, resulting in a negative potential
zeta value of -64.4 mV (Table 1). This charge is due to the
interactions between the AuNP surfaces and the carboxyl
and amino groups of histidine that result in electrostatic
repulsion. Fig. 1 shows SPR peak intensity of AuNPs
synthesized using trisodium citrate as reducing agent
and histidine as capping agent. Fig. 1(a) demonstrates
that the addition of histidine at concentrations between
1 uM and 10 mM does not significantly influence the
intensity of SPR peak at 525 nm. The addition of 0.1 mM
histidine resulted in an increase in SPR peak intensity,
but the SPR peak did not shift from 525 nm. His-AuNPs
was less stable when the histidine solution was acidic
(Fig. 1(b)), as evidenced by a decrease in the SPR peak
intensity at 525 nm. Likewise, the His-AuNPs stability
was also lower at very alkaline pH, as confirmed by the
expanding SPR peak to a higher wavelength (red shift).

Effect of Histidine pH on the Detection of Hg?*

Protein probes are strongly influenced by pH [21].
Histidine was added to the AuNPs under a variety of pH
in order to ascertain the best conditions for the detection
of Hg*. The histidine at the acidic solution is not
completely deprotonated; hence interactions between
the carboxylate and amine of His-AuNPs and Hg** were
not optimal. All of the amine and carboxyl groups from
histidine were deprotonated at pH 13; however, the
possible reaction between OH" in histidine solution at
pH 13 and Hg* resulted in fewer interactions between
His-AuNPs and Hg*".

Dewi Eviane et al.



944

05 - (a) IIA
4 J
% hiz 10 M
Eua- b
E o
2 0.2 | without adding his,\\_ his- 10~ M
ﬁ hiz 10 M \w’,..r-
) his 104 M
01
his 10-= M
0 . . . .
400 500 a00 TO0 200

Wavelength {nm)

Absorbance

Indones. I. Chem., 2020, 20 (2), 941 - 952

0.4 0] his atpH 212

0.3 / s skl ‘i/his atpH 13
| -

0.2 .:'a,: >

0.1

hiz atpH 1

0
400

S04 &00 700 800
Wavelength (nm)

Fig 1. UV-vis spectra of (a) AuNPs with various concentrations of histidine, (b) His-AuNPs prepared with histidine

at various acidity

Histidine solution at pH 12 was mixed with AuNPs
and was added to Hg** solution to give a decrease in the
intensity of the SPR peak at 525 nm and an appearance of
new SPR peak at 650 nm. This corresponds to a red to
blue-black color change when the sample was observed
with the naked eye as seen in Fig. 2. These results were in
line with the previous studies that a specific pH of cysteine
as a capping agent could influence the formation of the
SPR peak of AuNPs for the detection of glutathione
colorimetry [22]. Li et al. reported that cysteine solutions
with pH 5.8 affect AuNPs aggregation, resulting in
changes in color and changes in SPR peak intensity.

Effect of Interaction Time on the Reaction of His-
AuNPs and Hg?*

The reaction time greatly affects the interactions
between the His-AuNPs and Hg*, as shown in Fig. 3(a).
The SPR intensity of His-AuNPs at 525 nm was measured
every 5 min after the addition of 5 uM Hg’" revealing the
decrease in the intensity of SPR peak during the
observation period to 100 min. The results show that the
SPR intensity was stable after 100 min, indicating that the
colorimetric detection was optimum after 100 min. Fig.
3(b) reveals that the decrease in the SPR intensity of His-
AuNPs-Hg at 525 nm with increasing reaction time 0-
120 min is due to red shifting, which indicates that the
aggregation of His-AuNPs-Hg in the colloidal solution
occurred. Furthermore, the addition of Hg** to His-
AuNPs resulted in a new SPR peak at 650 nm, which was

red-shifted to 700 nm with increasing reaction time.
This observation is consistent with the formation of the
larger size of nanoparticles through aggregation. This
was confirmed by PSA that the His-AuNPs-Hg particles
were larger than those of His-AuNPs (Table 1).

Colorimetric Detection Mechanism

Prior to the addition of Hg*" ions, the AuNP and
His-AuNPs solutions were red in color when viewed by
the naked eye. The addition of Hg** to His-AuNPs
resulted in a red to blue-black color change, which
occurred within a few seconds after the addition of Hg*
indicating a decrease in nanoparticle stability. This
change was confirmed by UV-Vis spectroscopy, which
revealed a decrease in the intensity of the original SPR

0.25 -

1 hi= atpH 3-11

0.20 A hiz atpH 12

=
—_
on
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=
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=
=1
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401
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Fig 2. UV-Vis spectra of His-AuNPs with histidine
prepared at various pH and added Hg*
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peak at 525 nm and the formation of a new SPR peak
above 650 nm (Fig. 4); this new SPR peak is ascribable to
His-AuNPs aggregation. In addition, nanoparticles
aggregation caused color changing and SPR peak
widening [23]. This result is consistent with other studies
that using AuNPs with thymine as a capping agent which
showed the formation of new SPR peak UV-Vis spectra at
around 650 nm after Hg** addition [20]. The color change

of AuNPs colloid could be seen in Fig. 4(b).

Sener et al. predicted that aggregation between
Hg* and lysine/arginine occurs because these two
amino acids have two remaining amino group molecules
that can interact with more than one Hg* to form
bridges between particles [13]. Du et al. synthesized
AuNPs using thymine as capping agents for colorimetric
sensors of Hg** based on thymine coordination
chemistry, resulting in aggregation of AuNPs [20]. Based
on the report, we concluded that the mechanism for this
colorimetric response was involving one amino group of
histidine that is used to interact with AuNPs surface and
two remaining amino groups belonging to histidine are
used to provide a strong coordination interaction with
Hg*". Fig. 5 showed the illustration of colorimetric
sensors that occur between His-AuNPs and Hg*" was
based on histidine coordination chemistry.

Zeta Potential Analysis

Zeta Potential was determined at optimum
conditions and room temperature. Zeta potential was
measured by adding 5 mL of various Hg*
concentrations to 5 mL His-AuNPs. The zeta potential
is a surface-charge parameter of colloidal particles [24].
Colloidal particles with zeta potential values of more
than +30 mV or less than -30mV are stable colloids due
to strong electrostatic repulsion between particles
thereby preventing aggregation [25]. The zeta potential
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was used to indicate if the interactions between Hg** and
His-AuNPs exist. The synthesized AuNPs have negative
surface charges (Table 1), and the zeta potential of His-
AuNPs was found to be more negative than that of the
AuNPs, which indicates that the AuNPs solution is more
stable after the addition of histidine. Interactions between
the amino groups and the AuNP surface can result in a
more-negative zeta potential of the colloid [26]. In our
study, the existence of deprotonated amine and
carboxylate from histidine that are on the surface of
AuNPs will increase electrostatic repulsion, thereby
increasing stability. Meanwhile, the addition of Hg** to
His-AuNPs the
aggregation as indicated by the nanoparticle zeta potential

reduced stability promoting an
being closer to zero. This means that the addition of Hg**
to His-AuNPs affects the zeta potential. The higher the
concentration of Hg*" added, the closer the zeta potential
of the His-AuNPs-Hg solution to zero. The stability of
AuNPs after the addition of histidine and Hg** was

confirmed with the observation of the particle size.

Addition of histidine to AuNPs resulted in a decrease in
the size of His-AuNPs, while addition of Hg*" caused
aggregation of His-AuNPs followed by increased size of
His-AuNPs. The size of the nanoparticles was confirmed
by PSA as shown in Table 1.

Effect of Other Cations to the Hg? Detection

Our work tested fourteen other cations (K*, Co*,
Na*, Ag*, Cu?', Mg2+, 7Zn*, Mn?, Al*, Fe*, Cr**, Ni?*,
Pb?*, and Cd?*") to determine the effect of the other cations
to the colorimetric Hg** detection. Fig. 6(a) shows that
the SPR intensity at 525 nm only decreased with the
addition of Hg*". The addition of fourteen other cations
to His-AuNPs did not significantly reduce the SPR
intensity at 525 nm. However, the addition of Ag* resulted
in a slight increase of the SPR intensity of AuNPs since
Ag" is stabilized by citrate [27]. Interference experiments
were carried out by adding 0.5 mL of a 5 uM one of 14
cations to 0.5 mL of a 5 uM Hg**. The mixture of two
cations was added to the 1 mL His-AuNPs. The addition

Table 1. Zeta potential and particle size of AuNPs, His-AuNPs and His-AuNPs-Hg

Sample Zeta Potential (mV) PSA (nm)
AuNPs -34.8 Monodisperse 38.6
His-AuNPs -64.4 Monodisperse 32.1
His-AuNPs-Hg 5 uM -11.5 Monodisperse 252.8
His-AuNPs-Hg 7 uM -10
His-AuNPs-Hg 9 uM -6.3
His-AuNPs-Hg 11 pM -2.1
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525 nm

of other cations to the Hg*" had essentially no effect on the
His-AuNPs detection-response to Hg**. A visual color
change from red to blue-black was noted and was
confirmed by UV-Vis spectroscopy (Fig. 6(b)).

Detection of Hg?*

In this work, we have successfully synthesized His-
AuNPs using trisodium citrate as a reducing agent and
histidine as a capping agent for Hg** detection. Hg*" at
different concentrations were tested to determine the
sensitivity of the colorimetric-detection method, and the
change in the absorbance at 525 nm (AAs;s) was plotted
as a function of Hg** concentration (Fig. 7). Linearity
determination was done by adding 5 mL Hg** to 5 mL
His-AuNPs. AAs,s was found to be linearly related to Hg**
in the 9-16 uM concentration range (R = 0.909), with the
limit of detection (LoD) and limit of quantitation (LoQ)
for Hg* of 1.77 uM and 5.89 uM, respectively. The LoD

was calculated by the equation LoD = 3 So/K and LoQ =
10 So/K, where S, was the standard deviation of the blank
(n = 7) and K was the slope of the calibration line. The
lowest detectable Hg** concentration in this work was
1.77 uM, which is above the allowed Hg** concentration
limit (15.43 nM) in the environment defined by the
Indonesian government (Indonesian Government
Regulation number 82/2001). This assay could be used
to determine mercury in the environment in accordance
with the LOD and linearity range. Table 2 showed the
comparison of the present method with the other
reported values.

His-AuNPs was used to detect Hg** in real
wastewater samples collected from an industrial site in
Banten Province. Wastewater was filtered to remove any
solids before testing. The concentration of Hg* in
collected wastewater was 3.55 nM tested by using
mercury analyzer. A recovery testing was performed by

Table 2. Performance of some typical colorimetric methods for the detection of Hg*".

Methods Linear range LOD Ref
Colorimetric Lysine- AuNPs 1-60 nM 10 nM [13]
Colorimetric Histidine-AuNPs - - [13]
Colorimetric Thymine derivative- AuNPs 50-250 nM 0.8 nM [20]
Colorimetric Cysteamine-AuNPs 0.05-3 uM 30 uM [28]
Colorimetric Thioctic acid-AuNPs 0.01-1 uM 10 uM [29]
Colorimetric Polyethyleneimine- AuNPs 0.003-5 uM 1.72 nM [30]
Colorimetric 8-hydroxyquinolines and oxalates-AuNPs 10 nM to 100 mM 10 nM [31]
Colorimetric Histidine-AuNPs 9-16 uM 1.77 yM This work
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of 1.02%.
effectiveness of this detection method for quantifying

These experimental results confirm the

Hg*" in the waste water.
Characterization of AUNPs

The addition of a capping agent to the AuNPs
affects both the particle size and distribution. The
AuNPs exhibited a non-uniform nanoparticle size
distribution with an average size of 38.6 nm with 82.9%
of the nanoparticles were smaller than 100 nm and had
monodispersed spherical morphologies. AuNPs with
various sizes can be obtained when synthesized using the
citrate reduction method, depending on the reactant
molar ratio [26,32]. The size distribution of AuNPs was
confirmed using PSA measurement (Fig. 8(a)) to give
97.5% of the nanoparticles smaller than 100 nm with an
average size of 32.1 nm (Fig. 8(b)). The spherical
morphologies of these nanoparticles were also
characterized by TEM. Fig. 9(a) shows TEM images of
AuNPs synthesized using trisodium citrate as the reducing
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Fig 9. TEM images of (a) AuNPs, (b) His-AuNPs, and (c) His-AuNPs-Hg

agent. The addition of histidine to the AuNPs resulted in
smaller and relatively uniformly distributed nanoparticles
(Fig. 9(b)). We conclude that the addition of histidine as
a stabilizing agent affects nanoparticle size. Fig. 9(c) shows
that the addition of 10 uM Hg*" resulted in larger
nanoparticles due to aggregation. The average size of the
His-AuNPs particles after the addition of Hg** was
252.8 nm.

Characterization using FTIR showed the differences
between AuNPs before and after the addition of histidine
and Hg** as shown in (Fig. 10). The AuNPs FTIR spectra
showed OH stretching bands around 3448 cm™ and OH
bending at 1635 cm™. The C-O vibration band is shown
at 1381 cm™. The C=0 band was found at wavelengths
1651 and 1558 cm™. The characteristic band of AuNPs
shows the functional group on trisodium citrate around
Au(0). His-AuNPs FTIR spectra show bands around the
wave number 3448 cm™ which are sharper than AuNPs
because of the stretching contribution of -NH. The

Hiz-AuMP=s-Hg

Hiz-AuMPs

AulPs

Transmittance (a.u.)

.EE-IIZIEI. .1E-.IIIIII. o E-I;IIII
Wavenumber(cnm)
Fig 10. FTIR spectra of AuNPs, His-AuNPs, and His-

AuNPs-Hg

3500

(c)

interaction of AuNPs with histidine causes the vibration
of band stretching C=0 to shift from 1651 and 1658 cm™
to 1627 and 1573 cm™’, and the sharpening of the C-O
peak at the wavenumber 1381 cm™. FTIR spectra changes
were evident that His-AuNPs interact with Hg*". The
His-AuNPs-Hg spectra showed a reduction in the band
at a wavelength of 3448 cm™ which was possible because
of the interaction of the amine group on His-AuNPs
with Hg®". The interaction of his-AuNPs with Hg**
causes vibration band stretching of C=0 at wavelengths
of 1627 cm™ experienced a shift to 1589 cm™.

XRD measurement was conducted to determine
the phase composition and crystal structure of AuNPs.
Peaks from AuNPs and His-AuNPs reveal the formation
of gold nanoparticles due to diffraction (111), (200), (220),
(311), and (222) with face centered cubic crystal shapes
(fcc) (Fig. 11). XRD AuNPs and His-AuNPs patterns are
consistent with the results of previous studies [19,33].
The XRD pattern between AuNPs and His-AuNPs has a

111 Hiz-&uMPs-Hg
= L |
LA
‘E His-&uMNPs
=
]
E
200 311 220 AuNP=
LR o b .&22
0 20 40 80 80 100
28 (degree)

Fig 11. XRD patterns of the AuNPs, His-AuNPs, and
His-AuNPs-Hg
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similar crystallinity according to their intensity. These
results are based on the reference of the Joint Committee
on Powder Diffraction Standard (JCPDS 04-0784), which
suggests that the crystalline gold nanoparticles were
formed. However, the addition of Hg** causes a decrease
in peak intensity in the XRD diffraction pattern (111),
(200), (220), (311), which is probably due to the
aggregation of nanoparticles as evidenced in the TEM
image. This result is in line with Tripathy et al. which
reported that the aggregation of AuNPs due to the
addition of Fe’* caused a decrease in the peak XRD
intensity characteristic of AuNPs [34].

m CONCLUSION

In this study, colorimetric detection of Hg** using
His-AuNPs has successfully been done by adjusting the
pH of the histidine solution that significantly affected the
aggregation of His-AuNPs. UV-Vis spectroscopy revealed
that the addition of Hg** to His-AuNPs resulted in a
decrease in absorbance at 525 nm only when histidine
solution at pH 12 was used, with new peaks observed at
wavelengths of around 650 nm. The change in color from
red to blue-black was readily observed with the naked eye.
This mercury detection method showed a good selectivity
with limits of detection and quantitation for Hg** of
1.77 uM and 5.89 pM, respectively.
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Abstract:  Structure-based  virtual ~screening protocol to identify potent
acetylcholinesterase inhibitors was retrospectively validated. The protocol could be
employed to examine the potential of designed compounds as novel acetylcholinesterase
inhibitors. In a research project designing short peptides as acetylcholinesterase inhibitors,
peptide AEYTR emerged as one of the potential inhibitors. This article presents the design
of AEYTR assisted by the validated protocol and guided by literature reviews followed by
molecular dynamics studies to examine the interactions of the pentapeptide in the binding
pocket of the acetylcholinesterase enzyme. The molecular dynamics simulations were
performed using YASARA Structure in Google Cloud Platform. The peptide AEYTR was
identified in silico as a potent acetylcholinesterase inhibitor with the average free energy

of binding (AG) of -19.138 kcal/mol.

Keywords: acetylcholinesterase; pentapeptide; molecular dynamics; YASARA

Structure; Google Cloud Platform

m INTRODUCTION

The approval of potent acetylcholinesterase
inhibitors (AChEIs) to treat Alzheimer’s Disease (AD)
has shown benefits both medically and economically [2],
since the approval of tacrine in 1993 [1]. For example, the
cost saving of the medication use of AChEI donepezil
(Aricept™) could reach $2408 in 1 year during 1997-1999
[2]. Recent studies reported that the continuing use of
donepezil for treating AD was more cost-effective than
discontinuation [3]. The studies also reported that the use
of donepezil alone is not less cost-effective compared to
the use of donepezil-memantine combined [3]. On the
other hand, it is predicted that the number of people with
dementia will increase in the coming years [4]. Targeting
acetylcholinesterase (AChE) to develop novel drugs to
treat AD has therefore, become of considerable interest
[1,5] despite the expiration of the Aricept™ patent in
November 2010.

Current advances in computational medicinal
chemistry can significantly increase the efficiency of drug

discovery [6]. Integration of available and accessible
computational tools is highly encouraged to avoid
pitfalls in computer-aided drug discovery [6-11]. One of
the suggested integration is the “focused integration”,
which employs filtering molecules to compile a focused
library that contains only compatible and favorable
molecules to be screened subsequently [10-12]. Molecular
interaction fingerprints play an important role in this
integration [10,12-16]. Combined with other docking
scores, molecular interaction fingerprints could produce
an ensemble-based scoring function to increase the
prediction ability of the developed method [6], e.g., the
use of ensemble Protein-Ligand Interaction Fingerprints
(ensPLIF) to increase the prediction ability of structure-
based virtual screening (SBVS) protocols targeting
estrogen receptor alpha [17] and AChE [18]. The
structure-based approach to discover new AChEIs was
developed to publicly provide a computer-aided
protocol to predict the activity of designed compounds
as potent AChEIs [18]. The F-measure value of the SBVS
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protocol to identify potent AChEIs is 0.413 [18], which is
higher than the reference SBVS protocol (F-measure =
0.226) [19].

In this article, a structure-based de novo design of a
pentapeptide as a potential AChEI guided by literature
[20] and assisted by a validated SBVS protocol [18] is
presented. Following the design, molecular dynamics
(MD) simulations of the selected peptide in the binding
pocket of AChE using YASARA Structure [21] have been
performed to obtain more insights into the enzyme-
inhibitor interactions. Due to current issues of energy
efficiency in green computing [22], we were tempted to
perform the MD simulations in Google Cloud Platform
(https://cloud.google.com/). The usage of this platform
has not been reported yet in running MD simulation
before. The design led to the identification of pentapeptide
AEYTR as a potential AChEI, which was confirmed by the
production run of the MD simulations resulting in the
average free energy of binding (AG) of -19.138 kcal/mol.

m COMPUTATIONAL DETAILS
Materials

All 400 SMILES formats of tetrapeptides starting
with AE as the two first amino acids were provided by
Prasasty et al. [20]. Module molconvert (Molecule File
Converter) version 17.13.0 from ChemAxon Ltd.
(https://chemaxon.com/) was used to build the SMILES
format of the designed pentapeptides from their one-
letter-code amino acid sequences. The retrospectively
validated SBVS protocol developed by Riswanto et al. [18]
installed in a gold package of virtual private server
provided by Rumahweb Indonesia (https://www.rumah
web.com/vps-indonesia/) was used to perform in silico
tests on the designed peptides. Molecular dynamics
simulations were performed by employing YASARA
Structure [21] version 19.5.5 in a virtual machine with 8
virtual central processing units (CPUs), 30 GB memory,
20 GB persistent disk and Ubuntu 16.04 LTS as the
operating system provided by Google Cloud Platform
(https://cloud.google.com/). A working station with Intel”
Pentium® Silver N5000 as the CPU and 4 GB memory and
Windows 10 Home as the operating system were used as

the computer client to communicate and to control the
virtual servers.

Procedure

Design and in silico tests of peptides

The SMILES formats of all 400 tetrapeptides
starting with AE as the first two amino acids were
objected to previously published SBVS protocol to
identify potent AChEIs [18,20]. Based on the results of
the virtual screening and guided by literature reviews
[20], some pentapeptides were designed. The list of one-
letter-code amino acid sequences of the designed
compounds was then converted to their SMILES forms
by employing module molconverter and virtually
screened by employing the SBVS protocol [18].

Molecular dynamics simulations

The pentapeptide identified as a potential AChEIs
was subjected to MD simulations by using YASARA
Structure. The best pose of the hit in the virtual
screening was selected and later prepared in a scene
mode in YASARA Structure using the default mode. The
scene mode was then subjected to MD simulations using
the default settings of YASARA Structure macro for MD
run (http://www.yasara.org/md_run.mcr) [21], except
for the length of MD and the intervals of taking
snapshots. In this research, the length of the MD run was
10 ns, and the snapshots were taken at every 10 ps
intervals [23]. The production runs were analyzed in the
last 5 ns of the simulations, and the equilibrium states
were considered reached if the average deviation of the
root-mean-squared distances (RMSD) value of the
backbone atoms was less than 1 A [23]. The free energy
of binding (AG) of the value of each snapshot of the
enzyme-ligand binding in the last 5 ns of the MD
simulations was also calculated by employing VINA [24]
local search in YASARA structure after the enzyme and
peptides atoms were fixed [21].

m  RESULTS AND DISCUSSION

This research aimed to design a pentapeptide as a
potential AChEI, where the retrospectively validated
SBVS protocol [18] was employed, and literature reviews
were performed [20]. Molecular dynamics simulations
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of the designed pentapeptide in the binding pocket of
AChE were also performed to gain insights for further drug
discovery processes. To explore the applicability of Google
Cloud Platform as a cloud computing service, the MD
simulations were performed in a virtual machine in the
platform.

The virtual screening of all 400 tetrapeptides starting
with amino acids AE resulted in 4 peptides identified as
potent AChEIs. The identified tetrapeptides were AEKY,
AERW, AEYQ, and AEYT (Fig. 1). The starting AE amino
acids were selected since the most potent peptide as
AChEI extracted from human was AEFHRWSSYMVHWK
[20]. Additional K amino acid at the beginning of
AEFHRWSSYMVHWK was reported detrimental for the
activity [20]. The literature review reported that the
shortest peptides as AChEIs were pentapeptides and the
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5™ amino acid in the most potent peptide from human
as AChEI and in the most potent AChI colivelin,
SALLRSIPAPAGASRLLLLTGEIDLP was R [20].
Following the findings resulted from the in silico tests
and equipped by the information about the 5™ amino
acid, pentapeptides AEKYR, AERWR, AEYQR, and
AEYTR were constructed and virtually tested [18].

The pentapeptide AEYTR (Fig. 1) was the only
pentapeptide identified as the potent AChEI in the in
silico tests. The peptide showed ensPLIF #302 value >
0.878 (0.952), ensPLIF #365 value < 0.678 (0.460), and
ensPLIF #208 value > 0.164 (0.312) which were the 1%
key to be identified as potent AChEI [18]. These
ensPLIFs #302, #365, and #208 represent hydrophobic
interaction to F**', hydrophobic interaction to G**!, and
hydrogen bond to $*, respectively, in the binding pocket
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Fig 1. The two-dimensional structures of the AChE inhibitors identified in the virtual screening campaigns: AEKY (a),

AERW (b), AEYQ (c), AEYT (d), and AEYTR (e)
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of AChE (Fig. 2(a)) [18,25]. In the point of view of the
endogenous substrate acetylcholine, the AE amino acids
could act as the bioisostere of the acetyl moiety, while the
R amino acid could serve as the bioisostere of choline. The
additional YT amino acids in the sequence numbers 3 and
4 increase the probabilities to have a hydrophobic
interaction to F*' and a hydrogen bond to $*® in the
binding pocket of AChE.

Molecular dynamics simulations by employing the
best pose of AEYTR in AChE resulted from the previous
SBVS campaigns as the initial point were then performed
to examine the stability of the enzyme-inhibitor binding
[23]. The average deviation value of the RMSD of the
backbone atoms of the enzyme during the production run

Indones. I. Chem., 2020, 20 (4), 953 - 959

was 0.204 A with a standard deviation value of 0.089 A
(Fig. 3(a)). It indicated that the equilibrium had been
reached before 5 ns in the MD simulations. These results
are in line with those suggested by Liu et al. based on
their examination on 10 ns MD simulations of 120
protein-ligand complexes [23]. Therefore, the stability of
the AEYTR binding to AChE could be analyzed, and the
AG could be calculated.

The RMSD values of the AEYTR in the production
run of the MD simulations ranged from 2.068 A to 2.539
A. The average deviation value of the RMSD was 0.223
A with a standard deviation value of 0.070 A (Fig. 3(a)).
This small shift reduced the chance to have a hydrogen
bond to $**, but the chance of the hydrophobic interaction

Fig 2. The pentapeptide AEYTR (deplcted as sticks with carbon atoms colored w1th cyan) in the binding pocket of
AChE (depicted as cartoon with carbon atoms colored green) resulted from the SVBS campaigns and used as the initial
point of the MD simulations (a) and the pose of the MD simulations at 10 ns (b). The residues $*, F**!, and G**! are
shown since these residues are the important residues in the identification of AEYTR as a potent AChEI Nitrogen,
oxygen, and hydrogen atoms are colored with blue, red and white respectively. The black line represents the hydrogen
bond. For the sake of clarity, non-polar hydrogens and residues 275 to 300 are not shown

AG [kealimel]

Time (ns)

# Backbone Atoms of AChE o Atoms of AEYTR

Time (ns}

Fig 3. The RMSD values of the backbone atoms of AChE and the atoms of pentapeptide AEYTR during production
run (a); The free energy of binding (AG) values of AChE-AEYTR during production run (b)
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to F!, as the most important interaction in this enzyme-
inhibitor case, and the hydrophobic interaction to G*' [18],
remained high (Fig. 2(b)). Although the poses of AEYTR
was not stable during equilibrium processes indicated by
RMSD values of more than 2.0 A, the poses remained
stable in the production run of the MD simulations [23].
The AG calculations were, therefore, valid for the poses in
the production run [21,23]. The calculation of AG was still
considered underdeveloped in YASARA Structure [21].
Fortunately, the AG calculation could be performed by
employing Autodock VINA [24] in YASARA Structure.
The docking simulations
dock_runlocal.mcr with VINA as the docking software in
YASARA Structure [21]. The enzyme AChE and the
peptide AEYTR from each snapshot of the MD’s
production run were converted to pdb files and were

employed the macro

subsequently fixed to avoid the pose searching phase in
the docking simulations. These resulted in the average AG
value of -19.138 kcal/mol with a standard deviation value
of 0.701 kcal/mol (Fig. 3(b)). These values were equal to
inhibition constant (Ki) values in subpicomolar [21]
indicating that the pentapeptide AEYTR was a potent
AChEL In vitro tests will be performed as the ultimate
confirmation of the i silico results [18,26] and discussed
elsewhere.

The MD simulations took 1,575 min in Google Cloud
Platform. The platform for the simulations cost circa 203.55
Indonesian Rupiah (IDR) or 0.015 US Dollar (USD)/min.
Thus, the computational cost of the MD simulations was
about 320,584.14 IDR or 22.91 USD in total. It was
considered efficient, especially for research groups that do
not have access or have limited access to high performance
computing facilities. Besides green computing issues [22],
this affordable price in using cloud computing platform
could serve as a pivotal strategy in computer-aided drug
discovery and development in the near future.

m CONCLUSION

The pentapeptide AEYTR was identified as a
potential hit to be developed as AChEI by employing the
retrospectively validated SBVS protocol. The subsequent
MD simulations using YASARA Structure in Google
Cloud Platform showed that the AChE was stable during
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the production run. Vice versa, the AEYTR poses in the
binding pocket of AChE were also stable in the
production run. Moreover, the AG values of the AChE-
AEYTR indicated that the pentapeptide could serve as a
potent AChEI. However, this finding should be
confirmed by in vitro tests.
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