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Abstract: The analysis of the effect of cobalt concentration supported on mesoporous
silica (MS) has been evaluated. This study was aimed to observe the physical and chemical
characteristics of the catalysts, and also to study the catalytic activity and its selectivity
towards gasoline and diesel oil products in the hydrocracking process of waste coconut oil.
The MS was produced using Lapindo mud, where the CTAB was used as the mesopore
templating agent. The Co/MS catalyst was prepared by the wet impregnation method
with various concentrations of Co. The characterization of the catalyst includes silica
purity test by XRF, determination of Co content by AAS, the crystallinity by XRD, the
catalyst porosity by SAA, physical pore structure by SEM and TEM, and total acidity by
the gravimetric method using NH;s base vapor adsorption. The hydrocracking was carried
out in a hydrocracking reactor using various concentrations of Co/MS catalysts with the
ratio of catalyst/feed = 1/50. The products of the hydrocracking process were liquid, coke,
and gas. The composition of the hydrocracking liquid products was analyzed by GC-MS.
Based on the results of the catalytic activity test, it was concluded that the Co(1)/MS
catalyst, which had the highest acidity, showed the best catalyst selectivity towards
gasoline and diesel fractions.

Keywords: cobalt; CTAB; hydrocracking Lapindo mud; mesoporous silica; waste
coconut oil

m INTRODUCTION

In the 21* century, many issues concerning energy

biofuels such as unfinished gasoline, kerosene, and
biodiesel [2].

sustainability, environmental problems, and rising fuel
prices have been surfacing. Conventional fuels are known
for polluting the air due to emissions of sulfur dioxides,
carbon dioxides, particulate matter, and other gases [1].
Due to worldwide environmental concern and the
increasing fuel demand, conventional energy sources are
being steadily substituted by available renewable sources
of liquid fuels such as biofuels, alcohol, and vegetable oil.
The transformation of vegetable oil to biofuel offers
environmental benefits since they are renewable, readily
available, have low sulfur and aromatics, and are bio-
degradable. Similar to fossil fuels derived from petroleum,
vegetable oil can be thermochemically converted to

However, the cost of feedstock and limited
availability of edible vegetable oils are critical issues for
biofuel production. The exploit of Waste Cooking Oil
(WCO) as biofuel feedstock reduces the cost of biofuel
production since the feedstock costs constitute
approximately 70-95% of the overall cost of biofuel
production [3]. There are several conversion methods of
vegetable oils into biofuels, such as thermal cracking,
catalytic cracking, and hydrocracking [4-6].

Thermal cracking, a conversion technique of
vegetable oil to biofuel, is performed under conditions
of high temperature and high pressure of hydrogen in

the absence of a catalyst. These conditions cause the cost
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of thermal cracking to be relatively high. Moreover, a
large amount of gas and naphtha produced during the
process is of relatively low quality due to over cracking [7].
Alternatively, the catalytic cracking process in the absence
ofhigh pressure of hydrogen increases a significant amount
of desirable olefinic and aromatic compounds in the
biofuels, and coke depositing on the catalyst.
Hydrocracking is the combination of catalytic cracking
and hydrogenation process. Properties of the
hydrocracking products, i.e., gasoline or kerosene, showed
improved oxidation stability and higher cetane numbers
[8]. Hydrocracking reaction progress through a dual
functional mechanism that requires two different types of
catalytic sites. These sites are the acidic support that
promotes cracking and isomerization and also the metallic
sites that promote dehydrogenation, hydrogenation, and
undesirable hydrogenolysis. In order to synthesize an
optimal hydrocracking catalyst, a suitable balance between
acid and metal site density has to be maintained [9].

Research on mesoporous material has been highly
developed due to its superiority in various applications
such as catalysts, adsorbents, and others. Mesostructure
has large surface area sizes allowing for large-scale diffusion
and adsorption of molecules in various applications [10].
The main components in the formation of mesoporous
materials can be in the form of silica, alumina, and carbon.
One of the basic components favored compared to others
is silica because it is thermally stable, non-hazardous, and
cheap [11]. Silica can be found in natural materials
including the Lapindo mud in Sidoarjo, East Java,
Indonesia. Lapindo mud can be used as the main potential
source in the synthesis of mesoporous material due to
high silica content (> 47%) [12].

One important factor in mesoporous material
synthesis is the selection of templates. The main
requirement for a template is to have an amphiphilic
character and mesostructure-forming properties [13].
Commonly used types of mesostructure templates are
cationic and neutral surfactants. A cationic surfactant
such as CTAB (Cetyl Trimethyl Ammonium Bromide) is
often used in MCM-41 synthesis [14-15].

MS contains pure silica material that only has a weak

Lewis acid site content and has no Brensted acid site,
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making it difficult to be used directly as a catalyst and
adsorbent. The Lewis acid site will increase if a transition
metal is included in the MS structure. Improving the
dispersion of the metal nanoparticles can increase the
activity of the catalyst. The stability of the catalyst depends
on the dispersion of the metal and the interaction between
the metallic phase and the support [16-17]. The metals
that are usually used in the catalyst are the transition
metals such as Co, Ni, Cr, Fe, etc.

In a previous study, cobalt and molybdenum metal
were used as the catalyst support on mesoporous silica-
alumina (MSA) and showed that the cobalt supported
catalyst had the highest liquid conversion of a-cellulose
oil pyrolysis compared to molybdenum in the
hydrocracking process [18]. The nature and the
dispersion of cobalt are the key factors in determining
the activity and the selectivity of the supported catalyst.

The current research studies the synthesis of cobalt
metal supported mesoporous silica catalyst using
various concentrations of cobalt and also its application
for the conversion of waste coconut oil. The correlation
of the catalyst characteristics to its activity and selectivity
is also reported.

m EXPERIMENTAL SECTION
Materials

Materials used in this research were Lapindo mud,
hydrochloric acid (HCl, Fluka 37% p.a), sodium
hydroxide (NaOH, Merck p.a), cetyltrimethylammonium
bromide (CTAB), cobalt(II) nitrate hexahydrate
(Co(NO:s)»-6H,0), silver nitrate (AgNOs), ammonia
solution (NH; sol 25%), N, gas, H, gas, demineralized
water, Whatman filter paper No. 42 and 41, universal pH
indicator strips (Merck), and waste coconut oil.

Instrumentation

The purity of synthesized silica and the chemical
content of the Lapindo mud were analyzed by X-ray
Fluorescence (XRF, Analytical MiniPal 4). X-ray
(XRD,  Philips
Diffractometer) was used to observe the crystallinity of

Diffractometer X-pert  Powder
the catalysts. The amount of metal content of all samples

was determined using Atomic Absorption Spectroscopy
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Fig 1. Schematic illustration of the hydrocracking reactor
(1) gas tank, (2) flow meter, (3) reactor, (4) thermocouple,
(5) feed vessel, (6) catalyst vessel, (7) iron gauze 200 mesh,
(8) oil feed vessel, (9) Liebig condenser, (10) connector,
(11) hearth flask, (12) gas trapper

(AAS, Perkin Elmer 3110). The surface parameters (surface
area, pore-volume, and pore diameter) of the samples
were analyzed using the Surface Area Analyzer (SAA, St2
on NOVA touch 4LX). The surface morphology of the
catalyst was analyzed using a Scanning Electron
Microscope (SEM, JMS-6510LA). The pore images were
taken using a Transmission Electron Microscope (TEM,
JEM-1400). The
hydrocracking of waste coconut oil were analyzed using

liquid products obtained from
Gas Chromatography-Mass Spectrophotometer (GC-MS,
Shimadzu QP2010S).

Procedure

Silica extraction from Lapindo mud

Based on our XREF result, the Lapindo mud contained
45.49% of SiO,, 17.24% of ALOs;, 8.19% of Fe,O;, and
29.08% of other compounds. The Lapindo mud was
cleaned and washed with demineralized water and then
dried. Afterwards, the Lapindo mud was sieved up to
100 mesh. Later, 100 g of Lapindo mud was refluxed with
400 mL of 6 M HCI (90 °C, 5 h). Afterwards, the sample
was filtered and washed by demineralized water until it
was free from Cl. The filtrate was dried at 100 °C for 24 h.
The residue was then refluxed with 400 mL of 6 M NaOH
(90 °C, 5 h). The refluxed mud was then filtered using
Whatman 42, and the Na,SiOs solution was obtained. After
that, Na,SiO; solution was added with 3 M HCI (until the

pH reaches 8) and was settled overnight until the white
gel formed. The white gel that was formed was then
filtered and dried at 100 °C overnight. The extracted
silica was characterized by XRF and XRD.

Synthesis of mesoporous silica (MS)

The ratio of silica/CTAB used in this research was
~2. Three point nine hundred and seventy five grams of
CTAB was diluted in 65 mL demineralized water at 40 °C
(under stirring). Meanwhile, 7.5 g of synthesized silica
was diluted in 200 mL of 1.5 M NaOH, forming the
Na;SiOs solution. The Na,SiOs solution was dropped
carefully to the CTAB solution until it was homogenous.
Afterwards, 3 M HCl was added to the solution until the
pH became 10 and then the solution was settled for 4 h.
After that, the solution was put in the autoclave (100 °C,
24 h). The white solids were then washed using
demineralized water until the pH became neutral, then
dried at 80 °C for 24 h. The formed solids were calcined
at 550 °C for 5 h (10 °C min™). The mesoporous silica
was analyzed using XRD, AAS, and SAA.

Preparation of Co/MS via wet-impregnation

Co/MS catalysts were prepared by impregnation
method. An aqueous solution containing 0.00494 g of
Co(NOs),-6H,0 was mixed with 0.5 g of MS in a beaker
glass for a ratio of 1 wt.%. The solution was stirred until
homogenous and kept overnight. The Co concentration
was varied at 1, 3, and 5 wt.% towards the MS, which
were subsequently mentioned as Co(1)/MS, Co(2)/MS,
and Co(3)/MS. The solution was evaporated and dried by
using an oven at 100 °C overnight. The dried mixture was
then calcined with flowing N, gas at flow rate of 20 mL
min~, and temperature of 500 °C for 2 h. After that, the
reduction process was conducted under H, gas at flow
rate of 20 mL min™ for 3 h to remove oxygen from the
Co/MS. The produced catalysts were analyzed using
XRD, AAS, and SAA.

The acidity of the catalysts was tested by the
gravimetric method using NH; gas as the basic
adsorbate. Point zero five grams of catalyst was placed in
a porcelain crucible and put into a desiccator. The
desiccator was vacuumed and flowed with NH; vapor for
24 h. After that, the sample was taken out from the

Wega Trisunaryanti et al.



530

desiccator and weighed as porcelain crucible with sample

after adsorption. The acidity of the catalyst was

determined using the following Eq. (1).
W, =W,

(W, = W;y)xMW NH;

where, W, = weight of empty porcelain crucible (g); W, =

Acidity(mmole/g) = %1000 (1)

weight of porcelain crucible + sample before adsorption (g);
W, =weight of porcelain crucible + sample after adsorption
(g); and MW = molecular weight of NH; (g mol™)

Catalytic activity test

The weight ratio of catalyst/waste coconut oil that
was used to test the catalytic activity was 1:50(1 g of
catalyst; 50 g of feed). The feed and catalyst were put in a
container, and then the container was put into the
conversion reactor. Afterwards, the sample was heated at
450 °C with increasing temperature of 10 °C min™' and H,
gas with a flow rate of 15 mL min™' inside the flask. The
schematic illustration of the hydrocracking reactor is
shown in Fig. 1. The result of the cracking process was
then determined as its liquid conversion percentage (%)
using Eq. (2).
Liquid Product (%) :EXIOO%

Mu

Mk
Coke Formation (%) =——x100%
Mu

M
Residue Formation (%) = M—r><100% (2)

u
Mu - (Mc+MKk)

Mu
Mu—Mr

Mu

Gas Product (%) = x100%

Total Conversion (%) = x100%

where, Mc = liquid product mass (g); Mk = coke mass (g);
Mr = residue mass (g); and Mu = mass of waste coconut
oil (g)

The hydrocracking products were analyzed by GC-
MS to determine the compound content in the liquid. The
chromatogram result from the analysis of liquid product
represented as the relative percentage for each compound
The selectivity
percentage of the gasoline and diesel fraction on liquid oil
waste product was determined using Eq. (3).

contained in the liquid product.

Gasoline Fraction (%) = % x Rt(%)

Diesel Fraction (%):%bx Rt (%) (3)
Organic Liquid Product =Rt(%) — (GF + DF)

Indones. I. Chem., 2021, 21 (3), 527 - 536

where, Ra = Cs-C;, GC area (%); Rb = C;5-Cy; GC area
(%); Rx = Total relative (%); Rt = Liquid product
conversion (%); GF = Gasoline Fraction; and DF =
Diesel Fraction

m RESULTS AND DISCUSSION
Silica Extraction

Based on the XRF analysis results, silica was proven
to be the main component in the sample with an average
content of 96.9%, which indicates that the silica
extracted from the Lapindo mud has high purity. this
result was also supported by the XRD data as shown in
Fig. 2, which shows the amorphous silica phase in the
range of 15° < 20 < 30°. However the purity of the silica
does not reach 100% due to the presence of impurities
such as iron oxide (0.15%) and other compounds
(2.99%). One hundred percent purity is very difficult to
obtain from the extraction process; even more so, if the
silica source comes from nature.

Catalysts Characterization

The XRD pattern of MS, Co(1)/MS, Co(2)/MS, and
Co(3)/MS are shown in Fig. 3. As expected, mesoporous
silica did not show any sharp diffraction peaks consistent
with the amorphous structure of the support. The broad
peak at 15° < 20 < 30° was observed for all catalysts,
corresponding to the amorphous silica phase. The broad
peak intensity of Co(1)/MS, Co(2)/MS, and Co(3)/MS
decreased with increasing cobalt concentration [19]. This

100 S
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1
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o
]
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Fig 2. Wide-angle XRD of extracted silica
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(d)

(c)

Relative Intensity {a.u.)

45

a0

35
28 (deg)
Fig 3. Wide-angle XRD pattern obtained from (a) MS, (b)

Co(1)/MS, (c) Co(2)/MS, (d) Co(3)/MS
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indicates that the impregnation of metal slightly reduced
the amorphous area. This is because the surface of the
mesoporous silica is attended by new species that should
give rise to new crystalline peaks. However, there was not
much metal in material, so this effect does not appear.
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As seen in Fig. 3, Co(1)/MS, Co(2)/MS, and
Co(3)/MS do not display significant peak of cobalt
diffraction pattern, unlike high cobalt loaded catalysts.
This can be attributed to the low content of cobalt metal
species. Although the presence of cobalt metal in MS
could not be proven in XRD analysis, the AAS analysis
showed that there was cobalt metal content carried in
MS.

The N, adsorption-desorption isotherm of MS and
cobalt supported-catalysts are shown in Fig. 4. The
isotherm of MS in Fig. 4(a) exhibits a type IV isotherm
with H4 hysteresis the IUPAC
classification. After loading of cobalt, the isotherm
shades of the catalyst with different cobalt content were
relatively similar to MS. This shows that the
impregnation of cobalt did not give significant changes
in the mesoporous structure of the catalyst. The

according to

hysteresis type of the cobalt supported catalysts were
considered as the H4 type, which showed relatively
uniform wormhole-like pores [20] as seen in the TEM
image that will be displayed later.
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Fig 4. N, gas adsorption-desorption isotherm of (a) MS, (b) Co(1)/MS, (c) Co(2)/MS, and (d) Co(3)/MS
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In this study, capillary condensation of Co(1)/MS,
Co(2)/MS, and Co(3)/MS were shifted to lower relative
pressure with a shoulder on the desorption branch. The
presence of the shoulder on the desorption branch of the
cobalt supported catalysts in Fig. 4(b), (c), and (d) at
relative pressure (P/P,) of around 0.45, can be attributed
to partial pore blockage due to the presence of the metal
cobalt species in the aperture of the pores that cause a
decrease in the specific surface area. This is known as the
cavitation phenomenon.

Pore distribution of porous materials was calculated
using the BJH method. In this research, the BJH method
was used to calculate the pore distributions from the
experimental isotherm using the Kelvin mode of pore
filling. This method can be applied to the mesopore and
all macropore size range. The size of the pore distribution
peak indicates the pore size average. The narrow pore
distribution peak means that the pore size is homogenous.

As seen in Fig. 5, MS has the narrowest peak among
the other catalysts. This indicates that MS has the most
homogenous pore size. Meanwhile, the peak distribution
of the impregnated MS shows a less narrow peak, which
means that the impregnated MS has less homogenous
pore distribution compared to MS. The impregnation of
cobalt metal into MS does affect the homogeneity of the
pore distribution, which can be seen from the peak of
Co(1)/MS, Co(2)/MS, and Co(3)/MS, in which the peak
intensity continually decreased. All of the cobalt
supported catalysts showed unimodal pore distribution,
where it still increases at the smaller pore size. This
suggests that there may be partial pore blockage or
deposition of cobalt particles against the internal silica
walls and/or at the pore apertures. This is also proven by
the decrease of total pore volume, where the total pore
volume of MS > Co(1)/MS > Co(2)/MS > Co(3)/MS as
shown in Table 1. Although their pore size distributions
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differ in homogeneity, the average pore size obtained by
all catalysts was relatively similar to each other so their
ability to absorb molecules contained in the substrate
was also relatively similar.

The actual metal content of the impregnated MS
that had been determined using AAS were slightly
different from the loaded amount. This can happen
possibly because some of the metal was left on the
glassware that was used in the impregnation process, or
it can also be caused by the uneven dispersion of the
metal that caused unevenly distributed metal on the
surface of the catalyst.

The addition of metal can give support to the acid
sites in the catalyst system through the Lewis acid site.
The cobalt metal contained in the catalyst sample can
affect the acidity of the catalyst considering the empty 4p
orbital that acts as the Lewis acid site. The acidity of the
catalyst with higher metal content should also be higher.
All data show a relationship between the loaded metal
and the acidity of the catalyst, but there is an anomaly in
this study. The Co(1)/MS had the highest acidity value

%
L ]

25 —a— (3]
- —— (b}
2 —e—{C}
—a— [d)

215

1
0.5
0

2 4 6 & 10 12 14 16 18 20
Pore diameter (nm)

Fig 5. Pore size distribution (BJH desorption) of (a) MS,
(b) Co(1)/MS, (c) Co(2)/MS, and (d) Co(3)/MS

Table 1. Summary of the textural properties of the catalysts

Catalyst Total pore Average pore  BJH surface area Cobalt Acidity

samples volume (cc/g)  diameter (nm) (m*g™) content (%) (mmol g™)
MS 0.93 3.28 291 0.00 13.24
Co(1)/MS 0.60 3.27 233 0.95 17.94
Co(2)/MS 0.59 3.28 224 1.39 13.91
Co(3)/MS 0.57 3.28 192 5.26 15.36
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because the NH; gases was completely absorbed on the
surface of the catalyst where the metals were well
dispersed, while for Co(2)/MS and Co(3)/MS, the NH;
gases were not completely adsorbed by the metal, possibly
due to agglomeration or the pore blocking of the metal.
As seen in Table 1, the order of acidity is Co(1)/MS >
Co(3)/MS > Co(2)/MS > MS. It was predicted that the
hydrocarbon product would follow the acidity content of
the catalyst because acidic sites have a function to help the
cracking process of large molecules into smaller
molecules.

The morphology and the orderliness of MS and
Co(1)/MS were analyzed using SEM. As seen in Fig. 6, the
MS pores are shaped like slit-like pores. The SEM image
of MS also shows that it consists of aggregates of uniform
sphere-like particles but not too ordered. The pores
formation on MS material was affected by the micelle
shape from the CTAB templates that were used. The

| R

Fig 7. TEM images of Co(1)/MS (a) before and (b) after hydrocracking
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synthesized MS material only showed the slit-like pores
that were affected by the calcination process and did not
fully degrade the CTAB template, leaving the remaining
CTAB molecules in the MS. Furthermore, the SEM
image of Co(1)/MS does not show any significant
changes. However, it can be seen that the pores of the
catalyst were slightly reduced, indicating that the cobalt
metals were filling the pores of the catalyst.

Fig. 7 shows TEM images of Co(1)/MS before and
after the hydrocracking process. The TEM result
indicated that before hydrocracking, Co(1)/MS had a
wormbhole-like pore structure. This result was similar to
the TEM images of Co/MS that were synthesized in
previous work [18]. Meanwhile, the TEM image of
Co(1)/MS after hydrocracking (coke) showed that there
were no pores, indicating that the pores of the Co(1)/MS
were blocked by the carbon that were trapped inside the

pores.

WS Lpw
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Catalytic activity and selectivity test

Waste coconut oil is a hydrocarbon compound with
the carbon chain of < Cys that needs a catalyst with good
catalytic activity in the cracking treatment. The cracking
process in the current study was conducted using a fixed
bed reactor with a temperature of 450 °C. As seen in Table
2, the hydrocracking process produced three phases of
product, namely liquid, gas, and coke fraction, along with
leftover residues.

The results show that the order of the amount of
liquid product is Co(2)/MS > Co(3) > Co(1)/MS. This
order follows the number of metal sites entrusted to MS.
The more metals are loaded, the more d orbitals containing
one electron are used as the electron place of hydrogen
gas. This state facilitates the hydrogenation process.

It can be seen in Table 2 that higher amounts of
metal impregnated to the MS relatively improves the
conversion of the liquid product, except for the Co(3)/MS
catalyst. The Co(2)/MS catalyst gave the highest
conversion of the liquid product among the other
catalysts because it had the optimal metal content in the
catalyst. Meanwhile, the Co(3)/MS, which had the highest
cobalt content, did not give the highest conversion of
liquid product. This could happen possibly because the
cobalt in the Co(3)/MS dispersed in the inner surface of
the MS, and the feed was not able to reach every metal
inside the pores of the MS due to blocking from other
metals in the same pore. Another possibility is the
occurrence of sintering of the metals embedded in MS

Indones. I. Chem., 2021, 21 (3), 527 - 536

because of high hydrogen gas pressure. The liquid
product from the hydrocracking process was analyzed
by GC-MS to determine the compounds that were
produced from the hydrocracking process of the waste
coconut oil. The content of gasoline (Cs-C1,), diesel (Ci3-
C17), and organic compound fractions contained in the
liquid product of the hydrocracking process could be
obtained from the peak area percentage of the GC-MS
analysis result.

As seen in Table 3, it can be observed that the order
of the total hydrocarbon products (gasoline and diesel
fractions) is Co(1)/MS > Co(3)/MS > Co(2)/MS. This is
based on the acidity value of the catalyst. The higher the
acidity value, the easier the cracking process of the
molecules [21]. The total of both gasoline and diesel
fraction by Co(1)/MS, Co(3)/MS, and Co(2)/MS catalyst
were 64.85, 57.18, 56.67 wt.% respectively. Therefore, it
can be concluded that the Co(1)/MS catalyst with the
highest acidity value had the highest selectivity towards
the hydrocarbon fractions (gasoline and diesel).

m CONCLUSION

In this study, the preparation of catalysts via the
wet-impregnation method was successfully applied for
Co/MS, and the results showed that the impregnation of
metals did not significantly change the texture of the
catalyst, which agreed with XRD, BET, SEM, and TEM
results. The Co(1)/MS catalyst with the lowest Co content
0f 0.95% and highest acid sites of 17.94 mmol g"' showed

Table 2. Hydrocracking conversion products of waste coconut oil

Conversion (wt.%)

Total conversion

Catalyst Liquid fraction  Gas fraction Coke Residues (wt.%)
Co(1)/MS 75.97 23.79 0.24 0.90 99.10
Co(2)/MS 79.17 20.77 0.06 0.59 99.41
Co(3)/MS 77.20 22.36 0.44 0.52 99.48

Table 3. The selectivity of the catalysts on the hydrocracking liquid products

Liquid product fraction selectivity (wt.%)

Catalyst Gasoline fraction ~ Diesel fraction Organic liquid product
Co(1)/MS 43.11 21.74 11.12
Co(2)/MS 39.93 16.74 22.49
Co(3)/MS 38.03 19.15 20.02
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the best performance resulting in the lowest conversion of
liquid product of 75.97%, but the highest total of
hydrocarbon product with 43.11% gasoline and 21.74%
diesel fractions.
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Abstract: ZnO is one of the most studied semiconductor materials because of its
interesting chemicals, and from a technological point of view, mainly as a consequence of
their outstanding properties, such as wurtzite type, non-toxic nature, large band gap, low
cost, and environment-friendly. In this work, the ZnO/C composite was synthesized by a
simple and fast low-temperature method; the solid product was calcination temperature
at 100 to 400 °C. The influence of variation in calcination temperature was studied using
X-ray diffraction (XRD), Fourier transforms infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), and UV-visible diffuse reflectance spectroscopy. The X-ray
diffraction patterns indicated a high crystallinity and a nanocrystalline size of the ZnO/C
composite hexagonal structure of wurtzite. The SEM image of the samples showed that
the powder has a spherical structure of flakes aggregated in the common nucleus like a
grid. The sphere consists of spindle and flower-like structures. The optical properties were
determined by UV-vis diffuse reflectance spectroscopy, and it was found that the band
gap energy of ZnO/C composite increase from 3.210 to 3.329 eV with an increase in
calcination temperature from 100 to 400 °C. FTIR spectra and EDS analysis showed that
the existence of carbon in the composite.

Keywords: ZnO/C composite; calcination temperature; colloidal method; morphology;
optical properties

m INTRODUCTION

Materials based on zinc oxide are the most

improved the structural, morphological, vibrational
properties and reduce the band gap of broadband
semiconductors of ZnO [7]. Osman et al. [8] reported the

interesting from a technological point of view, mainly
because of their remarkable properties, such as the wide
direct band gap of around 3.37 eV, a semiconductor
material with a high exciton binding energy of 60 meV at
room temperature [1], crystallizes in the typical
hexagonal wurtzite structure with lattice parametersa=b
= 0.325 nm and ¢ = 0.521 nm [2]. All these properties
make them widely applied in several fields, such as light-
emitting diodes [3], solar cells [4], photocatalysis [5], and
photovoltaic applications [6].

Carbon as a good candidate is used as a host material
for composite because of its properties, such as high
surface area and conductivity. The combination of ZnO
with carbon will result in an intermediate energy level in
the band gap of the material and reduce its absorption
energy. Previous studies on ZnO/carbon composites have

synthesis of ZnO/C nanocomposite using glucose and
observed enhanced visible-light photocatalytic activity.
On the other hand, Jayalakshmi et al. [9] described the
synthesis of ZnO/C Nanocomposite by the thermal
decomposition using dextrose for the application of
supercapacitors. There are different synthesis methods
used to produce a ZnO/C composite, such as the sol-gel
method [10], a hydrothermal method [11], micro-
emulsion method [12], thermal decomposition [13],
combustion method [14], and microwave-assisted
method [15]. The Thermal treatment, for example,
calcinations, would remove impurities, and the second
chemical phase, used as a capping agent, would give a
pure product. In addition, calcinations effectively modify
the crystalline phase to obtain a homogeneous one.
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Therefore, the combination of the two methods, chemical
and thermal, makes it possible to produce nanoparticles
of better size and better crystalline phase [16-17]. In this
work, we report synthesized the ZnO/C composite using
the colloidal method. It is a simple and inexpensive
method and does not take much time to prepare the
nanoparticles, and citric acid is used as a source of carbon.
The aim of this research is The ZnO/C composite was
then calcined at different temperatures 100, 300, and
400 °C to study the influence of heat treatment on the
morphology and size of the ZnO/C composite. The
structural properties, the particle size, the morphological
and optical properties of the synthesized ZnO/C
composite were characterized by Fourier Transform
(FTIR),
spectroscopy (XRD), scanning electron microscope

Infrared  spectroscopy X-ray diffraction

(SEM), and UV-visible diffuse reflectance spectroscopy.
m EXPERIMENTAL SECTION
Materials

Materials used were Zinc nitrate hexahydrate
(Zn(NOs),-6H,0,
monohydrate (C¢HsO7;.H,O, Panreac, Espagne), and
sodium hydroxide (NaOH, Prolabo, Suisse).

Panreac, Espagne), citric acid

Instrumentation

The structure and particle size were characterized by
X-ray diffraction (XRD) with CuK (A = 0.1546 nm). The
existence of carbon indicated by the infrared absorption
spectra was recorded over a range of 4000 to 400 cm™ on
an infrared spectrophotometer with Fourier transform.
The morphology and the particle size of the product
obtained were analyzed by scanning electron microscopy.
The optical property was analyzed by UV-visible diffuse
reflectance spectroscopy.

Procedure

The used procedure was prepared by our previously
reported method but modified by calcined at different
[18]. ZnO/C
composite was prepared using the colloidal method. First,
the Zinc nitrate hexahydrate (Zn(NOs),-6H,0; 0.954 g)
and citric acid monohydrate (CsHsO7H,O; 2.101 g) were
fully dissolved in distilled water (10 mL) and stirring at

temperatures for ZnO/C composite
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room temperature for 30 min, Zinc Nitrate Hexahydrate
to obtain 0.7 M and 1 M of citric acid.

Secondly, 1.4 M NaOH was directly and rapidly
dropped into the first aqueous solutions with a molar
ratio (r = non./Nzn+ = 6: 1) at room temperature. Then
the white colloidal was recovered by centrifugation and
washed several times with distilled water. Then, the
resulting products were placed in an oven at a
temperature of 40 °C for 3 days. Finally, the powder
obtained by the above process was thermal treatment at
a different temperature such as 100, 300, and 400 °C in
the air for 1 h.

Different relations used for measurement of
properties

The average size D can be calculated Debye-
Scherrer formula [19]:

k
b= BcosO ()
were D is average crystallite size, A the wavelength of
CuKal taken as 0.1546 nm, 0 is the diffraction angle, and
B the width of the peaks (FWHM) in radians.

The lattice parameters (a and c) have been determined

by using the following formula [20]:

2 2 2
1 é(h +hk+k JJFI_ 2)
C

&3
Referring to Bragg law, it is possible to rewrite Eq. (2) as

a2

follows:
4sin*0 4 h*+hk+Kk*) 12
= ©

The lattice constant 'a’ is derived for the plane (100) by
the relation (4):
A
=" 4
: \3*sin® )
The lattice parameter C is calculated for the (002) plane
using the following Eq. (5):

A

sin©

©)

where d is lattice spacing, a and c are lattice constants; h,

c=

k, 1 are miller indices, 0 is the angle of the corresponding
peak, and A is the wavelength of X-ray used(1.5402 A).
The volume of the unit cell for the hexagonal system has
been calculated by using the relation given below (6):
V=0.866%a>*c (6)
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m  RESULTS AND DISCUSSION
FT-IR Analysis

FT-IR spectra were used to study the composition
and structure of the ZnO and ZnO/C sample calcined at
different temperatures are shown in Fig. 1. For all
samples, the absorption bands in the 3380-3600 cm™
range can be assigned to the O-H stretching vibrations,
and the band about at 1550-1600 cm™' range is attributed
to O-H bending vibration of surface-adsorbed water
molecules. The presence of the sharp peak at the 400-
460 cm™ range can be attributed to the vibration of the
zinc-oxygen bond. Besides, the absorption signals
appeared around 702 cm™ and were assigned for the
Zn-0O stretching vibration of pure ZnO nanoparticles
[21-22]. The presence of carbonyl groups at 1340 cm™
came from the citric acid material. Moreover, these
absorption peaks are obviously stronger for ZnO/C

539

composite calcined at 100 °C than the other samples.
When the calcination temperature was increased for
ZnO/C composite samples to 300 °C, we observed that
the peaks began to decrease because the carbon mass loss
changed as indicated by EDS. Table 1 shows the type of
vibration IR bands for ZnO/C composite at different
calcination temperatures.

X-Ray Analysis

Fig. 2 shows the XRD diffraction patterns of the
ZnO pure and ZnO/C composite calcined at 100, 300,
and 400 °C for 1 h. All the main diffraction peaks were
indexed in the wurtzite structure of ZnO with (JCPDS
card No.36-1451). No obvious peaks typical of the
crystalline graphitic layers of a carbonaceous material
were observed because the carbon species were in the
amorphous phase.

As shown in Table 2, the calculated crystallite size,
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Fig 1. FTIR spectra of the synthesized ZnO and ZnO/C composite calcined at different temperatures: (a) pure ZnO
(b) ZnO/C at 100 °C, (c) ZnO/C at 300 °C, and (d) ZnO/C at 400 °C

Table 1. The type of vibration IR bands for ZnO/C composite at different calcination temperatures

Wavenumber (cm™)

Type of vibration
ZnO  ZnO/Cat100°C  ZnO/Cat300°C  ZnO/C at 400 °C
3500
assigned to O-H stretching vibrations [23-24] 3452 3448 3448 3448
assigned to O-H bending vibrations [25] 1573 1573 1573 1593
assigned to C-O stretching vibrations [26] - 1340 1340 1340
417
assigned to Zn-O bending vibration [21-22] 702 453 417 417
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Fig 2. XRD spectra of the synthesized ZnO and ZnO/C composite calcined at different temperatures: (a) pure ZnO (b)

ZnO/C at 100 °C, (c) ZnO/C at 300 °C, and (d) ZnO/C at 400 °C

Table 2. Crystallite sizes, lattice volume, and lattice parameters (a and c) for ZnO and ZnO/C composite calcined at

different temperatures

D (nm) a (nm) ¢ (nm) V (nm?)
ZnO pure 3291 0.3249 0.4969 0.0454
ZnO/C at 100 °C 28.49 0.3210 0.4919 0.0439
ZnO/C at 300 °C 31.25 0.3241 0.4956 0.0451
ZnO/C at 400 °C 31.53 0.3241 0.4957 0.0451

lattice parameters, and unit cell volume of ZnO/C
composite are indeed smaller than those of pure ZnO. It
was observed that with the increase in calcination
temperature from 100 to 400 °C with a gradual increase in
crystallite size due to aggregation and also unevenly sized
particles of surface atoms at higher temperatures which at
higher temperatures above 100 °C reduces content carbon
and improved the metal crystallinity [16].

Scanning Electron Microscope (SEM)

Fig. 3 demonstrates the correspondent morphology
and calcined size at different temperature ZnO/C
composite samples, as investigated by SEM. Image of
ZnO/C composite samples calcined at 100 °C shows the
sphere is of flakes (nanosheet) aggregated in the common
nucleus like a grid in Fig. 3(a). The particles are about
1 um in diameter, whereas the ZnO/C composite samples
calcined at 300 °C showed the sphere consists of the

spindle in the common nucleus (Fig. 3(b)). These
microstructures have an average particle diameter of
about 1-2 um. The samples ZnO/C composite calcined
at 400 °C showed well-defined the rods aggregated
formed flowers-like with a diameter of 2-3 um (Fig.
3(c)). These results indicate that the attained particle size
increased with increasing calcination temperature. The
ZnO nanosheet product gradually started to crumble
and overlapped with the increment of calcination
temperature from 300 °C. As we know, the high surface
area to volume ratio of nano-size particles possesses higher
surface energy. Therefore, they tend to agglomerate due
to Van der Waals's force to stabilize the surface energy.
Besides that, agglomeration often occurs at high
temperatures due to the sintering effect in which the
particles move closer to each other during the dehydration
process [27-28]. From EDS spectra, the amount of C, O,
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Table 3. The amount of C present in ZnO calcined at 100, 300, and 400 °C

Temperature of calcination (°C)

C content (%)

O content (%) Zn content (%)

100 12.97
300 10.40
400 8.30

29.57 57.46
32.45 57.15
32.38 59.32

and Zn present in the sample was estimated as presented
in Table 3, the content of carbon in the composite for the
Zn0O/C-100 °C, ZnO/C-300 °C, and ZnO/C-400 °C are
about 12.97 wt.%, 8.30 wt.%, and 8.55 wt.%, respectively.
These results reveal that the carbon content of the samples
decreases with increasing the temperature of calcination.

Optical Properties: UV-Vis

The Optical Properties of the ZnO and ZnO/C
composite calcined at different temperatures 100, 300,
and 400 °C were studied by the UV-visible absorption
spectra shown in Fig. 4. Fig. 4 shows display the sharp
fundamental absorption in the ultraviolet region with a
band gap absorption edge of 350, 354, 362, and 369 nm for
ZnO and ZnO/C-100 °C, ZnO/C-300 °C, ZnO/C-400 °C,
respectively, which can be assigned to the intrinsic band-
gap absorption of ZnO due to the electron transitions
from the valance to the conduction band.

The band gap of semiconductors can be calculated
by the Kubelka-Munk method [29]. The absorption

coefficient (a) versus photon energy (hv) for the direct
band gap semiconductor can be expressed as follows:
(ochv)2 :B(hv—Eg)n :f(hv) (7)
where a is absorption coefficient, A the absorption of a
sample, and t is the thickness of the sample, B is a
constant, Eg the optical band gap, h is Plank’s constant,
v is the frequency of the incident photon. The value of n
= 1/2, 3/2, 2, or 3 depending on the nature of the
electronic transition responsible for absorption and n =
1/2 for direct band gap semiconductor.

The value of the band gap is calculated by
extrapolating the straight-line portion of the (ahv)?
versus (hv) axis. The Plot (ahv)? as a function of the
energy hv and extrapolating the linear part of the curve
to the zero absorption are shown in Fig. 5.

We can see from Fig. 5 that the energy band gap for
ZnO pure is calculated to be 3.385 eV, while the energy
band gap of the ZnO/C composite calcined at 100 °C
drops down to 3.290 eV, and it can be seen that the Eg
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Fig 4. UV-visible absorption spectra of ZnO and ZnO/C composite calcined at different temperatures: (a) pure ZnO
(b) ZnO/C at 100 °C, (c) ZnO/C at 300 °C, and (d) ZnO/C at 400 °C
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Fig 5. Plots of a function of hv for the ZnO and ZnO/C composite calcined at different temperatures: (a) pure ZnO (b)

ZnO/C at 100 °C, (¢) ZnO/C at 300 °C, and (d) ZnO/C at 400

values of the composites increases as the calcination
temperature increased. Accordingly, the existence of
carbon-carrying ZnO can enhance the light absorption
and widen the ultraviolet region range as described in
ZnO/C composites. It is clear that the increase of Eg is
correlated along with the grain size of the material, which
increases with temperature calcination (Table 4).

Comparison of Size and Morphology with Other
Literature

The results of ZnO/C composite calcined at
different temperatures are compared with those reported
in the literature. Table 5 summarizes the morphology,
size, optical band gap, and carbon source of the ZnO/C
composite calcined at different temperatures and other
publications.

°C

CONCLUSION

In this study, the effect of calcination temperature
on the size, morphology, and optical properties of
ZnO/C composite synthesis by the colloidal method was
reported. The shapes and carbon amount-of-substance
fractions of the samples were characterized by SEM,
EDS, and FTIR. When the calcination temperature was

Table 4. Crystallite size, band gap energy of the ZnO and
ZnO/C composite calcined at 100, 300, and 400 °C

Sample Crystallite Size (nm) Eg (eV)
Pure ZnO 3291 3.385
Zn0O/C-100 °C 28.49 3.210
Zn0O/C-300 °C 31.25 3.290
Zn0O/C-400 °C 31.53 3.329

Table 5. The morphology, size, optical band gap, and carbon source of the ZnO/C composite and other publications

Method Carbon source Calcined Size Eg Morphology Reference
temperature (°C) (nm) (eV)
Colloidal method Citric acid 100 28.49 3.210 - the sphere is of flakes ~ This work
300 31.25 3.290 - the sphere is of spindle
400 31.53 3.329 - flowers like
Sol gel method sucrose (C;,H,,011) 400 27.07 - Spherical particles [30]
Thermal decomposition glucose(CsH12Os) 350 - 3.221 - [8]
Combustion Synthesis ~ dextrose 650 - - spindle-like shapes [9]
Assisted pyrolysis Pluronic F127 500 21.8 298 - [25]
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increased, the carbon amount-of-substance fraction of the
product also decreased. The XRD patterns of the
synthesized ZnO and ZnO/C composite at different
calcination temperatures revealed the presence of a single
wurtzite ZnO phase. The particle size increased with
increases in calcination temperature due to aggregation
and unevenly sized particles; at higher temperatures
above 100 °C, it reduced content carbon and improved the
metal crystallinity. The band gap increases with increasing
calcination temperature from 3.210 to 3.329 eV.
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Abstract: Euphorbia species possess pharmacological properties that have been widely
used for medical purposes worldwide. In this paper, three plants belonging to the
Euphorbia genus growing in North-East of Algeria were studied. The phenolic contents
were identified using LC-MS, while the fatty acid composition of their fixed oils was
determined with GC-MS. The quantification of the total condensed tannins and the
leaves' entire anthocyanin content were performed using photometric methods. The main
constituents of the polyphenolic compounds identified by LC-MS were ascorbic,
chlorogenic, and ellagic acids. The oil yield of the seeds of E. terracina, E. biumbellata,
and E. dendroides was 17.48%, 18.5%, and 20.05%, respectively. Quantitative analyses
of these oils using GC-MS showed variations in the species’ fatty acid constituents’
concentrations and compositions. Besides, the phytochemical screening results showed
that E. terracina possessed a high amount of tannin and anthocyanin content compared
with other studied plants.

Keywords: Euphorbia; polyphenols; oil; LC-MS; CG-MS

m INTRODUCTION

More attention has been given to plants as a human
medicaments source, especially in some developing
countries, as plant-derived medicines have made
significant contributions to human health and wellbeing
[1-3]. Among the natural products found in plants,
polyphenols constitute one of the largest classes of the
plant's secondary metabolite, which has an important role
in preventing and restricting free radicals.

gonorrhea, fungal and inflammatory disorders, .and
sexual transmission [6-7]. In Nepal, the latex of E. milii
is used to cure sprains [8], while in China, it is used to
cure hepatitis [9]. In Pakistan E. hellioscopia leaves are
used to relieve constipation [10]. In India, E. neriifolia is
known for its medicinal value, such as antibacterial,
antifungal, antiviral, and antioxidant [11]. In Nigeria,
essential oils from the leaves of E. milii are used for
insecticidal action [12].

Few previous works are reported on the use of

The plant Euphorbia belongs to the family
Euphorbiaceae that is widespread worldwide and widely
present in the tropical region. It is a large family of
flowering plants, including 300 genera and over 5000
species [4-5].

The Euphorbia species are considered critical
medicinal plants used mainly in folk medicine all over the
world. In Africa, Euphorbia species were used to treat
various diseases such as skin disease, migraines,

E. biumbellata, E. terracina, and E. dendroides in folk
medicine. According to ethnobotanical investigations, it
was observed that E. terracina leaves have been used as a
remedy for paralysis and fever [13]. And E. dendroides
was used as a fish poison and as a cathartic, while
E. biumbellata latex has been used to cure warts [4].
Phytochemical studies of Euphorbia dendroides
exhibited the presence of polyphenols, flavonoids, and
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jatrophane esters [4], while in previous research studies,
Euphorbia terracina was found to contain a variety of
bioactive chemical compounds such as saponins, tannins
[13], triterpenes, flavenoids and coumarins [14].

This research aims to identify the chemical
constituents contained in the seeds and leaves of the three
Algerian plants: E. biumbellata, E. dendroides, and E.
terracina, with LC-MS. An additional goal is to determine
the fatty acid composition of oil obtained from their seeds
using GC-MS analysis.

m EXPERIMENTAL SECTION
Materials

E. biumbellata, E. dendroides, and E. terracina were
collected from El Kala National Park in the northeast of
Algeria in March 2019. The identification was carried out
by the botanists of the Biology Department, Badji
Mokhtar University. ph005_48, ph005_49, ph006_04,
voucher specimens of E. biumbellata, E. dendroides, and
E. terracina, respectively, were deposited in the
Herbarium of Gérard De Belair.

The plants were cleaned and air-dried in the shade
at room temperature for three weeks. The dry seeds and
sheets were ground at the mill until they obtain fine
homogeneous powders and stored in dark glass flasks to
protect them from humidity and light till theirs use in

further analysis.
Instrumentation

The main apparatus used in the research were rotary
evaporator (Buchi R-124), analytical balance, Shimadzu
Spectrophotometer UV-1800, gas chromatography-mass
spectrometer (GC-MS) (Shimadzu QP-2010S), liquid
chromatography-mass spectrometry (Shimadzu LCMS-
20208).

Procedure

Extract preparation

The weighed amount of each part (sheets and seeds)
of the samples was extracted in a known volume of the
solvent MeOH-H,O (70/30: v/v) for 24 h with
intermittent shaking. Each extracted material is filtered
through Whatman filter paper No.l and centrifuged at
4000 rpm for 15 min. The supernatant is then stored at
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-4 °C for further use in the phytochemical analysis, total
anthocyanin contents, determination of antioxidant
activity, and LC-MS analysis.

Analysis of chemical composition

Total condensed tannin contents (TCT). The tannin
contents were estimated with the vanillin-HCI method
[15] with slight modification, using catechin as a
reference compound. In brief, 1 g of dry residue was
added to 15 mL of MeOH-HCI (1%) in a test tube. The
tube was placed in a water bath at 35 °C for 30 min,
centrifuged at 1532 x g, and finally filtered. Aliquots
(0.5 mL) of extract were mixed with 3 mL of vanillin-
HCl reagent (4% in methanol) in test tubes. After 20 min
of incubation at room temperature, the absorbance was
read at 500 nm, using a UV-visible spectrophotometer.
The estimation of condensed tannins was carried out in
triplicate, and the results were expressed as mg catechin
equivalent/g of dry matter.

Total anthocyanin compounds (TAC). The samples'
total anthocyanins compounds were determined using a
Vis- spectrophotometer according to the pH-differential
method [16]. Two buffer systems, potassium chloride
buffer, pH 1.0 (0.025 M), and sodium acetate buffer, pH
4.5 (0.4 M), were used. Absorbance was measured at 520
and 700 nm. TAC Results were expressed as cyanidin-3-
glucoside equivalents and calculated using the formula:

TA (mg/g):AAxMWxDFXIOOO

ex1

where AA: difference of absorbance; DF = dilution
factor; MW (molecular weight) = 449.2 g/mol; 1 =
cuvette pathlength in cm; € = 26,900 L/mol.cm.

Evaluation of total antioxidant capacity by
phosphomolybdate (PPM) method. The total
antioxidant capacity assay of plant extract was carried
out by the phosphomolybdenum method [17-18]. A
0.1 mL of sample solution was mixed with 1 mL of
reagent solution (0.6 M sulfuric acid, 28 mM sodium
phosphate, and 4 mM ammonium molybdate). Against
a blank containing 0.1 mL of methanol mixed with 1 mL
of reagent solution. The test tube contained the reaction
mixture was covered with aluminum foil and incubated
at 95 °C for 90 min. After the samples were cooled to room
temperature, the absorbance was measured at 695 nm.
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Ascorbic acid was used as a standard. The antioxidant

capacity was estimated using the following formula:

Abs. of control — Abs. of sample y
Abs. of control

Total antioxidant activity was expressed as mg vitamin C

Tot. antioxidant cap. (%) = 100

equivalent/1g dry weight, and the values are presented as
the means of triplicate analysis.

Fixed oil analysis

Oil extraction. Seeds powder of different plants E.
biumbellata, E. dendroides, and E. terracina was extracted
by Soxhlet method with hexane solvent for 8 h. After
solvent evaporation under reduced pressure, the oil was
recovered and stored in glass vials at 4 °C for further
analysis.

Chemical characteristics of oil. Oil characteristics,
namely saponification number (SP), iodine value (IV),
and acidity, were determined according to AOCS
standard methods [19].

GC-MS analysis

The fatty acid composition is determined as the
methyl esters of fatty acids by gas-liquid chromatography.
Methyl esters of the fatty acids (FAME) of the three seed
oils were prepared according to a convenient method
[20], using BFs;-methanol at 60 °C.

The FAME was recovered using n-hexane, and an
aliquot (2 puL) was injected automatically in splitless mode
into the GC-MS apparatus. The carrier gas was helium,
the temperatures of the injector and detector were held at
300 °C. Electron impact ionization was achieved with
ionization energy IE of 70 eV. The identification of the
components was based on the comparison of their mass
spectra with those of the NIST 11 mass spectral library.

LC-MS analysis
The concentration of standards solution was 1 mg in
1 mL of methanol-water (1:1) solution. Measurements

were carried out at 280 nm wavelength. Standards and
extracts were filtered through a Millipore membrane
(0.45 pm). LC-MS method was used for the
determination of bioactive ingredient content in our
plant's hydro-methanolic extracts.

An aliquot of extract (20 pL) was injected onto a
Gemin C-18 column (4.6 mm id. x 150 mm). The
solvents used were formic acid-acidified water at 0.5%
(A) and acetonitrile (B). The elution gradient was 35 min
with a flow rate of 0.6 mL/min (Table 1). Spectra were
recorded in negative ionization mode in full scan
between 0 and 1000 Da.

m  RESULTS AND DISCUSSION

Chemical Composition

Previous phytochemical screening of the
phytochemical constituents of various extracts from the
three plants [21] showed that they are very rich in
polyphenols, lipids, tannins, flavonoids, fats and oils,
anthocyanins, sterols, and terpenes. In contrast,
alkaloids and starch were not detected, and E. dendroides

extract gave a negative result for cardenolides.

TAC, TTC, and phosphomolybdate assay

The results of TAC, TTC, and PPM tests of leave
extracts are shown in Table 2. The quantitative estimation
of chemical constituents revealed that E. terracina leaves
contained the highest tannins and anthocyanin levels with
15.54 mg catechin/gand 1.070 cy-3-gly/g, respectively,

Table 1. Gradient elution
A% : B%

Instants (min)

0-22.50 90:10 to 50:50
22.50-23 50:50 t010:90
23-29 10:90
29-29.50 10:90 to 90:10
29.50-35 90:10

Table 2. Values of total anthocyanins content (TAC), total tannins content (TTC), and total antioxidant capacity

(phosphomolybdate assay) of different leaves extracts

TEST E. biumbellata E. dendroides E. terracina
TTC (CE mg/g Dm) 6.41 £0.13 7.31£0.33 15.54 + 0.56
TAC (AC mg/g Dm) 0.23+0.42 0.35+0.32 1.070 £ 0.98
PPM (VCE mg/g Dm) 9.05 £ 0.02 8.17 £ 0.03 8.75 £ 0.07

Dm: dry matter
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exceeding the contents of E. dendroides and E. bumbellata.
It was reported that these phytochemical compounds
(tannins and anthocyanin) are known to provide support
for the bioactive properties of plants [22-23].

The results obtained from the phosphomolybdic
acid assay of the three Euphorbia leaves extracts show that
all the tested extracts possessed a scavenging activity
(Table 2). E. biumbelatta sheets extract exhibited a higher
activity than the other two extracts, while E. dendroides
extract was the least active.

Fixed Oil Analysis

The yields of oils extracted from E. terracina, E.
biumbellata, and E. dendroides were 17.48%, 18.5%, and
20.05%, respectively.

Chemical characteristics of the oils

Results of the chemical characteristics of the three
samples are displayed in Table 3. The data indicate
considerable variations in acid values, saponification
values, and iodine values between the three seed oils.

The acid index is a parameter that demonstrates the
quality of the oil. However, the acid value of the oil must
not be too high; an acid value of 0.00 to 3.00 mg KOH/g
oil is recommended for oil to find application in cooking
[24]. All the vegetable oils understudy with a high acid
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value of 5.83 to 10.99 mg KOH/g, this denotes a high
content of free fatty acids, which causes the oil to turn
sour and a less storage quality [25].

Iodine value is a measure of the degree of
unsaturation. It is used to quantify the number of double
bonds present in the oil. Among the different oils
analyzed, E. dendroides seed oil displayed the highest
iodine value, which reflected a high concentration of
unsaturated fatty acids in the oil. On the other hand, E.
biumbelatta seeds oil showed a low degree of
unsaturated fatty acid, which indicated that the oil could
be used as a nondrying oil, which helps manufacture
soap [26].

The saponification value is inversely compared to
the molecular weight of the oil. It helps assess the chain
lengths of fatty acids in the oil. All of the analyzed oils
showed a high SP number, but E. biumbelatta recorded
the highest value.

GC-MS Reports

The GC-MS analysis of seed oils from the three
Euphorbia species allowed us to identify numerous
compounds belonging to different chemical families. The
active compounds with their molecular mass, retention
time, and concentration are presented in Table4.

Table 3. Chemical properties of the seeds oil

Chemical characteristics

E. biumbellata

E. dendroides E. terracina

Acid value: AV (mg KOH/g) 5.83 10.09 10.99
Iodine value: IV (gl,/100 g) 47.58 90.41 63.45
Saponification: SP (mg KOH/g) 266.47 210.30 162.32
Table 4. Principal compounds in oils from seeds
) Euphorbia  Euphorbia  Euphorbia
Molar mass  Retention . . .
Compounds ) . biumbelatta  dendroides terracina
(g/mol) time (min) -
Concentration (%)
Hexadecanoic acid, methyl ester 270 19.35 2.08+02 10.05+0.7 85+1.2
8,11-Octadeca-dienoic acid, methyl ester 294 21.22 146 +2.7 - -
11,14,17-Eicosatrienoic acid, methyl ester 320 21.64 11.3+1.7 - 13.55+ 0.3
Linoleic acid, methyl ester 294 21.19 - 37+1.2 31.05+1.2
Linolenic acid, methyl ester 292 21.27 - 23%09 -
Stearic acid, methyl ester 298 21.47 - 1435+ 0.5 -
Ascorbic acid, dipalmitate 652 19.92 - - 3.95+0.2
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The GC-MS chromatogram of the compounds
detected is shown in Fig. 1. Results showed that
hexadecanoic acid and linoleic acid are present in the
various oils. The predominant unsaturated fatty acid is
linoleic acid (37% in E. dendroides, 31.05% in E. terracina,

and 14.06% in E. buimbelatta). Besides, only E. terracina

Indones. I. Chem., 2021, 21 (3), 546 - 553

and their
retention times are represented by Fig. 2 and Table 5.

chromatographic profile of standards

The standards retention time values are grouped in
Table 5. The results of the chromatographic analysis of the

Table 5. Standards retention time

oil contains a rare and important compound of 1-(+)- Standard Retention time (min)
ascorbic acid 2,6-dihexadecanoate (Fig. 1). Ascorbic acid, ASC")rbIC' acid 3.00
dipalmitate has been reported to have many biological Gallic acid 4.70
. L . Chlorogenic acid 8.70
properties such as antioxidant, anti-inflammatory, and A
: ] ) ] Syringic acid 10.55
anti-nociceptive properties [27-28]. Rutin 12.53
LC-MS Analysis Ellagic acid 13.35
Diff K Jiff . ) Ferulic acid 13.85
ifferent peaks at difterent retention times were Colchecin 17.30
obtained through LC-MS analysis in all three samples, Quercitin 19.90
and ten phenolic compounds were identified, and the Cinnamic acid 20.70
(x 10,000,000)
TIC (1.00) 3
20+
15+
4
10 1
£ 1
i | | 1
0 T’ e
L] I I L] L) L] L] I L] I 1
0 15 10 125 15 17.5 20 225 25 275 Time (min)

Fig 1. Chromatographic profiles of seeds oil of Euphorbia terracina

mlA
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Fig 2. Chromatographic profiles of standards at 280 nm at 1 mg/mL: 1: ascorbic acid; 2: gallic acid; 3: chlorogénic acid;

4: syringic acid; 5: rutin; 6: ellagic acid; 7: ferulic acid; 8: colchicin; 9: quercitin; 10: cinnamic acid
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Table 6. Important compounds identified by LC-MS

Euphorbia biumbelatta

Euphorbia dendroides Euphorbia terracina

Standards
Leaves Seeds Leaves Seeds Leaves Seeds

Ascorbic acid + + + + + +
Gallic acid + + - + - +
Chlorogénicacid + + + + + +
Syringic acid - + + + + -
Rutin + + - - + +
Ellagic acid + + + + + +
Ferulic acid + + + + + -
Colchicin + + - - + -
Quercitin + + - - - -

Cinnamic acid -

different leaves and seeds extracts are compiled in Table
6. The compound's chemical structures are elucidated
from the standard reference graphs, using the molecular
weight data.

From the standard reference graphs, the compounds
are elucidated using the molecular weight. The results
showed the presence of ascorbic acids, chlorogenic acids,
and ellagic acids in the different extracts. The species that
contains the more standards are Euphorbia biumbelatta.

Most of the phytoconstituents identified are very
They exhibit
such antioxidant,

important in medicine. various

pharmacological  activities as

antidiabetic, anti-inflammatory, and anticancer [29-30].
m CONCLUSION

The present work has demonstrated the potential of
Euphorbia species growing in Algeria as an important
source of secondary metabolites.

Hydro-alcoholic extracts from sheets of the three
plants were subjected to quantitative estimation of
chemical constituents and antioxidant activity essay.
Results showed that total tannin and anthocyanin
contents were higher in Euphorbia terracina extract,
compared to the two other generates. Whereas, the total
antioxidant activity was higher in Euphorbia buimbelatta
extract, and was found to be equal in Euphorbia
dendroides and Euphorbia terracina extract. In addition,
chemical compositions of hydro-methanolic extracts of
leaves were analyzed by the LC-MS technique, which

leads to the identification of ten compounds with
considerable concentrations.

On the other hand, fixed oils of seeds were
obtained with the Soxhlet method and analyzed by GC-
MS apparatus. Linoleic acid was detected as the main
FAME among the identified FAMEs in the various oils.
From LC-MS and GC-MS results, an appreciable
abundance of secondary metabolites in the studied
plants was noticed. These results demonstrated the
importance of Euphorbia genre as a promising source of
new bioactive compounds.
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Abstract: Astaxanthin is a natural antioxidant, and the highest content of this
compound is found in Haematococcus pluvialis microalgae. Microwave-assisted
extraction (MAE) is one of the environmentally friendly extraction methods and has
many advantages. This study aims to investigate the extraction of astaxanthin through
the MAE method using various solvents. Several equilibrium models were proposed to
describe this solid-liquid equilibrium. The solid-liquid extraction equilibrium parameters
were determined by minimizing the sum of squares of errors (SSE), in which equilibrium
constants were needed for scaling up purposes. Previously, the microalgae were pretreated
with HCI to soften their cell walls thus improving the extraction recovery. In this study,
dichloromethane, acetone, methanol, and ethanol were used as the solvents for the
extraction process. The astaxanthin concentration was determined by high-performance
liquid chromatography (HPLC) and spectrophotometry. Astaxanthin was found to attain
equilibrium at 57.42% recovery in a single-step extraction. Thus, several steps were
required in sequence to obtain optimum recovery. The experimental data were fitted to
three equilibrium models, namely, Henry, Freundlich, and Langmuir models. The
experimental data were well fitted to all the models for the extraction in dichloromethane,
methanol, ethanol and acetone, as evident from a similar SSE value for each model.

Keywords: equilibrium constant; mass transfer coefficient; astaxanthin; extraction;
Haematococcus pluvialis

m INTRODUCTION

Astaxanthin is widely used in the pharmaceutical,
cosmetic, and food industries [1,3,5-8].

Astaxanthin, with a molecular formula of C,OH;,0,
and molecular weight of 596.84 g/mol, is an antioxidant
from the carotenoid group. Its antioxidant capacity is
100-500 times higher than those of vitamin E [1-2] and
vitamin C [3], and also 40-600 times higher than that of
a-tocopherol [4]. Astaxanthin has an essential role in
maintaining liver function and preventing inflammation,
oxidation due to UV rays, and cell damage due to the
aging process. Astaxanthin is also known for its ability to
prevent heart cancer disease by enhancing the immune
system, thereby increasing life expectancy, and has several
other important functions in the physiological system.

Astaxanthin can be obtained from Haematococcus
pluvialis (H. pluvialis) microalgae in up to 0.5-5% of dry
weight content [9-11]. There are several methods,
categorized as conventional and non-conventional
methods, for extracting astaxanthin from H. pluvialis.
Maceration or solvent extraction is a conventional
method, while microwave-assisted extraction (MAE),
ultrasound-assisted extraction (UAE), supercritical fluid
extraction (SFE), etc., are non-conventional methods.
Based on the astaxanthin recovery in these methods, SFE
and MAE have been reported to provide a high yield of
astaxanthin [6].
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Besides the aspect of astaxanthin recovery, the MAE
method is an interesting technique. It has several
advantages, such as the requirement of simple equipment
and small solvent volumes, high extraction efficiency,
short extraction time, and minimum solvent waste [6,12-
13]. The short extraction time is extremely beneficial for
[14].
Although astaxanthin extraction using the MAE method

minimizing the degradation of astaxanthin
has been studied previously [13-16], the studies were

limited to determining the optimum extraction
conditions.

An equilibrium model is required to represent the
extraction equilibrium and it is extremely beneficial for
the design and scaling up of laboratory processes to the
pilot and industrial scales [17-18]. To the best of our
knowledge, the equilibrium for astaxanthin extraction
from H. pluvialis microalgae using MAE has not been
studied before. This study aims to determine the
equilibrium constant and mass transfer coefficient
through minimization of the sum of squares of errors
(SSE) between the experimental data and simulated data
of the equilibrium model. Three equilibrium models,
namely, Henry, Freundlich, and Langmuir models, were
used for describing the solid-liquid extraction process.
Evaluation of the extraction equilibrium constants was
based on the unsteady-state process.

Fig. 1 depicts the theoretical scheme of the
astaxanthin mass transfer process. In this figure, Ny is the
mass transfer rate, Cap is the astaxanthin concentration on

solid microalgae surface, Cas is astaxanthin concentration

M
Cop
| |:-"--:
BY
Ca
Astaxanthin Boundary  Solvent
Layer

Fig 1. Scheme of astaxanthin mass transfer process

at equilibrium, and C, is the astaxanthin concentration
in the solvent. Astaxanthin was assumed to transfer from
the microalgae through the boundary layer lying
between the solid microalgae surface and solvent.

Astaxanthin was transferred continuously until the
equilibrium condition has been reached. Upon the
attainment of equilibrium, astaxanthin from microalgae
did not dissolve any further in the solvent [19].

In a solid-liquid extraction process, the mass
transfer of a solute from the solid to liquid phase occurs
in two stages. The first stage involves the internal
diffusion from the interior of the solid microalgae to its
surface, and the second stage involves mass transfer
from the surface to the solvent [20].

Due to the small size of microalgae, as for the case
of astaxanthin extraction, the internal diffusion was
considered to occur very fast. The astaxanthin
concentration in the microalgae (Cap) could then be
assumed to be homogeneous, i.e., no concentration
gradient existed within the solid. Therefore, the overall
mass transfer between the two phases would be entirely
controlled by the mass transfer process.

The rate of astaxanthin mass transfer and its
coefficient (k) can be derived from its mass balance
equation, as given by Eq. (1).

8

=Agk.(Cag—Cy) (1)

Another important parameter in solid-liquid
extraction is the equilibrium constant [19]. In this case,
the distribution of a solute between the solid and liquid
phases can be determined from the adsorption isotherm,
which can be explained using several equilibrium
models such as the Henry, Freundlich, and Langmuir
models, as given by Eq. (2), (3), and (4).

Henry equilibrium model:

The Henry model is represented by a simple linear

equation, as given by Eq. (2).
Cas =HCy, )
H, the Henry constant, represents the equilibrium
constant; a high H value indicates stronger interaction
between the solute and solid, while a low H value
indicates a weaker solute-solid interaction [18]. This
model is suitable for low concentrations of liquid [21].
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Freundlich equilibrium model:

The Freundlich model is given by Eq. (3).
Cpp =Kp.CL" 3)
This model is suitable for heterogeneous, monolayered
porous solid surfaces [21]. In Equation (3), K is the
equilibrium constant. 1/n is always positive and generally
not an integer. It can be determined by plotting log Cyp vs.
log Cas [19].
Langmuir equilibrium model

Eq. (4) represents the Langmuir model. This model
is suitable for homogeneous, monolayered flat solid

surfaces.
— KL'qm'CAs (4)
AP 14K .Cy

Here, ki is the equilibrium constant, and qm is the
monolayer capacity approached at large concentrations.
These can be determined by plotting 1/Ca, vs. 1/Cas [19].

The experimental data were fit to the above
equilibrium models using MATLAB. The equilibrium
constant and mass transfer coefficient were determined
from the fitting parameters. The accuracy of the fit was
optimized by minimizing the SSE, which is defined by Eq.
(5).

SSE = Z(Cexp eriment — Ccalculation )2 (5 )
m EXPERIMENTAL SECTION
Materials

In this study, astaxanthin was extracted from H.
pluvialis microalgae obtained from Xi’an Saiyang Bio-
Technology Co., Ltd, China. EMSURE grade of acetone,
methanol, ethanol, and dichloromethane were purchased
from Merck and used as the solvents. An astaxanthin
standard with a purity of 98%, CAS 472-61-7, was
purchased from Sigma Aldrich, Singapore, as the
reference standard for HPLC.

Instrumentation

HPLC and spectrophotometry techniques were used
to determine the astaxanthin concentration. UV -visible
spectroscopy was performed on a UV Mini 1240
Shimadzu UV/Vis spectrophotometer. The wavelength at
476, 475, 477, and 480 nm were detected when ethanol,
methanol, acetone, and dichloromethane, respectively,

Indones. I. Chem., 2021, 21 (3), 554 - 563

were used as the extraction solvents. For comparison,
HPLC Shimadzu LC-2010CHT with photodiode array
detector SPD-M10Ayp was performed on a C18 column,
with 0.05% trifluoroacetic acid/methanol (3:97 (v/v)) as
the mobile phase. The retention time was 5.5 min.

Procedure

Pretreatment process

The pretreatment process was conducted to soften
the thick cell wall of the microalgae, as hard cell walls can
hinder the extraction of astaxanthin. Based on a previous
study [22], the microalgae used in this study were
pretreated by mixing them with 4 M HCI at 70 °C for
2 min. Afterward, the mixture was cooled to ambient
temperature and washed with distilled water until the
pH of the mixture was 7. Then, the wet microalgae were
dried in a refrigerator at ~4 °C for 24 h. The sample was
used for the next stage of the extraction process.

Astaxanthin extraction

The extraction was performed using the MAE
method. Microwaves (Electrolux type MM823AB4-
POOC) with 800-W power and frequency of up to
2450 MHz were used. The microwave treatment leads to
the resonance of the water molecules in the microalgae
cells, producing heat due to molecular friction. This
results in the disruption of cell walls due to increased
internal pressure. As the cell wall disrupts, the rate of
mass transfer of astaxanthin from the solid microalgae
to the solvent increases remarkably [16]. During the
extraction, the astaxanthin concentration in the solution
continues to increase till equilibrium is attained [17].
The microalgae to solvent ratio was maintained at 10:1
(w/v), following the previously reported procedures
[5,22]. The extraction temperature was 5 °C at the
boiling point of each solvent.

Hydrolysis

In the microalgae extract, astaxanthin is present in
the form of free astaxanthin (5%), monoester
astaxanthin (70%), and diester astaxanthin (25%)
[15,23]. The complexity of the ester form renders the
analysis difficult. Thus, the ester bond is cleaved by
hydrolysis to form free astaxanthin, thereby rendering
the analysis easier. The effectiveness of hydrolysis is

Putri Restu Dewati et al.



Indones. I. Chem., 2021, 21 (3), 554 - 563

evident in the Fourier transform infrared (FTIR) spectra
Thermo Nicolet IS 10, wherein the change in the
absorbance ratio of the alternating C-O-R to C-O-H
bonds on the hydrolyzed sample can be clearly identified.
Additionally, the spectrophotometric analysis confirmed
the enhancement of free astaxanthin recovery after this
process [26].

Hydrolysis was conducted by mixing the microalgae
extract with 0.02 M alcoholic NaOH, according to
previously reported studies [24-25]. Alcoholic NaOH was
prepared by mixing NaOH with methanol. It was reported
that a 1:2 (v/v) ratio of the sample to alcoholic NaOH was
effective for hydrolysis [26].

m  RESULTS AND DISCUSSION
Effect of Pretreatment on Astaxanthin Recovery

Fig. 2 shows a comparison of the astaxanthin
concentration recovered from the extraction process with
and without the initial pretreatment, using acetone and
ethanol as the solvents (Fig. 2(a) and 2(b), respectively).

In both figures, a sharp increase in the astaxanthin
recovery is observed for the pretreated samples in the first
two minutes, before reaching equilibrium, as shown by
the steady concentration. In contrast, the release of
astaxanthin during extraction seems difficult without
pretreatment, and a longer time is required to attain the
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equilibrium. In Fig. 2(a), the extraction is shown to
increase by 74% upon pretreatment compared to the
case without pretreatment. Similar behavior is observed
for the case of ethanol (Fig. 2(b)), where 79% of the
astaxanthin could be extracted after the pretreatment.
Thus, pretreatment not only shortens the extraction
time but also improves the maximum astaxanthin
recovery. This suggests that pretreatment can successfully
soften the cell walls of the microalgae, thereby
facilitating the extraction process; this phenomenon is
similar to that reported previously [22,27].

With an aim to observe the morphology, the
microalgae were visualized under the focused beam of
electrons of a scanning electron microscope (SEM). The
images are shown in Fig. 3. At 1000 times magnification,
the differences between the pretreated and non-
pretreated samples were fairly obvious—much darker
spots were observed for the cell walls of the microalgae
that were pretreated. The openings were deeper in this
sample, probably because of the damage on its surface as
a consequence of the cell wall disruption.

Determination of Astaxanthin Concentration by
Spectrophotometry

Fig. 4 depicts the spectrophotometrically
determined astaxanthin concentration [28-30] upon
extraction using different solvents.

:. -
*1(b)
30 4
25
20
15 4
10 4

:.

0

0 2 4 6 8 10 12
Time (rmin)

Fig 2. Comparison of the outcome of pretreated and non-pretreated samples on astaxanthin extract using (a) acetone

and (b) ethanol as the extraction solvent. Blue line shows the astaxanthin concentration without a pretreatment process

while orange dotted line shows the astaxanthin concentration with a pretreatment process
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Fig 4. Astaxanthin concentration analyzed by spectrophotometry: (a) evolution of concentration with extraction time

and (b) recovery percentage in various solvents

Fig. 4(a) suggests that all the solvents tested can be
used to extract astaxanthin from microalgae, and an
equilibrium is attained in the process. The extraction in
acetone, dichloromethane, and ethanol reaches
equilibrium within a minute. For methanol, a slightly
slower mass transfer rate seems to be responsible for the
longer time required to reach the equilibrium condition
(Fig. 4(b)) shows that the extraction of astaxanthin from
dry powder microalgae proceeds with 100% recovery in
acetone, followed by 62.80, 49.40, and 48.27% recovery in
ethanol, dichloromethane, and methanol, respectively.
Thus, spectrophotometric analysis suggests that the
compatibility between astaxanthin and the solvent plays a
significant role in determining the extraction kinetics and
total recovery, with acetone being the best choice among
the tested solvents for extracting astaxanthin from

microalgae.

Determination of Astaxanthin Concentration by
HPLC

The recovery of astaxanthin extraction, as
determined using HPLC [13-14,22,31-33], is shown in
Fig. 5. Fig. 5 suggests that both the rate and recovery
percentage are affected by the solvent. Rate analysis
suggests that the extraction takes the maximum time to
attain the equilibrium in methanol, and astaxanthin can
no longer diffuse into the solvent in this state [19]. A
fraction of astaxanthin (13 mg/L) dissolves into the
methanol in less than a minute. The equilibrium was
reached directly in the first minute in acetone, in the
second minute in dichloromethane, and ethanol (Fig.
5(a)). However, when methanol was used for the
extraction, equilibrium was attained in 5 min. Acetone
gives the highest astaxanthin recovery percentage, as
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Fig 5. Astaxanthin concentration analyzed by HPLC: (a) evolution of concentration with extraction time and (b)

percentage recovery in various solvents

evident from Fig. 5(b). Compared to other organic solvents
such as methanol, ethanol, and acetonitrile [14], the highest
astaxanthin recovery was obtained in acetone (44 + 1%).
Acetone was the most appropriate solvent because its
structure is very similar to that of astaxanthin, which
contains many carbonyl groups. Since astaxanthin
extraction reached equilibrium with 100% recovery, the
extraction process must be conducted in a stepwise manner.

Equilibrium of Astaxanthin Extraction

Three equilibrium models were investigated in this
study—the Henry, Freundlich, and Langmuir models.
Fig. 6(a) depicts the plot of astaxanthin concentration vs.
extraction time and its fit using the Henry equilibrium
model. The Henry constant (H) is obtained by plotting
Cap and Cy. Meanwhile, k. is derived from the mass
balance. Their values are summarized in Table 1. For the
Freundlich model, the Freundlich constants (n and ky) are
obtained by plotting log Cy, vs. log Cas and solving the
mass balance equation, respectively. Table 1 and Fig. 6(b)
show the corresponding values and the fitting curves for
the various solvents used.

Fig. 6(c) shows the fit of the experimental data to the
Langmuir model. Parameters k; and g, derived from the
plot of 1/Cy; vs. 1/Chs are listed in Table 1. Besides, k. is
determined by solving the mass balance equation and is
given in the same table. From Table 1 H is the Henry
constant, kg and 1/n are the Freundlich constants, and kg
and g, are the Langmuir constants. The k. value gives an

estimate of the extraction rate, wherein higher kc values
correspond to a faster mass transfer rate and hence, a
shorter extraction time.

Comparison of the Henry, Freundlich, and

Langmuir Models

Comparison of the Henry, Freundlich, and
Langmuir models based on the SSE in each solvent is
presented in Table 2. The smallest SSE value
corresponding to each solvent represents the best fit. For
acetone, methanol, ethanol, and dichloromethane, the
experimental data were well fitted to all models, as the
SSE values are almost equal regardless of the model used.
For acetone, H and kc values from the Henry model were
and 20.405 dm/min,
respectively. In the Freundlich model, 1/n, ks, and k.
were 0093, 1.516 dm*/g microalgae, and 3.200 dm/min,
respectively. In the Langmuir model, ki, qm, and k. were

13.505 g microalgae/dm’

0.021 dm’/mg astaxanthin, 5.549 mg astaxanthin/g
microalgae, and 15.847 dm/min, respectively.

For methanol, H and k. values from the Henry
model were 6.675 g microalgae/dm’ and 5.600 dm/min,
respectively. In the Freundlich model, 1/n, ks, and k.
were 1.052, 0.129 dm*/g microalgae, and 5.735 dm/min,
respectively. In the Langmuir model, ki, qm, and k. were
0.005 dm’/mg astaxanthin, 33.454 mg astaxanthin/g
microalgae, and 5.305 dm/min, respectively. For ethanol,
H and k. values from the Henry model were 5922 g
microalgae/dm’ and 14.563 dm/min, respectively. In the
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Fig 6. Equilibrium models for the extraction in different solvents. (a) Henry model, (b) Freundlich model, (c)

Langmuir model

Freundlich model, 1/n, ke, and k. were 0.245, 1.498 dm*/g  astaxanthin, 38.396 mg astaxanthin/g microalgae, and
microalgae, and 5.544 dm/min, respectively. In the  0.549 dm/min, respectively.
Langmuir model, ki, qm and k. were 0.005 dm’/mg For dichloromethane, H and k. values from the
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Table 1. Model constants for the tested solvents

Henry Model Freundlich Model Langmuir Model
Solvents H=g¢g ke = dm’/g microalgae ky = dm’/mg astaxanthin
microalgae/dm’ k. = dm/min gm = mg astaxanthin/g microalgae
k. = dm/min k. = dm/min
H =13.485 1/n =0.093 ky =0.021
Acetone k. =73.895 ks =1.516 qm = 5.549
ke = 3.200 ke = 15.847
H =6.675 1/n =1.052 ky = 0.005
Methanol k. = 5.600 kg = 0.129 qm = 33.454
k. =5.735 k. =5.305
H =5.922 1/n=0.245 ky = 0.005
Ethanol k. =14.563 ky = 1.498 qm = 38.396
ke = 5.544 ke = 14.009
H =12.097 1/n=1.336 ke = 0.002
Dichloromethane k. =6.254 ks = 0.027 qm = 44.004
ke =7.412 ke = 5.969

Table 2. SSE of the fit of the Henry, Freundlich, and Langmuir models to the experimental data

SSE Henry Model Freundlich Model Langmuir Model
Acetone 5.515 5.505 5.511
Methanol 0.157 0.156 0.162
Ethanol 0.549 0.557 0.549
Dichloromethane 3.773 3.684 3.834

Henry model were 12.097 g microalgae/dm® and
6.254 dm/min, respectively. In the Freundlich model, 1/n,
ke, and k. were 1.336, 0.027dm*/g microalgae, and
7.412 dm/min, respectively. In the Langmuir model, ki,
Qm, and ke were 0.002 dm’/mg astaxanthin, 44.004 mg
microalgae, and  5.969

astaxanthin/g dm/min,

respectively.
m CONCLUSION

Astaxanthin can be extracted from microalgae using
the microwave-assisted extraction method. Acetone,
methanol, ethanol, and dichloromethane were examined
for extraction. Among these solvents, acetone was found
as the best solvent for obtaining the highest recovery. The
experimental data were fit to three equilibrium models,
namely, Henry, Freundlich, and Langmuir models, using
MATLAB. The experimental data were well fitted to all
the three models for the extraction in acetone, methanol,
ethanol, and dichloromethane, as evident from the almost
same SSE value for each model.
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Abstract: Cu** doped ZnO by green synthesis was successfully prepared by using a
combination of the Sol-Gel-Sonochemical method. Duck egg albumen was used as an
additive, a substitute for chemical additives, such as monoethanolamine (MEA) and
diethanolamine (DEA). Zn(CH;COO),2H,O was used as a precursot,
Cu(CH;COOQ),-H,O was used as a dopant source with concentrations of 5 wt.%, and
isopropanol was used as the solvent. The addition of albumen variations was 10, 20, 30,
40, and 50 mL. The prepared catalyst was applied for the degradation of the methyl
orange dyes by using photosonolysis with variations of the degradation time of methyl
orange for 30, 60, 90, 120, 150, 180, and 240 min. FTIR spectra showed stretching at 400-
550 cm™ indicating the presence of Zn-O and Zn-O-Cu metal oxides. The optimum
bandgap energy value was 2.82 eV with the addition of 30 mL of albumen. XRD analysis
showed the optimum particle size of 16.62-53.21 nm after adding 30 mL of additives. The
SEM image showed a spherical shape with an average diameter of 2.7 um. The optimum
percentage of degradation obtained was 94.88%, with the irradiation time under UV light
for 210 min.

Keywords: Cu?* doped ZnO; duck egg albumen; sol-gel-sonochemistry; spherical; methyl
orange

= INTRODUCTION

surface area of the small volume and the energy of the

ZnO is a nanostructured semiconductor material
with high conductivity and low thermal expansion. ZnO
nanostructured has environmental stability and low cost
[1] as compared with other binary metal oxide
nanoparticles [2-3]. Electrical and optical properties are
what make this semiconductor widely applied to gas
sensors, catalysts, to solar cell conversion. ZnO is a
semiconductor group II-VI [4] because, in the periodic
table, zinc and oxygen are group II and group VI
respectively. ZnO has a band gap of 3.37 eV [5] with the
ability to bind free electrons of 60 MeV at room
temperature [6]. Pure ZnO has the disadvantage that the

band gap is less suitable when applied to visible light, so
to optimize the properties of the semiconductor, it is
necessary to do the doping.

Doping is the process of inserting other atoms in a
semiconductor to give a band gap value that is smaller
than the original material. In this research, Cu is used as
a dopant. Cu is chosen because it has an ionic radius that
is smaller than Zn, has conductivity properties similar to
Zn, has abundant resources, and is a relatively cheap
metal. Cu is preferred for the doping of ZnO as
compared with other transition metals due to the easily
overlapping process of its d electrons with the ZnO
valence bond [7]. Cu doping can improve the electrical,

Sherly Kasuma Warda Ningsih et al.



Indones. I. Chem., 2021, 21 (3), 564 - 574

magnetic, and optical properties of ZnO [8]. In addition,
the results of Cu ion insertion on Zn have been successful
with certain concentrations of dopants to produce
hexagonal wurtzite.

Cu doped ZnO synthesis has been reported with
various methods such as solvothermal [9], hydrothermal
method  [10], coprecipitation method [11-13],
sonochemical method [14] and sol-gel method [15]. The
solvothermal method is a method with the principle of
crystal growth based on the solubility of the material in
the solvent under high-pressure conditions so that when
a work accident occurs, it will cause more fatal
consequences. The hydrothermal method is a process that
involves heating reactants in an autoclave using water
with the weakness of corrosive hydrothermal slurry,
which can cause danger when an accident occurs. The
coprecipitation method is a method of synthesis of
nanoparticles by the addition of a precipitating agent.
Still, this method has the disadvantage that the resulting
particle size is not homogeneous. In contrast,
sonochemical methods have good homogeneity, and sol-
gel is a method that produces better sizes and can take
place at low temperatures and does not require expensive
costs in the synthesis process. Based on the mentioned
methods, the sol-gel and sonochemical methods were
chosen because of their superiority, such as they can
control the size and growth of crystalline.

The sonochemical method can control the growth of
ZnO crystals, which is successful in controlling the shape
and size of the particles produced [16]. This method also
has the advantage of being able to break the aggregates
from large crystals into nano-sized crystals. The sonolysis
method has a working principle that is utilizing ultrasonic
waves with a high frequency, which are irradiated into the
solution.

Additives are substances that can produce materials
with high homogeneity and are stabilizing. The addition
of this additive can produce products that have a large per
volume surface area [17]. One of the additives commonly
used in the synthesis of a nanomaterial is
monoethanolamine (MEA). The MEA molecule contains
3 hydrogen atoms, 1 nitrogen atom, and 2 CH, molecules.

MEA is an additive that is relatively expensive. The
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downside makes researchers interested in looking for
alternatives that are environmentally friendly and are
expected to be a substitute for MEA as an additive to
synthesize a nanoparticle.

The albumen of the duck egg and the chicken egg
can be used as an additive replacing MEA in
nanoparticle synthesis. The albumen of the duck egg has
an alkaline pH that ranges from 9-11. The albumen of
the chicken egg has a lower pH (7.6) than the duck egg
white. ZnO nanoparticles can be synthesized by using
egg whites (albumen) [18-20] through the sol-gel
method. The main advantage obtained in the synthesis
of nanoparticles using egg white additives is egg white
(albumen) acting as a gelling agent and emulsifier to give
a long-term stability of the nanoparticles by preventing
agglomeration (accumulation of crystal particles). Egg
white can control the crystal size of ZnO particles [21].
Albumen in egg white plays a role in increasing the rate
of reaction and producing nano-sized ZnO crystals.

Methyl orange dye is a dye that has a very high
toxic level, contamination in water, causes turbidity to
water, and is very dangerous for the environment [22].
Methyl orange can cause irritation to the skin, eyes,
digestive disorders, and respiratory disorders. Organic
compounds are stable, which makes them difficult to
degrade, so the need for a compound or catalyst that can
degrade these dyes to reduce the threat to the
environment. Methyl orange has been widely used in
foodstuffs, textiles [23], and paper [24]. ZnO is very
stable and has the catalytic activity that can degrade
methyl orange [25]. Therefore, it is expected that ZnO
metal oxides [26] doped with Cu can degrade methyl
orange dyes.

Photosonolysis is a process that combines
photolysis and sonolysis [27-28]. Irradiation of the
catalyst with UV light will cause an excited state of
electrons from the valence band to the conduction band
in the semiconductor. Electrons are excited after absorbs
sufficient energy that will cause holes (electron holes)
that can interact with water solvents to form OH radicals
that are reactive to decompose organic compounds.

In this paper, we report the synthesis of Cu doped
ZnO by using duck egg albumen as an additive and the
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application of Cu doped ZnO nanoparticles that have the
lowest band gap for degradation of methyl orange by
photosonolysis.

m EXPERIMENTAL SECTION
Materials

The materials used include Zn(CH;COO),-2H,0O
(Merck), Cu(CH;COOQ),-H,O (Merck), isopropanol (p.a),
and duck egg albumen, methyl orange, deionized water.

Instrumentation

The equipments used were glassware, magnetic
stirrer (brand ATE VELP Screntipica magnetic stirer)
stirrer bar, digital ultrasonic cleaner machine (45 Hz)
used for sonication, porcelain cups, analytical balance,
(precisa XT 220 A brand), oven (Oven) France Etuves XU
225) and furnaces (NEYCRAFT), X-Ray Diffraction
(XRD) X-Pert® Pro material PAnaltycal, Fourier
Transform Infra-Red (FTIR) Perkin Elmer Frontier
Optica, UV-Vis Diffuse Reflectance Spectrophotometer
(UVDRS) Analytik Jena, Scanning Electron Microscopy
(SEM) Hitachi (Hitachi FlexXSEM 100), and UV-Vis
Spectrophotometer Agilent 8453.

Procedure

Preparation of catalyst

Zn(CHCOO0),.2H,0 was dissolved in isopropanol
and stirred with a magnetic stirrer for 40 min.
Cu(CH;C0O0),-H,0 in the amount of 5 wt.% was added
to the solution. The solution was continuously stirred for
40 min. The albumen of the duck egg was added to the
solution with the various volumes of 10, 20, 30, 40, and
50 mL and stirred for 60 min. The solution was placed in
a container for sonication for 30 min at 45 W. The solution
was left one night to get a stable sol, placed into the
vaporizer cup, and dried in the oven at 110 °C for 1 h. The
formed gel was calcined in the furnace at 600 °C for 3 h.

Characterization

The peaks obtained in the XRD data were compared
with the database contained in the ICDD (International
Center for Diffraction Data). After this comparison, the
type of phase corresponding to the Cu** doped ZnO
sample was obtained. The estimated average size of
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crystallite Cu** doped ZnO particles can be calculated by
using the Scherrer formula.
kA
= 1
BCosB v
where: D = diameter of crystallite; K = Scherrer's

constant (0.89); A = wavelength of the X-ray diffraction
used (A = 1.5406 A); B = overall width of half the
maximum diffraction peak (FWHM); 0 = angle comes to
the field of Bragg.

Photocatalytic activity test

The methyl orange solution was prepared by
dissolving 0.5 g of methyl orange in deionized water to
the boundary mark in a 1 L flask (10 ppm). Methyl
orange mother liquor in the amount of 20 mL was taken
and put into a 1000 mL volumetric flask. The solution
was homogenized so that a solution of methyl orange
was obtained with a concentration of 10 ppm.
Degradation of methyl orange was carried out by taken
80 mL of 10 ppm methyl orange solution. The Cu**
doped ZnO catalyst was added in an amount of 0.1 g to
the methyl orange solution. The photosonolysis
irradiation times were 30, 60, 90, 120, 150, 150, 180, and
240 min. After the degradation process, the solution was
centrifuged for 10 min.

m  RESULTS AND DISCUSSION

Cu* doped ZnO can be synthesized through
several steps consisting of sample preparation by
dissolving precursors, dopants, and additives. The
results of this stage are soles that can be stabilized by
additives. The additive used was albumen. The second
step was drying the sol to get a stiffer gel structure,
followed by the calcination step to obtain the metal
oxide, which will be characterized using FTIR (Fourier
Transform-Infra Red) to determine the metal oxide
bond formed from Cu®* doped ZnO nanoparticles, UV-
DRS (UV-Diffuse reflectance) to determine the band
doped ZnO
nanoparticles, XRD (X-Ray Diffraction Spectroscopy) to

gap values obtained from Cu*
determine the crystal structure and Cu®* doped ZnO
particle size, and SEM (Scanning Electron Microscopy)
to determine the surface morphology of ZnO doped
Cu’" doped nanoparticles.
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The FTIR spectra can provide information about the
bonds and functional groups of Cu** doped ZnO. The
absorbance band can be seen in (Fig. 1) at a wavenumber
of 1000-400 cm™'. The absorbance band of 400-550 cm™
indicates the stretching of Zn-O, the absorbance band
around the area of 500-600 cm™ indicates the presence of
the Zn-O-Cu bond. Zn-0O and Zn-O-Cu stretching was
in the range of 600-800 cm™ [14], Zn-O bonds were
obtained at 480-490 cm™, and the Cu-O-metal showed at
430-620 cm™ [13]. Absorption for pure ZnO is obtained
in the range of wavenumbers of 443 and 497 cm™ which
is a stretching vibration of ZnO [29].

The band gap values of Cu® doped ZnO
nanoparticles were calculated using the Kubelka-Munk
equation. Testing with UV-DRS is performed in the
wavelength range of 200-800 nm. The band gap value of
the sample has smaller than the ZnO pristine (Table 1).
The results obtained were in accordance with the results
reported by [25], which states that the band gap energy
produced from ZnO material will be decreased with the
addition of Cu®* as the dopant. The band gap value curve
is shown in Fig. 2.

The value of the band gap can be seen in (Fig. 2),
which shows a decrease in the value of the band gap after
carrying out the use of Cu metal by adding variations in
the volume of albumen. Band gap values of Cu** doped
ZnO are in the range 2.82-2.90 eV (Table 1).

The band gap value of Cu** doped ZnO can go down
to 2.82 eV. This research obtains the smallest band gap
value in the addition of 30 mL of albumen. The band gap
value of Cu** doped ZnO resulted by another researcher
ranged from 2.85-2.96 eV [30]. The band gap value for
ZnO without doping is 3.1 eV [31]. Cu doped ZnO with
the addition of 30 mL albumen has a band gap of 2.82 eV
so that it can be applied to photocatalysis. This decrease
in band gap occurs due to interactions between the
electron band and electron delocalization of the transition
ion and the occurrence of metal ion substitution.

Fig. 3(a)
undoped ZnO nanoparticles without the addition of

showed X-ray diffractograms from

albumen and Cu** doped ZnO nanoparticles with
variations in the addition of albumen additives of 10, 20,
30, 40, and 50 mL. ZnO without doping obtained
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hexagonal wurtzite structure, while for doping
treatment also obtained hexagonal wurtzite ion
structure of Cu which is substituted to the Zn lattice, but
there is no peak showing a change in the structure of
ZnO without doping [25].

Fig. 3(b) showed the position of 20 addition of
10 mL albumen at 31.71°; 34.36°; 36.18°; 56.52°; 62.79°
and 75.16° with crystal size respectively obtained using
the Scherrer equation are 45.60, 45.92, 46.15, 57.18,

59.01, and 13.24 nm. This value proves that ZnO, which

Transmittance (a.u.)

(a)

[ | 1 | 1 | 1 [ ] | 1
1000 500 &00 700 600 500 400
Wavenumber [cm-1)

Fig 1. FTIR spectra of nanoparticles (a) pure ZnO, (b)
Cu*/ZnO (10 mL albumen), (c) Cu**/ZnO (20 mL
albumen), (d) Cu**/ZnO (30 mL albumen), (e)
Cu?*/ZnO (40 mL albumen), and (f) Cu**/Zn0O (50 mL
albumen)

Table 1. Band gap values of pure ZnO and Cu** doped
Zn0O

Samples Band gap (eV
Pure ZnO 3.10
Cu?* doped ZnO (10 mL albumen 2.90
Cu** doped ZnO (20 mL albumen 2.88
Cu** doped ZnO (30 mL albumen 2.82
Cu?* doped ZnO (40 mL albumen 2.90
Cu?* doped ZnO (50 mL albumen 2.89
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Fig 2. Band gap energy curves of Cu** doped ZnO (a) 10 mL, (b) 20 mL, (c) 30 mL, (d) 40 mL, and (e) 50 mL

is doped with Cu with the addition of albumen additives,
is a nanoparticle material.

The resulting peaks address the hexagonal wurtzite
crystal structure according to ICSD-ICDD (Inorganic
Structure Database-International Center for Diffraction
Data) data No. 01-076-0704 for Cu** doped ZnO
nanoparticles with the addition of 10 mL of albumen. Egg
white (albumen) is a gelling agent as well as an emulsifier
that has a role in the long-term stability of nanoparticles,

which can prevent agglomeration (accumulation of
crystal particles) so that with the presence of albumen,
the particle size can be well controlled. Particle sizes for
ZnO without doping and without the addition of
albumen additives were around 38-74 nm [31].

Fig. 3(c) showed the position of 26 addition of 20 mL
of albumen at 31.72° 34.38°; 36.20°; 56.53° 62.80° and
83.39° with the crystal size obtained using the Scherrer
equation is 53.21, 53.58, 46.15,71.48, 73.76, and 14.05 nm,

Sherly Kasuma Warda Ningsih et al.



Indones. . Chem., 2021, 21 (3), 564 - 574

(a)
10000}
r
)
z
g |:|:||:||:| |
HE
E
I:I 1 1 1 1
20 20 &0 30
268 (%)
so0o} (©
—s000}
=]
)
Fn
£ 4000}
=
2
E
2000}
o . . .
20 20 &0 30
268 (%)
(&)
10000}

3000

Intensity (a.u.)

100

T00

569

(b)

10000}
S
)
=
£ sooof
HE
-

I:I 1 1 1 1 I
20 20 B0 20 T00
268 (%)
(d)

sooo}
S
)
24000}
w
=
2
-

2000}

0
20 20 B0 30 100
26 (%)

U‘Juu‘w—w

L " ]
G0 &0 100

28 (%)

Fig 3. Diffractogram of nanoparticles (a) Cu**/ZnO (10 mL of albumen), (b) Cu**/ZnO (20 mL of albumen),
(c) Cu*/ZnO (30 mL of albumen), (d) Cu?*/ZnO (40 mL of albumen), and (e) Cu?**/ZnO (50 mL of albumen)

respectively. Fig. 3(d) showed the position of 20 addition
of 30 mL of albumen at 31.68° 34.34° 35.45°36,17°%
56.48° and 81.47° with the corresponding crystal sizes
obtained using the Scherrer equation is 53.21, 45.92,
40.30, 46.15, 47.64, and 16.62 nm, respectively. Fig. 3(e)
showed the position of 20 addition of 40 mL of albumen
at 10.40° 31.69 °; 34.36°% 35. 45°; 36.17° and 56.50° with
the respective crystal sizes being obtained using the
Scherrer equation is 12.85, 53.21, 45.92, 46.06, 40.36, and
58.11 nm. Fig. 3(f) showed the position of 26 addition of
50 mL of albumen at 31.704°, 34.36°, 36.18° 21.86°; 56.51°

and 62.8° with the crystal size successively obtained
using Scherrer's equation is 53.21, 45.92, 46.15, 19.55,
71.47, and 59.01 nm. This value proves that ZnO, which
is doped with Cu with the addition of albumen additives,
is a nanoparticle material. Albumen prevents the
buildup of crystal particles so that with the presence of
albumen, the particle size can be controlled properly.
Egg white has the ability to associate with metal
ions in solution, and egg white is used as a binder to form
a nanoparticle [32]. In general, high and sharp peak
intensities are obtained at 20, which is the peak
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characteristic of Cu®* doped ZnO nanoparticle samples.
This shows that the sample shows a high degree of
crystallinity, the width of the peak indicates the sample is
nano-sized (Table 2).

The surface analysis of Cu** doped ZnO samples
with the addition of 30 mL of albumen can be seen in Fig.
4. SEM is an analytical technique used to see the
topography and surface of a material. SEM images
resulting from Cu*" doped ZnO nanoparticle samples
with the addition of albumen obtained a spheric shape
with a diameter of 2.72-2.89 um for ZnO doped Cu
samples. The results of the characterization using SEM
(Figure 4) showed that the presence of dopant on the
morphology of ZnO nanoparticles is characterized by Cu
in the form of needle-shaped crystals. The morphology of
ZnO nanoparticles was influenced by the dopants [33].

Degradation of methyl orange (Fig. 5) was measured
by UV-Vis at a wavelength of 400-800 nm. The maximum
wavelength for methyl orange was 511 nm. Degradation
is done by varying the time during irradiation under UV
light that is 30, 60, 90, 120, 150, 180, 210, and 240 min.
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The curves of each absorbance are shown in Fig. 6.

Fig. 6 shows the absorbance value of methyl orange
after being degraded with a Cu doped ZnO catalyst. The
results of initial absorbance measurements of methyl
orange with a concentration of 10 ppm are used as a
comparison of absorbance after degradation. The
percent degradation can be calculated by using the
following formula:
p=20"A 1009 )

Ao
where: A, is the initial absorbance, A; is the absorbance
of methyl orange after degradation at time t [34].

Table 2. Particle sizes of pure ZnO and Cu** doped ZnO

Samples Particle sizes (nm
Pure ZnO 40-61
Cu** doped ZnO (10 mL of albumen 13.24-59.01
Cu** doped ZnO (20 mL of albumen 14.05-73.71
Cu?* doped ZnO (30 mL of albumen 16.62-53.21
Cu?* doped ZnO (40 mL of albumen 12.85-58.11
Cu** doped ZnO (50 mL of albumen 19.55-71.47

Fig 4. SEM Images of Cu’* doped ZnO nanoparticles with magnification of (a) 5000%, (b) 10000x, (c) 20000x, (d)

40000x
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TR

Fig 5. Methyl orange (a) before degradation, (b) after degradation process (30, 60, 90, 120, 150 min), (c) after

degradation process (210 and 240 min)

Based on measurements by using UV-DRS,
absorbance decreases until 210 min with a percent
degradation of 94.88% so that the degradation percent
increases and the absorbance increases at 240 min so that
the degradation percent decreases. Increased absorbance
caused by excess «OH is generated so that it reacts with
H,0,, which causes the formation of «OOH, which is
unstable. This decrease in absorbance occurs due to
contact between the solution of methyl orange and Cu
doped ZnO catalyst with the help of UV light and
sonication, which will accelerate degradation.

Fig. 7 shows the percent degradation of the methyl
orange dyes by using the photosonolysis method. The
data shows the optimum degradation process is found
after 210 min with a degradation percentage of 94.88%,
due to the more photons that hit the catalyst. This process
increases the amount of «OH radicals attacking the dyes
to give a stable bond in the dye, such as the azo group.
Degradation of methyl orange can also be influenced by
the particle size and band gap values of the material. The
smallest particle size has the greatest kinetic energy, so the
reaction is faster. The band gap energy increases between
the valence band and the conduction band by decreasing
the particle size. This is due to the confinement of the
holes and electrons. The electron can easily be excited and
easily produce «OH if the band gap value is small and the
catalytic activity will increase under visible light.

Percent degradation of the methyl orange has
decreased after 240 min. This is due to the excess of the
H,O, that has been produced during the sonication process,
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Fig 6. Absorbance curves of (a) methyl orange before
degradation (0 min), (b) after 30 min degradation, (c)
after 60 min degradation, (d) after 90 min degradation,
(e) after 120 min degradation, (f) after 150 min
degradation, (g) after 180 min degradation, (h) after
210 min degradation and (i) after 240 min degradation
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and the H,O, reacts with *OH to produce hydroperoxy
radicals (¢OOH). H,0, [35] is the factor that decreases the
percent degradation of the methyl orange. A general
that
photosonolysis degradation can be written as follows:
H,0+)))eOH +¢H

H,0+)))1/2H, +1/2H,0, H,0, +hv 2¢OH

H,0,+))) 2¢OH

where ))) shows the sonication process [35].

equation for the reaction occurs  during

Photolysis takes place through UV radiation, which
causes the bonding of a compound by OH". The principle
of photolysis is the chemical reactions by using light and
solid catalysts.
2H,0 <> H;0" +OH"~
OH™ +hv— OH"*

Degradation of the methyl orange is done by using
ultrasonication in a water medium. It can produce OHo,
and He during the sonication and cavitation effects. The
cavitation effect will produce bubbles that will be broken
down by ultrasonic waves. The Reaction can be written as
follows:

H,0+~~—>He+OHe [36]
~~ = ultrasonic wave

m CONCLUSION

Albumen can influence the synthesis of Cu** doped
ZnO in terms of particle size makes them smaller than
pure ZnO. Characterization of Cu** doped ZnO using
FTIR shows the presence of metal oxide bonds at
wavenumbers of 400-800 cm™'. The smallest bandgap
value measured by UV-DRS was obtained from the
addition of 30 mL of albumen with particle size measured
using XRD ranging at 16.62-53.21 nm. The morphology
produced after being measured using SEM has a spherical
shape. Cu>* doped ZnO catalyst can degrade methyl
orange dyes with the most optimum percent degradation
that is 94.88%, with an irradiation time of 210 min.
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Abstract: A series of six sulfur-bridged dinuclear silver(I) thiosemicarbazone complexes
were synthesized through the reaction of silver(I) nitrate with 4-phenyl-3-
thiosemicarbazone derivatives together with triphenylphosphine (PPhs) (in a 1:1:2 molar
ratio). Following structural characterizations using various techniques such as elemental
analysis, Fourier-transform infrared (FTIR) spectroscopy, as well as 'H, BC, *'P{'H}s,
COSY, and 'H-C nuclear magnetic resonance (NMR) spectroscopy, it was found that
the thiosemicarbazone ligand exists in the form of a thione rather than thiol tautomer.
Subsequently, MDA-MB-231 and MCF-7 breast cancer cell lines, as well as the HT-29
colon cancer cell lines, were used to investigate the in vitro antiproliferative activities of
these complexes. In all cases, the ICso values were in the potent micromolar range. Besides,
the aforementioned complexes also had good antiplasmodial activity against
chloroquine-resistant P. falciparum, as per the results of histidine-rich protein 2 (HRP2)
assays and cytotoxicity evaluations of MDBK cells.

Keywords: thiosemicarbazone; silver complexes; antiplasmodial; antiproliferative;

phosphine

m INTRODUCTION

The synthesis of metal complexes containing mixed
ligand systems that have electron-donating potential has
attracted much attention owing to their catalytic abilities
[1], unique structures [2], and most importantly,
applications in the medical field [3-4]. In particular, metal
complexes with phosphine and thiosemicarbazone
ligands have been explored due to the ability of
thiosemicarbazone to coordinate a wide range of metallic
ions that can be attributed to the extended delocalization
of the electron density of the NH-CS-NH-N system [5].
The employment of transition metals in drug discovery
has become a favorite approach, especially when it is
attached to compounds of common therapeutic value like
thiosemicarbazones in an effort to fight drug resistance

[6]. In addition, metal coordination also helps to
increase the lipophilicity of a compound, hence
increasing the speed of the compound’s entry into the
cell [7].

Research interest in these compounds is also fueled
by their broad spectrum of biological activities, including
antibacterial [8], antiviral [9], antitubercular [10], and
antitumor [11], anticancer and antimalarial activities
[5]. Evidently, silver complexes and their therapeutic
abilities are interesting topics among researchers [12]. A
previous study combining the ligands of thio and
phosphine has shown a promising activity towards
antibacterial activity [13]. Another study used a similar
group of ligands (thio and phosphine), but gold also
showed higher cytotoxicity, better antitumor activity,
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and selectivity than the cisplatin [14]. However, to the
ability of our knowledge, there is a lacking recent report
on the screening for the anticancer potential and the
antiplasmodial properties of the silver(I) complexes with
thiosemicarbazone and triphenylphosphine ligands.

Hence, as a part of continuing interest in this area of
research, we synthesized a series of thiosemicarbazone-
derivative ligands, which were then attached to a silver
center along with triphenylphosphine ligands. The silver
complexes were later characterized using few elemental
and spectral analyses to confirm their structure. Basic
elemental analysis like CHNS and PXRD was used to
confirm the composition and types of elements present in
the complexes. Afterward, more detailed spectroscopy
techniques like FTIR, 1D NMR, and 2D NMR were used
to justify the structure of the complexes.

m EXPERIMENTAL SECTION
Materials

Chemicals of 4-nitrobenzaldehyde, 4-hydroxy
benzaldehyde, 5-bromosalicylaldehyde, 5-bromoindole-
3-carboxaldehyde (98%, Sigma Aldrich), 2-methylindole-
3-carboxaldehyde, (5-bromo-2-hydroxy-3-methoxy
benzaldehyde (97%, Sigma Aldrich), triphenylphosphine,
4-phenyl thiosemicarbazide (99%, Sigma Aldrich) were
used in this study. All reagents and solvents used were of
reagent grade without prior purification unless otherwise
stated. The progress of these reactions was observed via
thin-layer chromatography performed on 2.00 x 6.00 cm
aluminium sheets pre-coated with silica gel 60 (HF-254,

Merck) of thickness 0.25 mm.
Instrumentation

The Fourier-transform infrared (FTIR) spectra were
recorded by a Perkin Elmer Spectrum One FT-IR
spectrophotometer (ATR) at 450-4000 cm™. The 'H, “C,
*'P{'H}, COSY, and 'H-">C nuclear magnetic resonance
(NMR) spectra were analyzed using a JEOL FT-NMR
ECX 400 (ECX 400) spectrometer, whereby deuterated
dimethyl sulfoxide (DMSO) and chloroform were the
solvents. Meanwhile, Perkin Elmer CHNS/O Analyzer
2400 Series II was used to perform the elemental analyses,
while Energy Dispersive X-Ray spectroscopy (EDX) was
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used to detect the presence of silver metal. X-ray
diffractometer (PANalytical, Netherlands) was used to
examine Powder X-ray diffraction (PXRD) with a
scanning scope of 26 from 0 to 50° and scanning rate of
4.25°/min at room temperature (25 °C), with Cu Ka
characteristic radiation (A = 0.154 nm) at the current of

40 mA and voltage of 40 kV.
Procedure

Synthesis of thiosemicarbazone ligands (L1-L6)

All thiosemicarbazone ligands (L1-L6) were
prepared by the procedure described in Ref. [15], with
slight modifications (Scheme 1). First, 4-phenyl-3-
thiosemicarbazide (1 g, 6 mmol) was dissolved in ethanol
(33 mL). Next, the corresponding aldehyde (which was
pre-dissolved in ethanol) was added to the mixture along
with a few small drops of glacial acetic acid. The solution
was then refluxed for 3-4 h and later dried in a vacuum
for analysis. The ligands were white or yellow powders
soluble in ethanol, methanol, acetone, DMSO,
dichloromethane, or chloroform.

L1: 4-nitrobenzaldehyde-N-phenyl-thiosemicarba
zone. Yield: 70%, M.p. 260 °C. Anal. Calc. for
C1:H12N40,S: C, 56.00; H, 4.02; N, 18.63. Found: C, 55.20;

H, 3.73; N, 18.59. IR data (cm™): (N-H) 3103.08, 2980.20,

H H o

N N
\n/ \NH2 " )]\
S R H

L3:R:

HO H CHs

Scheme 1. Synthesis of thiosemicarbazone ligands
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(C=N) 1595.02, (C=S) 846.76, 'H-NMR data (5, ppm;
DMSO): 12.06 (s, 1H) (N-H), 10.29 (s, 1H) (N-H), 8.20
(C-H, 1H) (CH=N), 7.2-8.2 (m) (CH, CH,, CH,); "*C-
NMR data (8, ppm; DMSO): 177.10 (C=S), 140.70 (C-Ph).
L2: 4-hydroxybenzaldehyde-N-phenyl-thiosemicar
bazone. Yield: 60%, M.p. 240 °C. Anal. Calc. for
CisHisNs0S: C, 61.97; H, 4.83; N, 15.49. Found: C, 61.24;
H, 4.92; N, 14.98. IR data (cm™): (N-H) 3158.08, 2977.11
(C=N) 1604.28 (C=S) 851.49, 'H-NMR data (5, ppm;
DMSO0): 11.62 (s, 1H) (N-H), 9.94 (s, 1H) (N-H), 9.88 (s,
1H) (C-OH), 8.04 (s, 1H) (CH=N), 6.8-8.1 (m) (CH,
CH2, CH3); "C-NMR data (5, ppm; DMSO): 175.90
(C=S), 144.00 (C-Ph).

L3: 5-bromo-2-hydroxybenzaldehyde-N-phenyl-thio
semicarbazone. Yield: 65%, M.p. 250 °C. Anal. Calc. for
CisHBrN;OS: C, 48.01; H, 3.45; N, 12.00. Found: C,
48.24; H, 3.44; N, 12.12. IR data (cm™): (N-H) 3141.28,
2984.50 (C=N) 1604.57 (C=S) 829.04, '"H-NMR data (§,
ppm; DMSO): 11.78 (s, 1H) (N-H), 10.14 (s, 1H) (N-H),
10.28 (s, 1H) (C-OH), 8.38 (s, 1H) (CH=N), 6.7-7.5 (m)
(CH, CH2, CH3); *C-NMR data (8, ppm; DMSO): 176.60
(C=S), 139.50 (C-Ph).

L4: 2-methylindole-3-carboxaldehyde-N-phenyl-thio
semicarbazone. Yield: 80%, M.p. 230 °C. Anal. Calc. for
Ci7Hi6NsS: C, 65.78; H, 5.84; N, 18.05. Found: C, 66.01; H,
5.19; N, 17.32. IR data (cm™): (N-H) 3394.64, 3285.30.
3209.93, (C=N) 1589.25 (C=S) 839.31, 'H-NMR data (§,
ppm; DMSO): 11.55 (s, 1H) (N-Hindole); 11.40 (s, 1H) (N-
H), 9.50 (s, 1H) (N-H), 8.50 (s, 1H) (CH=N), 6.7-7.0 (m)
(CH, CH2, CH3); *C-NMR data (8, ppm; DMSO): 174.50
(C=S), 141.70 (C-Ph).

L5: 5-chloroindole-3-carboxaldehde-N-phenyl-thio
semicarbazone. Yield: 45%, M.p. 210 °C. Anal. Calc. for
CisHisCIN,S: C, 58.09; H, 4.57; N, 16.93. Found: C, 57.65;
H,3.95;N, 16.20. IR data (cm™) : (N-H) 3338.98, 3132.20,
2973.42 (C=N) 1609.25 (C=S) 866.50, '"H-NMR data (9§,
ppm; DMSO): 11.83 (s, 1H) (N-H), 11.58 (s, 1H) (N-
Hindgole), 9.72 (s, 1H) (N-H), 8.35 (s, 1H) (CH=N), 7.0-8.2
(m) (CH, CH2, CH3) “"C-NMR data (§, ppm; DMSO):
175.10 (C=S), 141.20 (C-Ph).

L6: 5-bromo-2-hydroxy-3-methoxybenzaldehyde-N-
phenyl-thiosemicarbazone. Yield: 70%, M.p. 190 °C.
Anal. Calc. for CisHisBrN;O,S: C,47.38; H, 3.71; N, 11.05.

Found: C, 47.89; H, 3.75; N, 11.08. IR data (cm™): (N-
H) 3300.41, 2973.79 (C=N) 1604.00, (C=S) 858.86. 1H-
NMR data (8, ppm; DMSO): 11.80 (s, 1H) (N-H), 10.10
(s, 1IH) (N-H), 9.49 (s, 1H) (OH), 8.43 (s, 1H) (CH=N),
3.81 (s, 1H) (OCHa), 7.0-7.6 (m) (CH, CH2, CH3); *C-
NMR data (8, ppm; DMSO): 176.60 (C=S), 140.00 (C-
Ph).

Synthesis of complexes (P1-P6)

AgNO:; (0.17 g, 1 mmol) was first dissolved in a 20
mL mixture of acetonitrile and methanol (2:3), following
which the respective thiosemicarbazone ligands (L1-L6)
(2 mmol) were added. The mixture was refluxed at 55 °C
for 3-4 h. The mixture was further added with
triphenylphosphine (0.262 g, 1 mmol) in 5 mL of
acetonitrile/methanol (2:3) and further refluxed for 2-3
more hours. The latter step could result in the
solubilization of the precipitates obtained in the first
step, if any. Thin-layer chromatography is used to
monitor the reaction’s progress. The resulting solution
was filtered and later thoroughly dried via evaporation.
Further purification was performed before the analysis.
The silver complexes were brown and black powders
and soluble in either DMSO or a mixture of methanol
and acetonitrile.
P1: [Ag2(PPhs)2(L1)4]-(NOs3)2rH20. Yield: 50%, M.p.
157-160 °C. Anal. Calc. for Co,H7sAg:NicOsP.Ss C,
56.91; H, 4.05; N, 11.54; S, 6.61. Found: C, 56.30; H, 3.57;
N, 11.65; S, 6.61. IR data (cm™): (N-H) 2983.12, 2888.57,
(C=N) 1589.21 (C=S) 840.88. '"H-NMR data (0, ppm;
DMSO): 12.33 (s, 4H) (N-H), 10.72 (s, 4H) (N-H), 8.18
(C-H, 4H) (CH=N), 7.1-8.3 (m) (CH, CH2, CH3). "C-
NMR data (8, ppm; DMSO): 175.80 (C=S), 143.00 (C-
Ph).
P2: [Ag2(PPhs)2(L2)4]-(NO3)2rH20. Yield: 45%, M.p.
135-138 °C. ); Anal. Calc. for Co,Hs:Ag:N1,O4P,Ss C,
60.53; H, 4.53; N, 9.21; S, 7.03. Found: C, 58.90; H, 3.82;
N, 9.26; S, 6.48. IR data (cm™): (N-H) 2981.06, 2889.37
(C=N) 1595.67, (C=S) 834.24. '"H-NMR data (3, ppm;
DMSO): 11.88 (s, 4H) (N-H), 10.22 (s, 4H) (N-H), 7.99
(s, 4H) (CH=N), 9.98 (s, 4H) (O-H), 6.6-7.5 (m) (CH,
CH2, CH3) ; "C-NMR data (8, ppm; DMSO): 173.90
(C=S), 146.60 (C-Ph).
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P3: [Ag2(PPh3)2(L3)4]-(NO3)2-H20. Yield: 40%. M.p. 140-
143 °C. Anal. Calc. for: Co,H7sAgBriN1,O4P,Ss C, 51.60;
H, 3.67; N, 7.85; S, 5.99. Found: C, 49.65; H, 3.17; N, 7.81;
S, 5.31. IR data (cm™): (N-H) 3141.28, 2984.50 (C=N)
1604.57, (C=S) 824.43. "H-NMR data (5, ppm; DMSO):
12.02 (s, 4H) (N-H), 10.46 (s, 4H) (N-H), 8.42 (s, 4H)
(CH=N), 10.58 (s, 4H) (O-H) 6.8-7.5 (m) (CH, CH2,
CH3); "C-NMR data (8, ppm; DMSO): 174.00 (C=S),
141.50 (C-Ph).

P4: [Ag2(PPh3)2(L4)4]-(NO3)2-H20. Yield: 45%. M.p. 127-
130 °C. Anal. Calc. for Ci0sHosAgN16P2S4 C, 63.28; H, 4.80;
N, 11.35; S, 6.50. Found: C, 59.62; H, 4.34; N, 10.98; S,
5.89. IR data (cm™): (N-H) 3012.28, 2880.97, 2649.02
(C=N) 1600.00 (C=S) 830.01. 'H-NMR data (5, ppm;
DMSO): 11.63 (s, 1H) (N-Hingol), 11.60 (s, 4H) (N-H),
9.73 (s, 4H) (N-H), 8.41 (s, 4H) (CH=N), 7-7.5 (m) (CH,
CH2, CH3). "C-NMR data (5, ppm; DMSO): 172.90
(C=S), 144.00 (C-Ph).

P5: [Ag2(PPhs)2(L5)4]-(NOs)2-H20. Yield: 40%. M.p 131-
134 °C. Anal. Calc for CipoHssAgN16P2S4 C, 62.63; H, 4.52;
N, 11.69; S, 6.69 Found: C, 59.89; H, 3.89; N, 10.91; S, 6.53.
IR data (cm™): (N-H) 3000.96, 2883.01, 2733.51, (C=N)
1598.27, (C=S) 834.04. '"H-NMR data (8, ppm; DMSO):
11.88 (s, 1H) (N-Hinaole), 10.35 (s, 4H) (N-H), 10.01 (s,
4H) (N-H), 8.00 (s, 4H) (CH=N), 6.8-7.8 (m) (CH, CH2,
CH3). ®C-NMR data (8, ppm; DMSO): 173.70 (C=S),
133.80 (C-Ph).

P6: [Ag2(PPh3)2(L6)4]-(NO3)2-H20. Yield: 40%. M.p 137-
140 °C. Anal. Calc for CosHssAg:BrsN1,0sP,S4 C, 50.99; H,
3.83; N, 7.43; S, 5.67. Found: C, 48.09; H, 3.38; N, 7.72; S,
6.02. IR data (cm™): (N-H) 3049.11, 2879.23, (C=N)
1599.12 (C=S) 742.69. 'H-NMR data (8, ppm; DMSO):
12.00 (s, 4H) (N-H), 10.53 (s, 4H) (N-H), 8.46 (s, 4H)
(CH=N), 9.52 (s, 4H) (O-H), 7.0-7.4 (m) (CH, CH2,
CH3). PC-NMR data (8, ppm; DMSO): 174.40 (C=S),
836.84 (C-Ph)

Biological procedures

Antiplasmodial assays. The antiplasmodial activities of
all compounds were evaluated in vitro through HRP2
assays [16-17] as described in Ref. [18] with some
alterations. First, the compounds were solubilized in
100% DMSO and serially diluted into mixtures whose
concentrations range from 25 pM to 0.39 pM in wells A1l
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to A7 of a 96-well plate. Some 15 pL of each serially-
diluted stock extract was moved accordingly into plates
with 225 pL of sterile H,O. Aliquots from the plates
would be used in the HRP2 assays. Next, ring-infected
red blood cells (RBCs) of 5% parasitemia were tuned so
that the parasitemia and hematocrit were 0.05% and
1.5%, respectively. Ten uL of each serially-diluted extract
was moved to a test plate containing parasitized RBCs
and later incubated in a candle jar at 37 °C for 72 h. The
final test concentrations ranged from 0.156 uM to 0.002
1M, while DMSO was 0.3%. Artemisinin (Art) (Sigma,
USA), chloroquine (CQ) (Sigma, USA), mefloquine
(Mef) (Sigma, USA), and quinine (Q) (Sigma, USA) -
whose final test concentrations were 1772.6-27.7 nM for
CQ, 3495-54.6 nM for Q, 601.3-9.4 nM for Mef, and
51.2-0.8 nM for Art — were the standard controls used
to validate the test. Meanwhile, the negative controls
comprised infected RBCs without extracts or with sterile
H.O only. Following incubation for 72 h, the test plates
were then kept overnight at -80 °C. It was then thawed
at room temperature to lyse the infected RBCs.
Subsequently, the activities of the compounds against
the parasite were measured via HRP2 assays [17,19].

Cytotoxicity assays (in vitro). The MDBK cells were
preserved in complete Dulbecco's Modified Eagle
Medium (DMEM)
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
100 U of Pen-strep (100 U penicillin and 100 U
streptomycin), 0.4% sodium bicarbonate (NaHCOs3)
accompanied with 10% fetal bovine serum (FBS). 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays were used to test the cytotoxicities of the
extracts [20]. Briefly, MDBK cells (1 x 10° cells/well)
which have been cultured overnight were exposed to

comprising 25 mM 4-(2-

serially diluted (2-fold-diluted) compounds whose final
concentrations ranged from 0.25 uM to 0.004 pM. The
final concentrations of DMSO in all tests were less than
1%. All tests were performed in duplicates. Cell
suspension lacking the test material was the positive
control for cell growth, while the negative control cell
contains suspension with 0.05% Triton X 100. The test
culture was kept for 72 h at 37 °C in a 5% CO; incubator.
To each well, some 50 puL of MTT solution (2.5 mL
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DMEM and 5 mg MTT in 1 mL PBS) were added. It was
then kept for 4 h at 37 °C in the said incubator. Next, the
medium was removed and replaced with 200 uL of DMSO
to solubilize the MTT formazan product. It was then
mixed for 15 min before its absorbance was measured
using a microplate reader (FLUOstar Omega, Germany)
at 540 nm. The ICsy and growth inhibition percentage
were predicted with reference to a dose-response curve.
Antiproliferative assays. Sulforhodamine B (SRB)
assays were performed to determine the ICs, of the test
compounds as described in previous studies [21]. Briefly,
the cells were treated with 5.053-161.686 uM, 4.843-
154.960 pM, 4.189-134.055 uM, 4.680-149.752 uM, or
3.936-125.944 uM sets of concentrations for all the
synthesized complexes. Forty-eight hours later, using 50 uL
of 50% (w/v) trichloroacetic acid (TCA), the cells were
secured to the plates and kept further incubated at 4 °C
for an hour. The plates were then washed five times using
tap water, air-dried, stained with 100 uL of 0.4% (w/v)
SRB staining solution, and further incubated for another
10 min at room temperature. Consequently, the plates
were washed three times with 1% (v/v) acetic acid to
remove the unbound stains. Following air-drying, 200 pL
of 10 mM Trizma base was added into the wells, shaken
for 10 min. The reading of the absorbance is taken using
a microplate reader at 490 nm, and the ICsy calculated
using the formula; ICs, = (OD sample/OD control) x 100.
All experiments were performed in triplicates.

m  RESULTS AND DISCUSSION

The six silver(I) complexes which were synthesized
in a molar ratio of 1:1:2 (Ag:PPhs:thiosemicarbazone)
were either brown and black, were structurally
characterized by nuclear magnetic resonance (NMR),
Fourier-transform infrared (FTIR) spectroscopy, energy-
dispersive X-ray (EDX), powder X-ray diffraction
(PXRD), and elemental analysis. The spectroscopic data
interpreted that all the ligands and their corresponding
complexes existed in the form of thione tautomers. The
formation of silver complexes occurred when silver
received a lone pair of electrons from donor sulfur and
phosphorus atoms. These complexes were believed to

bind tightly to the metal center through M-S bridging
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bonds as they were synthesized in a molar ratio of 1:1:2
[22]. In agreement with the results of previous studies
[22-23], the silver complexes were dinuclear, with each
silver atom tetrahedrally coordinated to one S atom with
a thiosemicarbazone terminal, and two S atoms with a
bridging thiosemicarbazone group, and one P atom of
triphenylphosphine (PPh;) as shown in Fig. 1.

Fourier-Transform Infrared Spectroscopy (FTIR)

To investigate the points of attachment of the
ligands to the metal center in the complexes, the FTIR
spectra of the free ligands were compared to its
synthesized complexes. The infrared spectra of the
corresponding complexes confirmed the coordination
of the ligand as v(C=N) vibrational modes were detected
in all of the ligands and complexes. The shifting of the
L(C=S) bands to lower energies in the complexes meant
that the thiosemicarbazone ligands were coordinated to
the silver (I) metal via donor sulfur atoms. Meanwhile,
the absence of v(S-H) bands at the 2800-2550 cm™
regions of both ligands and complexes revealed that the
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Fig 1. Structures of the silver complexes P1-P6
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complexes only had thione tautomers which were
retained from their free ligands. Intra- and inter-
molecular hydrogen bonds of the hydroxyl and amino
groups, which gave rise to band-broadening in the 3500-
3000 cm™ regions, were also present. A characteristic
L(P-Ca:) peak at around 1090 cm™ denoted the presence
of triphenylphosphine that was coordinated to the silver
center. A sharp band around 1300 cm™ was detected in all
complexes, suggesting non-coordinated NO;™ ions.
However, the FTIR spectrum of P5 did not reveal a -C-
Cl peak, unlike that of its ligand (L5). This occurrence
further proposed the detachment of —Cl to form HCI in
the reaction mixture.

Nuclear Magnetic Resonance (NMR) Spectroscopy

In the '"H-NMR spectra of the complexes, signals
from the aromatic protons were confirmed by the
presence of multiplet peaks observed at 6.00-8.00 ppm.
Concurrently, following coordination with silver metal,
the N-H signals from the metal complexes were shifted
downfield by around 0.20-0.50 ppm from their original
positions in the free ligands (8 = 9.5-12.0 ppm). As for
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compounds P2, P3, and P6, the hydroxyl proton peaks
at 8 =9.98, 10.58, and 9.70 ppm were also shifted slightly
downfield. On the same note, P6 also gave rise to a
methoxy-proton peak in the form of a triplet at & = 3.80
ppm. The coordination of the triphenylphosphine
ligand was evidenced by the presence of additional
aromatic protons at 6 = 7.10-7.50 ppm in the complexes;
these were not otherwise present in their respective
ligands. Fig. 2 shows the assignments of protons in the
"H-NMR spectrum of compounds 4.

In the "C-NMR spectra, the bonding between the
thiosemicarbazone and phosphine ligands to the metal
centers was also proven by the presence of C=S signals
in which the chemical shift value was around 2.0 ppm.
This was in view of the decrease of the C=S bond when
attached to metal [24], as well as a shift in the N>C
electron density, which gave rise to a partial bond
characteristic in the C-N bond [25]. With reference to
compounds P2, P3, and P6, the C-hydroxyl resonance
at the thiosemicarbazone ligand was observed at
8 =139.00 ppm. In further detail, the spectrum for the
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compound P6 had a C-methoxy resonance at § = 57.0 ppm,
while the C-methyl resonance in compound P4 was
observed at & = 12.0 ppm. In all complexes, the resonances
of the aromatic carbons in triphenylphosphine and
thiosemicarbazone revealed significant upfield shifts at &
= 131.0-132.0 ppm. Since the aromatic C on
triphenylphosphine appeared as doublets and singlet, these
further confirmed the attachment of the triphenylphos
phine ligand to the silver center [25]. Fig. 3 shows the
assignments of carbon peaks for the ligand and complex 4.

The 'H-'"H COSY NMR has further authenticated
the correlation between the equivalent proton pairs with
the adjacent protons wherein the cross peak resulting
from the correlation appears in the same region. Fig. 4
shows the COSY spectrum for complexes P3. From the
figure, the proton H5 is correlated to the proton H4 and
H6. Meanwhile, H10 is correlated to the aromatic proton
area near 7 ppm. A similar phenomenon can also be
found by H7 which correlates with the aromatic proton
area near 7 ppm while the H8 correlates to the aromatic
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proton peak indisputably H9. The COSY spectra also
reveal that the H10 adjacent to the O atom in the hydroxyl
group and H5 connected to the N atom is correlated with
the H,O peak from the deuterated DMSO.

The 'H-"C HSQC spectra
demonstrate the interaction between the protons and the

of compounds

carbon atoms which are attached. As a representative, the
discussion will be based on the spectrum for ligand and
complex P6 (Fig. 5). It can be deduced from Fig. 2 that the
H6 is correlated with C6. A similar phenomenon can also
be found on the H8, which relates to C10 as justified in
the structure numbering shown in the figure. The
aromatic carbons in the compound were established via
the connectivities between the carbon and its neighboring
proton by HSQC correlation spectra. H1, H2, H3, H11,
H12, H13, and H7 in the aromatic ring are correlated with
Cl, C2, C3, C14, C15, C16, and C8, respectively.

In the *'P{"H}-NMR spectra of complexes P1 to P6,
a sharp singlet was observed at § = 10.0 ppm. This result
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triphenylphosphine has shifted downfield as compared
to that of its free ligand [13] (8 = -5.5 ppm). In other
words, complexation occurred between the silver center
and the triphenylphosphine ligand. Fig. 6 shows the *'P-
NMR spectra of triphenylphosphine and silver complex
P4.

Powder X-Ray Diffraction (PXRD) Analysis

To produce sufficient crystals for single-crystal X-
ray analyses, the crystals of all synthesized complexes
were grown several times using various methods,
including those of previous studies that have managed to
generate single crystals [22-26]. Some of these methods
included slow evaporation at room temperature and low
temperature (refrigerator) for several days, as well as
recrystallization of the products scraped from organic
(DMF, DMSO,
However, crystals were not successfully grown that can

solvents acetonitrile, methanol).
be further used for X-ray diffraction studies. According

to Altaf et al., silver compounds whose ligands contained

suggested that the resonance of phosphorus in
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nitrogen and sulfur were hard to crystallize owing to their
tendency to form intramolecular interactions and
polymeric states [22]. Thus, we probed the complexes via
PXRD analysis to determine their phases, unit cell
dimensions, as well as sample purities. Fig. 7 shows the
PXRD pattern for compound 5 (L5 and P5). All other
diffractograms can be found in Supplementary
Information associated with this report. The PXRD
diffractograms were taken within 20 ranges of 5-40°. The
observed broad peaks were attributed to the non-

crystalline samples.
Energy Dispersive X-ray (EDX) Spectroscopy

EDX spectroscopy was also conducted to verify the
(see
Supplementary Information). Based on the results of the

existence of silver metal in all complexes

analyses, silver metal was present in all six series of
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complexes. Other elements such as carbon, nitrogen,
oxygen, sulfur, phosphorus, and bromine, which were
expected to be present in the ligands, were also present
in the complexes.

Antiplasmodial Study

All
antiplasmodial activities in the in vitro P. falciparum

complexes demonstrate suitable
HRP2 assays against chloroquine-resistant P. falciparum
parasites (in the asexual cycle) in red blood cells (Table
1). All silver complexes (except P1) were tested for this
study. The cytotoxic activity of the compounds on
MDBK cells was evaluated in terms of the proportion of
cytotoxicity to biological activity (SI). The biological
efficacy was not attributable to in vitro cytotoxicity when
the index was > 10 [27]. However, the compounds better
inhibited the growths of normal cell lines, MDBK cells,
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Fig 7. PXRD diffractograms of ligand and complex P5

Table 1. Antiplasmodial and cytotoxicity activity of silver complexes 1-6 (EC50 in pM)

Complexes P. falciparum HRP2 ~ Normal MDBK  Selectivity Index (SI)
P1 - - -
P2 1.739 £ 0.243 1.215+0.180 0.699
P3 4.000 +0.142 0.821 +0.068 0.205
P4 2,120+ 1.184 0.945 £ 0.102 0.446
P5 3.776 £ 0.280 0.984 + 0.046 0.261
P6 4.266 + 0.311 1.675+0.183 0.393
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than P. falciparum (Table 1). Specifically, the SI of each
compound was less than 10, thereby suggesting that the
antiplasmodial activities of the compounds could be due
to in vitro cytotoxicity.

Concerning the selectivity indices of silver
complexes, P2 had the highest SI (0.699) while P3 the
lowest (0.205). This could be explained by the existence of
a hydroxyl group at the -para position in P2 rather than
the -ortho position in P3. Additionally, the latter complex
also contained a bromide group at the -meta position.
Meanwhile, the presence of a methoxy group at the -meta
position in P6 caused a higher SI value of 0.393 than that
of P3. Based on the results of previous studies, the
insertion of methyl [28] and hydroxyl [29-30] groups into
the compounds enhanced the antiplasmodial activity.
Nonetheless, it remained uncertain for the role of each
functional group in improving the selectivity of the silver
complexes.

Antiproliferative Activities

Transition metals like silver have long been known
to be antimicrobial agents. However, there is still much to
be discovered concerning its ability to act as an anticancer
agent [31-32], even though there are reports that silver has
anticancer activity in vitro [33]. The advantage of silver is
that its toxicity is lower than those of other metals like
[34].
thiosemicarbazones have a wide range of antiproliferative

platinum (e.g., cisplatin) On another note,
activities on different tumor cell lines, apart from displaying
the common features of all compounds with carcinogenic
potencies [35-36]. Meanwhile, silver phosphine has been
shown to exert in vitro antiproliferative effects [37-38].
Based on the ICs values, complexes P2, P3, P4, P5, and P6
exerted modest antiproliferative effects on the human breast
cancer MCF-7 and colon cancer HT-29 cell lines (Table 2).
However, P1 had the weakest antiproliferative potential
in all cancer cell lines tested. However, as for the MDA-
MB-231 carcinoma cancer cell line, good antiproliferative
effects were also observed for P2, P4, and P5. This might
be due to the hydroxyl group's presence [39] in P2 and the
indolic group of P4 and P5. Therefore, more in-depth
studies are warranted concerning the roles of these silver
compounds as metallotherapeutic drugs for cancers.
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Table 2. Antiproliferative activities of silver complexes
1-6 (IC50 in pM)

Complexes MDA-MB-231 HT-29 MCEF-7
P1 15.11 £ 4.24 - 19.62 + 4.87
P2 6.81 +1.69 723+0.10 4.48+0.86
P3 - 6.86+0.17 351+1.13
P4 548 +1.16 579+192 7.13+0.71
P5 527 +1.44 6.03+0.76 4.34+1.69
P6 - 7.14x0.76 4.39+0.74

m CONCLUSION

Six silver complexes containing mixed ligands (4-

phenyl-3-thiosemicarbazone derivatives and
triphenylphosphine) have been successfully synthesized.
The silver complexes were found to be dinuclear with
tetrahedral geometry supported by the spectroscopic
data discussed in the earlier section. Antiproliferative
activities were investigated using MCF-7 breast and
MDA-MB-231 carcinoma cancer cell lines and the HT-
29 colon cancer cell line. Compounds P2-P6 were
worthy of in-depth studies as metallotherapeutic agents
as their result exerted modest antiplasmodial activity
against most cancer cells tested. On another note, all the
compounds mentioned above had good activity against
chloroquine-resistant P. falciparum parasites, but they
drugs.

Consequently, modifications of the structural frame of

were not as selective as conventional
4-phenyl-3-thiosemicarbazone could improve the SI

value of the resulting compound.
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was made by the sol-gel method, in which silicate solution was extracted from rice husk
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particles. The cell parameters of the HA crystals were slightly distorted by the presence
of SiO, and HA in the composite had a bigger cell volume than pure HA. The crystallite
size of HA in the composites increased with the increase of the Ca/Si ratio but the values
were smaller than pure HA. SiO; acted as a morphology directing agent. At low Ca/Si
ratio, the HA-SiO; particles were in a form of short rod-like particles with sizes of < 50 nm,
while at high Ca/Si ratio, a mixture of short and long rod-like particles with the size of
< 100 nm was obtained. The zeta potential of composites was almost similar to pure
HA. These properties indicated that HA-SiO, composites support the bioactivity of
injectable calcium phosphate cement.

Keywords: hydroxyapatite; silica; rice husk ash; calcium phosphate cement

m INTRODUCTION property of CPC is siliceous solids like silica (SiO,) and
calcium silicate (CaSiO;) [4-9]. For instance, the
addition of 5% fibrous CaSiO; into CPC increased the
compressive strength of the resulting cement by 250%
(from 14.5 MPa to 50.4 MPa) [10]. The setting reaction
of CPC with silica precursor produced a porous

Calcium phosphate cement (CPC) has been widely
developed due to its ability to induce bone formation and
vascularization. Injectable CPC consists of powder and
liquid components. Calcium phosphate and its mixture

are common materials used as the powder component

. . o ite with i in th f1-1
and an aqueous solution of calcium or phosphate ion is composite with pore diameters in the range o 0 nm

used as the liquid component. The mixture of the two [11]. Moreover, CPC-silica composite was found to have

. . ili i 11 adhesi liferati
components produces a paste that can be injected into a an ability to improve cell adhesion and proliferation as

damaged bone. Tnside the body, the paste may harden to well as stimulating osteogenic differentiation [12-14].

result in a temporary bone substitute [1-3]. Additives are To adjust the contribution of silica additives to the

often added to improve the property of CPC. One of the improvement of CPC’s properties, modification of the

powder component, typically calcium phosphate in the

most studied additives with a strong influence on the
form of hydroxyapatite [HA, (Caio(PO4)s(OH),], has
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been intensively studied. Synthetic HA is known as a good
bone substitute due to its properties such as being
osteoconductive, biocompatible, and bioactive [15-18].
Normally, modification of HA with SiO, that is
performed under alkaline conditions, produce
composites in which silica covers the HA particles [19].
Moreover, under high Ca/P reactant ratios, which are
usually used to produce HA, CaO is formed as a
secondary product. The presence of CaO decreases the
composite surface area. This is undesirable for the powder
component of CPC because the presence of silica on the
composite surface and the reduced surface area of the
composite reduce the bioactivity of HA. On the other
hand, a study about HA-SiO, morphology showed that
the composite was built in such a way that silica interacted
with the a-plane of HA and then HA crystals grew along
the c-axis and produced needle-like particles [20].
However, the formation of such shaped particles should
be avoided for injectable CPC, because it reduces the
injectability of the paste material.

Silica is silicon dioxide (SiO,), which forms a three-
dimensional framework through siloxane (Si-O-Si)
bonds to build an amorphous and porous structure. Silica
material has important properties such as soluble in
water, chemically inert, thermally stable, and compatible
for biomedical applications [21-23]. One of the sources of
silica in nature is rice husk ash, in which rice is a very
abundant and renewable commodity. Simple extraction
of rice husk ash with NaOH produces silica with the same
chemical and physical properties as commercial silica
[24]. Silica from rice husk ash has a high purity and is a
nano-sized material, and has also been applied for several
industries such as pharmaceuticals and cosmetics [22].

In this study, the modification of HA with silica was
conducted by depositing HA on SiO, to produce nano-
sized HA-SiO, composites. Owing to such structure, it is
expected that HA in the composite directly interacts with
living bone tissue when the composite is used as CPC. In
addition, composite particles are expected to have a shape
that is suitable to improve the cement’s injectability. This
study was based on a previous work regarding in situ
synthesis of mesoporous silica MCM-41/HA composite
[23]. The research found that the arrangement of HA and
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SiO; in the composite depended on the aging time. At
shorter aging times, SiO, was found on the composite
surface while at longer aging times, the composite was
HA. It that,
thermodynamically, during the synthesis process, SiO,

covered by can be concluded
and HA particles tried to get the lowest free energy. At
first, silica was well dispersed in the reactant solution
and the HA crystal was built on the silica surface by
silanol-Ca interaction. The HA particles tended to
interact with each other, which resulted in HA being
inside of the composite and SiO, on the surface. With
the increase of aging time, SiO, was then covered with
HA that was built next from the reactant solution. That
is why the position of SiO, and HA in the composite
surface is seen to have changed during aging time. In the
current work, these phenomena are predicted to occur
when synthesis of the HA- SiO, composite is conducted
at various Ca/Si reactant ratio. The silica was synthesized
from rice husk ash by the sol-gel method and the
formation of HA-SiO, composite was done by the wet
chemical deposition method. The chemical structure,
surface properties, and zeta potential of the HA-SiO,
composite were studied according to the properties
needed for the powder component of CPC.

m EXPERIMENTAL SECTION
Materials

Rice husk as the silica source was collected from a
rice mill in Karanganyar, Central Java, Indonesia.
Chemicals including NaOH (Merck), HCI (Merck), and
deionized water were used in the silica preparation. For
the synthesis of the HA-SiO, composite, Ca(NOs),-4H,O
(Merck) and KH,PO, (Merck) were used as Ca and P
precursors, respectively. Double distilled water
(Ikapharmindo Putramas) and NH,OH 32% (Merck)
were used as solvent and for pH adjustment,
respectively. All chemicals were in analytical grade and
used without further purification.

Instrumentation

The functional groups of the samples were
analyzed with Fourier Transform Infrared (FTIR)
spectrophotometer (Shimadzu) through a KBr pellet
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method at a wavenumber range of 400-4000 cm™ (Scan
step wavenumber of 7.715264 cm™). The crystal structure
was characterized by X-Ray Diffraction (XRD) (Rigaku
type Miniflex600) that was equipped with monochromatic
Cu Ka radiation, operated at 40kW (A = 1.54 A ) and
scanned for 2° < 20 < 90° at a scan step degree of 0.02°.
XRD data was fitted by using the Origin software. Cell
parameters were calculated with mathematic equations
based on hexagonal structure and Bragg’s law. Crystallite
size was calculated by Scherrer equation. Surface
morphology, element distribution, shape and size of
particles on surfaces were observed using Scanning
Electron Microscope-Energy Dispersive Spectroscopy
(SEM-EDS) (Hitachi type SU3500) and Hitachi MC1000
sputter ion for sample coating with gold in a thickness of
1 nm. The shape and size of the particles were observed
with Tunneling Electron Microscope (TEM) (JEOL type
JEM-1400) by using ethanol as the dispersant. Zetaziser
Nano form Malvern was used to record zeta potential
value. The measurement was conducted at room
temperature at pH 7 for samples that were dispersed in
water and 1% (v/v) Tween 80.

Procedure

Preparation of silica

Rice husk was burned in fire to produce charcoal.
The charcoal was then calcined at 700 °C for 4 h to obtain
rice husk ash (RHA). The RHA sample was crushed and
sieved with a 200 mesh sieve to obtain RHA powder.
Afterwards, about 10 g of RHA powder was mixed with
60 mL of 2 M NaOH solution. The mixture was heated at
65 °C and stirred for 1 h to obtain a suspension. The
suspension was then filtered, and the residue was mixed
again for the second time with 30 mL of 2M NaOH
solution. The obtained filtrate was added with HCI 25%
dropwise to reach pH 7.0 or until a white gel was formed.
The obtained gel was washed with deionized water by
sonication for 1 h to get a white residue and then the white
residue was heated at 400 °C for 4 h. The product was later
crushed and sieved with a 200 mesh sieve and the
obtained powders were considered as silica.

Deposition of hydroxyapatite on silica
A certain weight of Ca(NO;),-4H,0O and silica were

Indones. . Chem., 2021, 21 (3), 588 - 597

Table 1. The composition of precursors for the
preparation of HA-SiO, composites at various Ca/Si
molar ratios”

Sample code Ca(NO;),-4H,O (g) KH,PO,(g) Ca/Siw
A0 19.719 6.804 -
Al 4912 1.699 5
A2 9.824 3.397 10
A3 14.736 5.095 15
A4 19.647 6.793 20
A5 24.560 8.491 25

" Ca/P ratio and SiO: content were kept constant at 1.67 and 0.25 g

mixed with double distilled water to produce 50 mL of
solution I. Fifty mL of solution II was prepared by
dissolving a certain weight of KH,PO, in double-distilled
water. Solution II was then slowly added to solution I
with gentle stirring. Afterwards, about 15 mL of NH,OH
32% was added into the mixture to reach pH > 9. The
stirring process was continued for 1 h and then the
mixture was kept at room temperature for 24 h. The
formed precipitate was washed with 2 L of double
distilled water and dried in an electric oven at 50 °C for
48 h to obtain a white powder. The product was called
as-precipitate powder. The as-precipitate powder was
calcined in an electric furnace at 600 °C for 2 h at air
atmosphere to obtain the HA-SiO, composite (calcined
powder). The composition of the precursors and the
sample codes are presented in Table 1.

m  RESULTS AND DISCUSSION

The transformation of the chemical and crystal
structure of the products at various Ca/Si reactant molar
ratio (Ca/Siw)) were studied for the as-precipitate and
calcined powder. Meanwhile, the surface properties and
zeta potential were studied for the calcined powder.

FTIR Analysis

Fig. 1 shows the FTIR spectra of SiO; and the HA-
SiO, composite. For the SiO, spectrum, characteristic
peaks of SiO, appeared at 1100, 805 and 466 cm™' that
are attributed to the antisymmetric stretching vibration
of Si-O-Si, symmetric vibration of Si-O-Si and bending
vibration of Si-O-Si, respectively. A broad peak around
3500 cm™ is attributed to the vibration of the silanol
group. For the as-precipitate powder, the antisymmetric
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Fig 1. FTIR spectra of SiO, and HA-SiO, composites

stretching vibration of Si—-O-Si overlapped with the peak
of the asymmetric stretching vibration of PO, at
1088 cm™. The peak of the bending vibration of Si-O-Si
ataround 466 cm™ decreased significantly and the peak of
the symmetric vibration of Si-O-Si at 805 cm™
disappeared. This phenomenon has been explained by a
literature, which stated that introducing Ca®* ions into a
SiO; network may damage some Si—-O-Si bonds to form
Si-O-Ca-0-Si groups [25].

During the deposition process, the silanol groups in
SiO;, released H* due to the alkaline condition produced
by the Si-O" site. The Si-O site then interacted with Ca**
to form Si—-O-Ca* which interacted further with PO,
and another Ca*" until HA crystal seeds were formed. The
crystal seed grew continuously on the SiO, surface in 3
dimensions. The tetrahedral symmetry of the PO,> group
such as the asymmetric stretching (v;) appeared as sharp
peaks at 1088 and 1043 cm™ and the asymmetric
deformation (v4) appeared at 568 and 604 cm™ [26-27]. A
wide peak around 3500 cm™ indicated the presence of
stretching O-H groups with hydrogen bonds of HA or
absorbed H,O. The presence of absorbed H,O is proven
by a peak at 1637 cm™. COs* groups that substitute PO,
site appeared at 1489 cm™" [28-29]. The spectra of calcined
powder AO-AS5 looks similar to the as-precipitate spectra
but with sharper peaks. Calcination of the as-precipitate
powder at 600 °C for 2 h caused molecules arrangement

and the release of small molecules such as CO, and H,O,
causing the COs* peak to disappear, and the H,O peak
became shorter.

XRD Analysis

Crystal analysis based on XRD patterns is shown
in Fig. 2. The characteristic peak of SiO, appeared as a
broad peak at 20 = 22°. This peak disappeared when SiO,
was composited with HA, due to the strong interaction
of silica — HA [30]. For all as-precipitate powder, HA
with low crystallinity was formed in the composites. The
intensity of the peaks and sharpness increased with the
increase of the Ca/Si molar ratio of the reactants
(Ca/Siw)). The peaks of the calcined powder were
sharper than the as-precipitate powder. These peak
patterns confirmed that the composites contained HA in
hexagonal crystal lattice according to JCPDS card no
090432. The crystal cell parameters of the standard were
a=b=0.9418 nm c = 0.6884 nm, a = § = 90° y = 120°
and cell volume = 1.586 nm’. Broad peaks of HA that
appeared at 20 of around 25, 31, 32, 33, 34, 40, 47 and 49°
are attributed to the crystal plane of (002), (211), (112),
(300), (202), (212), (222), and (213), respectively. The
low crystallinity of HA is desirable for biomaterial because
it produces high bioactivity [31]. The effect of the Ca/Si,
molar ratio to the HA crystal formation can be seen from
the increase of peak intensity and the sharpening of the
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Fig 2. XRD patterns of SiO, and HA-SiO, composites

peak shape as the Ca/Si) ratio increases (Fig 2. inset). At
high Ca/Sizy molar ratio, the effect of silica on the
formation of HA was not significant.

From the diffraction data that were fitted with
Origin, the 20 position and FWHM of every single peaks
was able to be determined. The d-spacing that was
calculated using Brag’s law and the information of miller
indices from JCPDS data was used to determine the a and
¢ parameters of HA crystal in A0O-A5 samples. Also, the
Scherrer equation was used to calculate the crystallite size.
The cell parameters and crystallite size of HA in A0-A5
samples are shown in Table 2. The a value for all samples
was almost the same. Meanwhile, the ¢ value, as well as the
cell volume of HA in the composites, were larger than
pure HA but those values were fluctuated to Ca/Siw). The

formation of HA crystal was slightly distorted by the
presence of SiO,. The crystallite size of HA in A1-A5
samples was in the range of 7.557 + 0.164-9.581 + 0.144
nm which was lower than pure HA (12.788 + 0.450 nm).
The crystallite size increased with the increase of
Ca/Siw). The HA-SiO, composite is predicted to have a
higher bioactivity than pure HA due to its higher volume
and lower crystallite size. All parameters of the HA cell
products were lower than the HA standard in JCPDS
card no 090432. It is well known that HA cell parameters
are dependent on the synthesis method used [31].

SEM, EDS and TEM Analysis

SEM images of sample A1-A5 showed different
morphologies for each Ca/Si®) molar ratio (Fig. 3). For

Table 2. Cell parameters and crystallite size of HA in A0O-A5 samples

Sample a (nm) ¢ (nm) V (nm?) Crystallite size (nm)
A0 0.935+6.10"* 0.683+3.10* 1.549+1.2.10° 12.788 + 0.450
Al 0933 +£5.10* 0.687 +£3.10* 1.554 +1.0.1073 7.557 £ 0.164
A2 0.935+5.10* 0.688+3.10* 1.561+0.9.107° 7.783 +£0.230
A3 0.935+4.10™* 0.688+2.10™* 1.562+0.8.107° 8.413 +£0.126
A4 0937 +£4.10* 0.689+2.10* 1.572+0.8.10° 8.971 £ 0.152
A5 0.935+4.10* 0.686+2.10* 1.559+0.8.10° 9.581 +£0.144
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e 80 0%

Fig

Ca/Siw) = 5 (Al), the image showed a rough surface that
compose of regular shape particles with size < 100 nm. For
Ca/Siw) = 10 (A2), the surface morphology was flat with
more tightly arranged particles. A different image was
shown for Ca/Siw) = 15 (A3), where the particles were
larger than Al and A2, and agglomerated without a
pattern. For Ca/Si®) = 20 (A4) and 25 (A5), the images
were nearly the same as A2, in which the particles have a
regular shape with size < 100 nm.

TEM images of samples A0, A1, and A5 showed that
particles of pure HA were different in shape and size
compared to HA-SiO, composite particles (Fig. 4). Pure
HA particles were in the form of long rod-like shapes with
particle size < 100 nm. Particles of the HA-SiO, composite
in sample A1 were regular-shaped in the form of rod-like

3. Surface topography of Al (a), A2
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(b), A3 (c), A (d), and AS (e) sample

particles but in smaller sizes (< 50 nm). A different
phenomenon occurred to sample A5, in which its shape
and size were a combination of A0 and Al samples.
Short rod-like particles with particle sizes of < 50 nm
were mixed with long rod-like particles with particle
sizes of < 100 nm. These images as well as the crystallite
size data confirmed that SiO, acted as a morphology
directing agent. Through silanol - Ca interactions, the
Cao(PO,)s clusters were formed on the SiO, surface, and
then these intermediate states grew in 3 dimensions to
build HA crystallite on the silica surface [30]. The other
HA-SiO; clusters inhibited further growth of HA so that
HA-SiO, composite with lower Ca/Si ratio had smaller
particles, hence suitable to be used as the powder
component of CPC. The particles can produce a paste

b)) [

©

—

ig 4.EM image_s of A0 (a), A1 (b) and A5 (c) sample
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with high viscosity due to the low particle-particle and
particle-syringe wall friction.

Table 3 shows the elemental composition of the
surface of the HA-SiO2 composites. By increasing the
Ca/Siw) molar ratio, the Si content decreased from 2.72 to
0.54%, while the P content tended to be stable at 11.81-
13.68%. The O content increased from 61.92 to 68.98%,
while the Ca content fluctuated around 18.67-23.32%.
The Ca/Si) ratio of the composites tended to increase
linearly with Ca/Siw), except for sample A3. Meanwhile,
Ca/Pg, or Ca/P ratio of the composites tended to decrease
by the increase of Ca/Si(), except for sample A4. This can
happen due to the tendency of HA and SiO, particles to
agglomerate [23]. For all Ca/Si, ratios except for Ca/Siw)
= 15 (A3), the Ca/Si() was higher than Ca/Siw®) (Table 1).
This data confirmed that SiO, tended to be in the inside
of the HA-SiO, composite while HA covered the
composite surface.

The formation of HA-SiO, composites with HA
deposited on the SiO, surface was confirmed with EDS
element mapping (Fig. 5). Mapping was done for Ca, P,
Si, and O on the sample surface area of 750 pm?’. For
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Ca/Si) of 5 (A1), the mapping of Ca and P showed that
both elements were evenly distributed on the sample
surface with the same color intensity. Both images
showed dark holes in the same position. Si element
mapping confirmed that the dark holes were Si
aggregates and there were at least five Si aggregates. The
absence of black holes in the element mapping of O
indicated that the composite surface was filled with
oxygen. The image for element O showed that the
composite surface was rough. For Ca/Siw) of 25 (A5), the
element mapping of Ca and P was not as intense as for
the A1 sample. The images showed two dark holes in the
same position. Image mapping of Si confirmed that only
1 of the holes was Si aggregate and from image mapping
of O, the second hole indicated that the composite
surface was rough. Besides appearing as an agglomerate,
Si was also distributed evenly on the composite surface.
At high Ca/Si ratios, Si had a low tendency to form
aggregates. The surface phenomenon of sample A5 was
related to the element composition in Table 3. The value
of Ca/Pp) and Ca/Sipjindicated that HA covered the
composite surface. For CPC application, the presence of

Table 3. Elements composition, Ca/P) and Ca/Si() ratio on HA-SiO, composite surface

Element (%) Ca/P) Ca/Sip)
Sample 5 . .
Ca P Si (@) Ratio Ratio
Al 22.48 12.88 2.72 61.92 1.75 8.26
A2 22.59 13.68 1.33 62.40 1.65 16.98
A3 20.50 12.65 1.47 65.37 1.62 13.95
A4 23.32 12.22 0.76 63.70 1.91 30.68
A5 18.67 11.81 0.54 68.98 1.58 34.57

Ca

Fig 5. Surface element mapplng of Al (a) and A5 (b) sample
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Table 4. The zeta potential of SiO, and A0-A5 samples

Sample Zeta Potential (mV)
SiO, -43.895 £ 0.061
A0 -1.623 £ 0.025
Al -1.759 + 0.028
A2 -0.259 £ 0.027
A3 -1.481 £ 0.027
A4 -1.411 £ 0.057
A5 -2.935 +0.030

HA on the composite surface is highly expected due to the
HA ability to interact with living bone tissues [1-3]. In
addition, the rough surface of the composite will support
the attachment of CPC on the bone tissue surface [31].

Measurement of Zeta Potential

Table 4 shows the zeta potential of SiO, and A0-A5
samples in water. The zeta potential value of SiO, was
-43.895 + 0.061 mV, which indicated that the SiO,
dispersion in water was stable. In contrast, a previous
study found that silica nanoparticles made from Bambusa
vulgaris leaves had a zeta potential value of -0.29 mV [32].
Sample A1 that contained pure HA had a zeta potential of
-1.623 + 0.025 mV, which indicated that HA dispersion in
water was unstable and had a great tendency to form
aggregates quickly. The same condition occurred to
samples A1-A5. The zeta potential of HA-SiO, composites
was about -0.259 £ 0.027 to -2.935 + 0.030 mV. The stability
of SiO, dispersion changed due to the deposition of HA.
HA that was deposited on the SiO, surface decreased the
repulsion energy of the particles in water. The negative
zeta potential value of the HA-SiO, composite will be
beneficial to CPC because it will drive Ca®" ions in the
body liquid to attach to the CPC surface. Furthermore, a
negative zeta potential value is required in bone cell
adhesion [26]. Therefore, the composite is predicted to
have good bioactivity [33].

m CONCLUSION

The obtained HA-SiO, composite had excellent
properties such as being covered by HA, resulting in
greater lattice volume and smaller crystallite size
compared to pure HA. The shape of the HA-SiO, particles
was similar to pure HA but smaller in size. The
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composites surface was rough with zeta potential values
almost the same as pure HA. These properties make HA-
SiO, composite a promising material to be used as a
powder component of injectable calcium phosphate
cement.
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Abstract: Computational research based on the Density Functional Theory (DFT)
has been performed to explore the electronic structure of monolayer material
Transition Metal Dichalcogenides (TMDCs) Molybdenum Dichalcogenides MoXY (X;
Y =S; Se) in the first Brillouin zone by breaking its mirror symmetry due to the polarity
effect. Our study discovered that Rashba spin-splitting could be identified around the
I' point by proposing the polarity effect on the system. Moreover, the anisotropic
characteristic of Rashba spin-splitting in this system can be explicitly analyzed by using
k-p perturbation theory and the third-order symmetry group analysis. By performing
the spin textures analysis, this research also recognizes the in-plane direction of spin
textures. The tunable characteristic of the Rashba parameter of this monolayer polar
MoSSe system under the strain effects control exhibits its potential to be the candidate

of semiconductor material for the Spin Field Effect Transistor (SFET) device.

Keywords: TMDCs; spin-splitting; polarity; DFT; Rashba; strain

= INTRODUCTION

The significant evolvement in the research scope of
low-dimensional material for spin-field effect transistor
(SFET) device was first generated by the astonishing
isolation of graphene in 2004, which emerged various
predominances [1]. As the pioneering of the wonder
material, the researchers’ inquisitiveness in other varieties
of low-dimensional materials is also expanding. One of
the prospective materials discoveries is transition metal
dichalcogenides (TMDCs). In contrast to graphene,
which has a zero bandgap [2-3], TMDCs are narrow-gap
semiconductor materials with numerous excellence
comparable to graphene, which is flexible [4], easy to
fabricate [5], have a tunable electronic structure [6], as
well as considerably thin and transparent [7]. One of the
remarkable attractions of TMDC:s is the presence of spin-
orbit interactions (SOI), which leads to an emerging
strong relativistic effect in the solid-state physics
manifests as a [8-9]. This

large spin-splitting

phenomenon can be controlled by applying some
physical effects such as crystal defect [10], charge doping
[11], atomic doping [12], electric field [13-14], polar
[14-15] or strain effect [14,16-17]. The
advantage of the phenomenon in TMDCs material

structure

conducts to an excellent concept for spintronics
application such as valley hall effect [18], quantum dots,
and qubits [19].

In consequence of the SOI emergence, the spin-
splitting called Zeeman spin-splitting is intrinsically
found in TMDCs [20-21]. The existence of time-reversal
TMDCs
degeneration of around I and M points, but a Zeeman

symmetry in basically prompts the
spin-splitting manifests at K point due to the broken
time-reversal symmetry [9,22]. As in a computational
study conducted by [3], the Zeeman spin-splitting was
confirmed to appear at the K point in the first Brillouin
zone of TMDCs electronic structure. However, the
existence of out-of-plane mirror symmetry results in the
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only Zeeman spin-splitting to be noticed. Nevertheless,
the application of TMDC:s for the SFET device requires
another type of spin-splitting, namely Rashba spin-
splitting, which can be identified in the electronic
structure around I' points [23]. The Rashba spin-splitting
becomes essential for the SFET device since it generates a
vital process called a spin precession [24], allowing to
control the spin transport of the carriers in the SFET
device by using gate voltage. The Rashba effect occurs in
the systems lacking inversion symmetry. The absence of
the inversion symmetry leads to the out-of-plane
potential gradient, together with the SOI, induces the
significant spin splitting of the bands called the Rashba
spin-splitting [25]. For a two-dimensional electron gas
system, the Rashba effect leads to the band dispersion of

E(K) = ~— (|k| + kp)? + Eg, where Ex and kg are the

Rashba energy and momentum offset, respectively. Both

2mx

Er and kg characterized the Rashba parameter, az =
2Er/kg, which are important to stabilize spin precession
and achieve a phase offset for different spin channels in
the SFET device.

In an equilibrium state, the TMDCs system has a
mirror-symmetry in the out-of-plane direction, which
only yields a spin-splitting called Zeeman spin-splitting to
be noticed. The computational study by Affandi and
Absor revealed that the TMDCs WX, material (X: S, Se,
Te), which is subjected to an external electric field, is
proven to induce the Rashba spin-splitting due to mirror-
symmetry breaking in the out-of-plane direction [26].
This mirror-symmetry breaking can be distinguished
through the unequal bond length of W-Te) and W-Te).
The result of the Hamiltonian Rashba in the study also
ascertained that the existence of the second and third-
order of the Rashba parameters contributed to an
anisotropic spin-splitting [26]. This broken symmetry
also leads to the reduced point group of the TMDCs
system [27].

Another approach as the implementation to induce
Rashba spin-splitting is by proposing a polar structure
that is rearranged from an initial structure MX, to become
an MXY polar structure [14-15]. This polar structure has
already taken the attention since it has a great output on
both optical and electrical properties [28]. The study of
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the electronic structure a TMDCs polar structure of
WSSe reveals a shorter band gap rather than the non-
polar structure WS,, although both still obtain the
identical substantial bandgap [29].

The synthesis of TMDCs material has been
successfully accomplished in several experimental
methods such as annealing [30] and chemical vapor
deposition [31-32]. In the case of polar MoSSe material,
one of the well-qualified methods is via the sulfurization
[33] or selenization [34] methods. The result of the
bandgap experimentation using photoluminescence
(PL) spectroscopy confirms a consistent value with the
computational calculations by using the density-
functional theory (DFT) method with 1.68 eV [33]. The
computational research in the heterostructure TMDCs
is also confirmed successfully produced a large Rashba
spin-splitting, meaning that TMDCs can be proposed as
in the
spintronics application [35-36]. Meanwhile, in the

the candidate of heterostructure material

heterostructures application, the strain effect becomes
important, especially in the fabrication system, related to
the misfit dislocations while forming a material having a
different lattice parameter with the substrate [37-38].

By conducting the DFT-based computational
study, we carried out the electronic structure of TMDCs
material focused on the Molybdenum Dichalcogenides
MoXY (X, Y =S, Se) material by breaking the mirror-
symmetry through the polarity effect. The study will
focus on the Rashba effects and its tunability
characteristic under the strain effect. In addition, the
anisotropic characteristic of Rashba spin-splitting in this
system is explicitly analyzed by using k—f) perturbation
theory and the third-order symmetry group analysis. By
performing the spin textures analysis, this research also
recognizes the in-plane direction of the spin textures
calculation.

m COMPUTATIONAL DETAILS

Our DFT calculations are performed using the
generalized gradient approximation [39], implemented
in the OpenMX code [40]. We adopted norm-
conserving pseudopotentials [41] with an energy cutoff
of 200 Rydberg for charge density. The 8 x 8 x 1 k-point
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mesh was used for discretization of the real space
Hamiltonian. The wave functions were expanded by a
linear combination of multiple pseudoatomic orbitals
generated using a confinement scheme [42-43], where
two s-, two p-, and one d-character numerical pseudo-
atomic orbitals were used. The SOC interaction was
included self consistently in all calculations by using j-
dependent pseudopotentials [44]. The spin textures in the
k- space were calculated using the spin density matrix of
the spinor wave functions obtained from the DFT
calculations that we applied recently to various 2D
materials [10,12,16,26,29,45-48].

The primary materials used in the computational
calculations are the representatives of the MoX; structure
monolayer, which consists of MoS, and MoSe;, as well as
the representative of MoXY structure monolayer, which
is MoSSe. The geometry represents both the polar MoX,
and non-polar MoXY monolayers are shown in Fig. 1(a)
and 1(b), respectively, where the first Brillouin zone is
characterized by several high symmetry points (K, I', M)
is given in Fig. 1(c). We assumed that the monolayers are
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highly clean systems without any impurities such as
vacancy defect, interstitial, or atomic doping so that
according to the Bloch theorem, the monolayers can be
represented only by the primitive unit cell consisting of
the three atoms. In fact, the highly crystalline quality of
the systems for both the non-polar MoX, and polar
MoXY monolayer has been experimentally reported
[30-34]. Here, we used the vacuum layer of 24 A to avoid
contiguous inter-layer interaction.

Table 1 summarizes that the MoSSe polar structure
material establishes a lattice parameter of 3.25 A, which
is higher than the lattice parameter belonging to the
non-polar Mo$S, (3.20 A) but relatively smaller over
MoSe; (3.40 A). Besides, we also found that corresponds
to the previous experimental [33-34] and computational
[49] results, the lattice parameters are entirely consistent.

In this study, the crystal structure of TMDCs is
established with a trigonal prismatic or known as the
type 2H polymorph, which manifests as the most stable
structure of TMDCs under the room-temperature. This
structure consists of one transition metal atom M which

(b}

Fig 1. The structure of TMDCs systems (a) Non-polar MX; and (b) Polar MXY in M = Mo and X; Y = S; Se, (c) The
highest symmetry points in the first Brillouin zone as the observation points with ”angle (d) Atomic distances in the

z-axis direction, bond length, and angles between atoms in the MoSSe polar monolayer system

Table 1. Lattice parameter optimization result of monolayer system MoS,, MoSe,, and MoSSe

Monolayer Lattice parameter a (A)
Systems Optimization Result Experimental Result Optimization Result
MoS; 3.20 MoS, 3.20
MoSe; 3.40 MoSe; 3.40
MoSSe 3.25 MoSSe 3.25

Salsabila Amanda Putri et al.



Indones. . Chem., 2021, 21 (3), 598 - 608

bonds two chalcogen atoms in the +z and -z directions;
hence one monolayer system will form one X-M-X
combination along the z-direction. Although the bulk
phase of MX; appears centrosymmetric with the D, point
group, however, in the monolayer phase, the broken
inversion symmetry will occur and drive the point group
transformation into Dsp. Precisely, the D3, point group is
composed of the Cs, point group including M,, out-of-
plane mirror symmetry, which is identified by the
identical distance between the M-Y (d.;) and M-X (d,;) in
the out-of-plane direction. However, in the case where the
d. # d.2 due to the polar structure, the system will yield a
broken mirror symmetry; therefore, the remaining point
group is Cs, only (see Fig. 1(a) and 1(b)). This point group
will be the basis of the perturbation theory analysis.
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The structural optimization with the force
criterion of 10~ Hartree/Bohr clearly shows obvious
distinctions between polar and non-polar monolayer
systems. According to the polar effect, the MXY system
produces a different number between d, and d., (See
Table 2), or in other words, the mirror symmetry
breaking occurs and proven leads to the symmetry group
transformation from Dj; to Ca,.

m RESULTS AND DISCUSSION

We next calculated the electronic structure with
several visible results in Fig. 2. First off, Fig. 2(a)-2(c)
show the direct bandgap properties of the non-polar
systems in K point, while the polar system obtains the
indirect one with conduction band minimum (CBM) and

Table 2. The distance of the atom in the direction of the z-axis, the length of the bond, and the angle between the atoms
in the MoSSe polar monolayer system of the equilibrium state

Monolayer System  d,; (A) dn (A) b (A) b, (A) 0: (°) 0. (°)
MoS, 1.59 1.59 2.44 2.44 40.66 40.66
MoSe, 1.67 1.67 2.58 2.58 41.30 41.30
MoSSe 1.73 1.56 2.53 2.42 43.15 40.18
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Fig 2. The electronic structure of equilibrium systems (a) MoS;, (b) MoSe,, (c) MoSSe with (dotted lines) and without
SOI calculation (undotted lines) provided with each magnification in around I' point. The spin-splitting around K
referred to as Zeeman splitting, and around the I point, referred to as the Rashba splitting, are clearly shown. (d) The
projected orbital band of MoSSe with the colored contributed orbital and the spectral weights are represented by the

circle radius
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valence band maximum (VBM) at the Q and K points,
respectively. Since the high crystalline quality of the
systems for both the non-polar MoX, and polar MoXY
monolayer has been experimentally achieved [30-34], in
our calculations, we, therefore, considered only for the
primitive unit cell. Our calculations revealed that there are
no folding states found in the band structures in the first-
which

angle-resolved

Brillouin zone, is consistent-well with the

experiment of photoemission
spectroscopy [50]. In our band structures calculations, the
band gap value of MoSSe is 1.247 eV, which is slightly
smaller than MoS, (1.596 eV) but larger than MoSe,
(0.906 eV). It is discovered from the projected orbital
band calculation of MoSSe (Fig. 2(d)) that both CBM and
VBM are dominated by the coupling between the in-plane
atomic orbital contribution of di’,* + dy, which are
enhanced and being responsible for the dropped band gap
value.

It is also clearly noticeable that by including the SOI
(undotted red lines), the calculation of the electronic
structure without any strains applied for monolayer
systems MoS,, MoSe;, and MoSSe, particularly in VBM,
all systems are producing Zeeman splitting around K
point due to the time-reversal symmetry breaking [Fig.
2(a)-2(c)]. On the contrary, there is an additional
splitting assured appearing around I' point only on the
polar system MoSSe, namely Rashba spin-splitting, which

{a) (b)
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is considered as a contribution of both out-of-plane
atomic orbital ds,,.» and p, (see Fig. 2(d)).

Next, we consider the compressive and expansive
strain effects with the range from -4% to +8%. These
small strains can be experimentally expected, in
particular, if we introduce the substrates during the
growth process of the monolayer [31-34]. Let us take the
representative of the compressive strain with -4% strain
as well as the expansive strain with +4% strain applied to
the polar system MoSSe. Consequently, from the Fig.
3(a)-3(c), the CBM and VBM transition is clearly
remarked from Q and K points in the equilibrium
system into K and I' points affected by the expansive
strain, while no shifting occurs between CBM and VBM
in consequence of the compressive strain. As a result, the
indirect band gap remains, but the optical transition
changes dramatically from the K (CBM)-I' (VBM) to the
K (VBM)-T (CBM) under the compressive strain (see
Fig. 3(c)).

The polarity effect maintained by the MoSSe
system is confirmed, causing spin-splitting at I points as
shown by the green rectangular at I point in Fig. 3(a)-
3(c). Basically, the Rashba effect occurs in a system due
to the presence of the out-of-plane potential gradient
induced by the absence of the inversion symmetry of the
crystal [24]. However, in the case of the non-polar MoX,
monolayer, the existence of the M,y out-of-plane mirror
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= } @5 ¥
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Fig 3. The electronic structure of the polar monolayer MoSSe system in (a) compressive strain (-4%), (b) no strain, (c)
expansive strain (+4%) with green rectangle around I point denotes the Rashba spin-splitting and the additional
magnification figure. (d) The representative of spin textures of the spin splitting around T point in k, and k, plane,
with counterclockwise spin polarization, and (e) clockwise spin polarization, as the function of the out-of-plane spin
polarization (S,) in the energy range of -1.25 to -1.4 eV of monolayer MoSSe system with compressive strain (-4%)
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symmetry removes the out-of-plane potential gradient
(Fig. 1(a)), and thus there is no Rashba splitting found in
this system (Fig. 2(a)-(b)). In contrast, for the polar
MoSSe system, the mirror symmetry M,, is broken,
characterized by the out-of-plane distance difference
Az = |dZl —d22| between S and Se atoms (Fig. 1(b)). This

leads to the fact that the out-of-plane potential gradient is
induced, which is responsible for inducing the Rashba
spin splitting around the I' point (see Fig. 2(c) and Fig.
3(a)-3(c)). Importantly, by controlling the magnitude of
the Az, it is possible to modulate the Rashba splitting,
opening an avenue to control the Rashba splitting, for
example, by applying the strain, as shown in Fig. 3(a) and
Fig. 3(c).

To further analyze the Rashba spin-splitting
manifests in the MoSSe polar monolayer system, which is

based on the Cs, point group, an analysis based on the E-f)
perturbation theory and symmetry group is practiced.
Hamiltonian Rashba can be obtained by calculating the
irreducible representation of the system with a specitfic
symmetry group. As formulated by Vajna et al. [51],
Hamiltonian Rashba up to the third-order for the C;,
point group is as follows:

Hr ~ay (R0, ~Fy0,)+ (] +K ), "
(2K, +K3)o, } +od (i3 -3k, K)o,

By adjusting the coordinates of k. and k; in the first
Brillouin zone, as shown in Fig. 1(c), Eq. (1) can be

rewritten as:

A - - -
Hr =(a,k+ a§k3)(cos poy —singo, ) + a%kz' cos3¢9c, (2)
To produce the final equation of the Rashba spin-

splitting, an angle adjustment is made according to the
measurement point (k-path) chosen in the first Brillouin

-

k
zone. By using ¢ = arctan R'_y’ and the direction of T - K

X
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point (¢ = 0°, 60°, ...) and I'-M point (¢ = 30°, 90°, ...)
can be written as follows:

(Aeg )ir_x) = (o k +a3k®)” +(o3k’)? (3)
(Aeg )ir_ap) = (o k +o3k®)? (4)

Eq. (3) and (4) will be used to find the Rashba
parameter of each strained and unstrained system.

The Rashba spin-splitting energy fitting results are
represented by the MoSSe polar monolayer system of
equilibrium (0% strain effect) and by applying
compressive (-4%) and expansive strain effects (+4%).
The fitting result reveals that the Rashba spin-splitting
energy data is nearly fit at k of small value, with k = 0.6
(1/A) for T - K direction and k = 0.2 (1/A) for T - M

direction. This means that the Eﬁ perturbation theory
Rashba
phenomenon around I' points for the small k values.

effectively  explains  the spin-splitting
Nevertheless, our fitting calculation found that the o,
value of the MoSSe polar monolayer system in the I' - M
direction overall has a higher value than in the T - K
direction, which exhibits the fact of anisotropic Rashba
Parameter characteristic of MoSSe material. For
example, in the equilibrium, we find that the a; value of
the MoSSe for T - K direction is 0.669 eVA, which is
smaller than that for T - M direction (1.224 eVA). The a,
is comparable with that observed on the doped-PtSe,
monolayer [12] and polar tungsten dichalcogenide
monolayer [26,29]. In addition to «a;, the system’s
anisotropic characteristic is also the result of the first and
third-order Rashba parameters contribution, namely a3
and a3 (see Table 3).

To further confirm the evidence of the Rashba
splitting in the polar MoSSe monolayer, we calculate the
spin polarization around the I' point. We perform the
spin textures calculation by plotting the expectation value

Table 3. The first, first-third, and second-third order of Rashba Parameter fitting result in monolayer polar MoSSe

system by applying the strain effect

Strain Effect [ -K(eVA) I'-M (eVA)
(%) oy o} ol oy o
-4 0.669 -9.054 0.016 1.224 -56.719
0 0.151 0.425 0.002 0.335 -6.806
4 0.191 0.265 0.000 0.218 -4.714
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of spin in the x, y, and z directions. The Rashba effect is
confirmed appearing in all the polar system MoSSe with
the in-plane polarization, both strained and unstrained
systems with similar results of the spin textures
visualization, having two components of spins consist of
the counter-clockwise and the clockwise one (Fig. 3(d)-
3(e)). It can be clearly seen that by observing k, and ky
planes from 0 to 0.25, overall, all the spin textures of the
MoSSe polar monolayer system seem to have a circular
pattern. This implies that the Rashba effect characteristic
of the system at a small value of k, and k, tend to be
isotropic. Nevertheless, at ks and ky, which are more than
0.25, the spin polarization turns gradually into a
hexagonal warping, meaning that the system assures shifts
into the anisotropic one. This typical hexagonal pattern of
the spin textures is similar to that observed on the doped-
PtSe, monolayer [12]. We also figure out that the out-of-
plane spin polarization on the higher k value appears as
the contribution of the third-order Rashba parameter.
Thus, the spin textures of the system are integrated by
both in-plane and out-of-plane spin polarization,
especially in the higher number of k.

Now, we discuss the effect of strain on the electronic
properties and the Rashba spin splitting in the polar
MoSSe monolayer. It is noticeable here that the
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application of strain significantly affects the out-of-
plane distance difference Az between S and Se atoms, in
which we found that the magnitude of the Az is an
inversely proportional percentage of the strain effect
(Fig. 4(a)). As a result, the band gap modulation is
achieved (Fig. 4(a)), which is due to the shifting energy
between the I and K point in both the CBM and VBM
[see Fig. 3(a)-3(c)). At the same time, the change of the
Az by the strain is expected to affect the polarity of the
MoSSe monolayer and thus sensitively changes the
magnitude of the Rashba spin-splitting energy. As it is
depicted in Fig. 4(c), we can find that overall, the third-
order Rashba parameter is growing up by adding the
strain percentage to the polar system MoSSe. In
addition, the result of the Rashba parameter in the
strained system manifests a relatively similar trend of the
first-order Rashba parameter a; inbothI' - Kand I'- M
directions, which tends to increase strongly by
increasing the compressive strain (Fig. 4(c)). However,
we observed an opposite trend of the third-order Rashba
parameters a3, in particular for the bands along the T -
M direction, where the enhancement of the third-order
Rashba parameters o} is achieved under the increase of
the expansive strain (Fig. 4(d)). These facts indicate that
the strain effect is beneficial for the electronic structure

(b}
=14
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= 1.2
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Strain percentage (%)
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Fig 4. The strain percentage of the polar monolayer MoSSe systems as the function of (a) the out-of-plane distance
(Az), (b) the energy gap, (c) the first-order Rashba parameter in I' - K and I' - M direction, (d) the third-order Rashba
parameter in I' - Kand I' - M direction, all from -4% to 8% strain effect
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and Rashba splitting controls, suggesting the suitability of
the MoSSe polar monolayer system for the spintronics
device material application.

We noted here that the existence of the Rashba
splitting found in the polar MoSSe monolayer system
could be accessed experimentally in the spirit of the
experimental observation of the spin splitting in the MoS,
monolayer [50]. Since the Rashba splitting is observed
near the T point in the VBM, observation of the Rashba
splitting requires hole doping. Recently, the electron/hole
doping techniques in various 2D materials are under
rapid development realizing by the ion liquid gating
technique [52-53]. Thus the application of the electron
doping in polar MoSSe monolayer is plausible. Here, the
hole doping can move the VBM around the I' point close
to the Fermi level; thus, the bands can be resolved by using
ARPES [50]. Furthermore, the higher-order term of the
Rashba effect can be further confirmed through the
hexagonal warping of the Fermi surface obtained from the
ARPES measurement. Therefore, we expect that our
predictions will stimulate further theoretical and
experimental efforts in the exploration of the Rashba
effect in polar MoSSe monolayers, thus broadening the
range of the 2D materials for future spintronic
applications.

m CONCLUSION

To conclude, the proposed polarity effect of the
TMDCs monolayer material from the MoX, structure to
polar MoXY conveyed into the electronic properties
evolution, which raises Rashba spin-splitting around T
point. The Rashba parameter and spin textures analysis

can be adequately explained using E-f) perturbation
theory and the third-order symmetry group analysis. This
shows that the anisotropic characteristic of the Rashba
parameter in MoSSe polar monolayer system is
contributed by the third-order Rashba parameter, namely
o3 and a3. Moreover, by providing both compressive and
expansive strains to the system, it is recognized that
MoSSe polar monolayer system is proven in effectively
controlling the Rashba parameter and suitable to be a
candidate for spintronic material for SFET device.

605

m ACKNOWLEDGMENTS

This work was supported by the PDUPT
(2774/UN1/DITLIT/DIT-LIT/PT/2020) research grant
and PD (1950/UN1/DITLIT/DIT-LIT/PT/2020)
research grant supported by RISTEK-BRINT, Republic
of Indonesia. The computations in this research were
performed using the computer facilities at Universitas
Gadjah Mada.

m AUTHOR CONTRIBUTIONS

Moh. Adhib Ulil Absor led the project and
provided the conceptualization. Salsabila Amanda Putri
conducted the DFT calculations and wrote the initial
Moh. Adhib Ulil Absor, Edi
Suharyadi, and Salsabila Amanda Putri wrote and

draft preparation.

revised the manuscript. All authors agreed to the final
version of this manuscript.

m REFERENCES

[1] Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang,
D., Zhang, Y., Dubonos, S.V., Grigorieva, I.V., and
Firsov, A.A., 2004, Electric field effect in atomically
thin carbon films, Science, 306 (5696), 666-669.

[2] Partoens, B, E.M., 2006, From
graphene to graphite: Electronic structure around
the K point, Phys. Rev. B, 74 (7), 075404.

[3] Chen, C,, Avila, ]., Arezki, H., Yao, F., Nguyen, V.L.,
Lee, Y.H., Boutchich, M., and Asensio, M.C., 2017,
Structural and electronic inhomogeneity of
graphene revealed by Nano-ARPES, J. Phys. Conf.
Ser., 864, 012029.

[4] Bertolazzi, S., Brivio, J.,and Kis, A., 2011, Stretching
and breaking of ultrathin MoS,, ACS Nano, 5 (12),
9703-9709.

[5] Wang, Q.H., Kalantar-Zadeh, K., Kis, A., Coleman,
J.N., and Strano, M.S., 2012, Electronics and
optoelectronics
metal dichalcogenides, Nat. Nanotechnol., 7 (11),
699-712.

[6] Mak, K.F., Lee, C., Hone, J., Shan, J., and Heinz,
T.F., 2010, Atomically thin MoS,: A new direct gap
semiconductor, Phys. Rev. Lett., 105 (13), 136805.

and Peeters,

of two-dimensional transition

Salsabila Amanda Putri et al.



606 Indones. |. Chem., 2021, 21 (3), 598 - 608

[7] Radisavljevic, B., Radenovic, A., Brivio, ],
Giacometti, V., and Kis, A., 2011, Single-layer MoS;
transistors, Nat. Nanotechnol., 6 (3), 147-150.

[8] Kos$mider, K., Gonzalez, JW., and Fernandez-
Rossier, J., 2013, Large spin splitting in the
conduction band of transition metal dichalcogenide
monolayers, Phys. Rev. B, 88 (24), 245436.

[9] Zhu, Z.Y., Cheng, Y.C.,, and Schwingenschlogl, U.,
2011, Giant spin-orbit-induced spin splitting in two-
dimensional  transition-metal  dichalcogenide
semiconductors, Phys. Rev. B, 84 (15), 153402.

[10] Absor, M.A.U., Santoso, I., Harsojo, Abraha, K.,
Ishii, F., and Saito, M., 2017, Defect-induced large
spin-orbit splitting in monolayer PtSe,, Phys. Rev. B,
96 (11), 115128.

[11] Chen, J., Wu, K., Ma, H., Hu, W, and Yang, J., 2020,
Tunable Rashba spin splitting in Janus transition
metal dichalcogenide monolayers via charge doping,
RSC Adv., 10 (11), 6388-6394.

[12] Absor, M.A.U., Santoso, I, Harsojo, Abraha, K,
Kotaka, H., Ishii, F., and Saito, M., 2018, Strong
Rashba effect in the localized impurity states of
halogen-doped monolayer PtSe,, Phys. Rev. B, 97
(20), 205138.

[13] Yuan, H., Bahramy, M.S., Morimoto, K., Wu, S,
Nomura, K., Yang, B.J., Shimotani, H., Suzuki, R,
Toh, M., Klog, C., Xu, X., Arita, R., Nagaosa, N., and
Iwasa, Y., 2013, Zeeman-type spin splitting
controlled by an electric field, Nat. Phys., 9 (9), 563-
569.

[14] Yao, Q.F., Cai, J., Tong, W.Y., Gong, S.]., Wang, ].Q.,
Wan, X.,, Duan, C.G., and Chu, J.H., 2017,
Manipulation of the large Rashba spin splitting in
polar two-dimensional transition-metal
dichalcogenides, Phys. Rev. B, 95 (16), 165401.

[15] Hu, T., Jia, F., Zhao, G., Wu, ], Stroppa, A., and Ren,
W., 2018, Intrinsic and anisotropic Rashba spin
splitting in Janus transition-metal dichalcogenide
monolayers, Phys. Rev. B, 97 (23), 235404.

[16] Absor, M.A.U., Kotaka, H., Ishii, F., and Saito, M.,
2016,
conduction band of monolayer WS, Phys. Rev. B, 94
(11), 115131.

Strain-controlled spin splitting in the

[17] Hanakata, P.Z., Rodin, A.S., Park, H.S., Campbell,
D.K., and Castro Neto, A.H., 2018, Strain-induced
gauge and Rashba fields in ferroelectric Rashba lead
chalcogenide Pb X monolayers (X =, Se, Te), Phys.
Rev. B, 97 (23), 235312.

[18] Zhou, B.T., Taguchi, K., Kawaguchi, Y., Tanaka, Y.,
and Law, K.T., 2019, Spin-orbit coupling induced

Hall

dichalcogenides, Commun. Phys., 2 (1), 26.

valley effects in  transition-metal

[19] Kormdnyos, A., Zdélyomi, V., Drummond, N.D.,,
and Burkard, G., 2014, Spin-orbit coupling,
quantum dots, and qubits in monolayer transition
metal dichalcogenides, Phys. Rev. X, 4 (1), 011034.

[20] Rybkovskiy, D.V., Gerber, I.C., and Durnev, M.V.,
2017, Atomically inspired k-p approach and valley
Zeeman effect in transition metal dichalcogenide
monolayers, Phys. Rev. B, 95 (15), 155406.

[21] Wang, T., Miao, S., Li, Z., Meng, Y., Lu, Z., Lian, Z.,
Blei, M., Taniguchi, T., Watanabe, K., Tongay, S.,
Smirnov, D., and Shi, S.F., 2019, Giant valley-
Zeeman splitting from spin-singlet and spin-triplet
interlayer excitons in WSe,/MoSe;, heterostructure,
Nano Lett., 20 (1), 694-700.

[22] Zollner, K., Faria Junior, P.E., and Fabian, J., 2019,
Proximity exchange effects in MoSe, and WSe,
heterostructures with Crls: Twist angle, layer, and
gate dependence, Phys. Rev. B, 100 (8), 085128.

[23] Bychkov, Y.A., and Rashba, E.L., 1984, Properties of
a 2D electron gas with lifted spectral degeneracy, J.
Exp. Theor. Phys. Lett., 39, 78.

[24] Nitta, J., Akazaki, T., Takayanagi, H., and Enoki, T.,
1997, Gate control of spin-orbit interaction in an
inverted Inys3Gags7As/Ings2Alg4sAs heterostructure,
Phys. Rev. Lett., 78 (7), 1335-1338.

[25] Rashba, E.I, and Sheka, V.I., 1959, Symmetry of
energy bands in crystals of wurtzite type IL
Symmetry of bands with spin-orbit interaction
included, Fiz. Tverd. Tela, 2, 162-176.

[26] Affandi, Y., and Absor, M.A.U., 2019, Electric field-
induced anisotropic Rashba splitting in two
dimensional tungsten dichalcogenides WX, (X: S,
Se, Te): A first-principles study, Physica E, 114,
113611.

Salsabila Amanda Putri et al.



Indones. |. Chem., 2021, 21 (3), 598 - 608 607

[27] Li, X., Chen, H., and Niu, Q., 2020, Out-of-plane
carrier spin in transition-metal dichalcogenides
under electric current, Proc. Natl. Acad. Sci. U. S. A,
117 (29), 16749-16755.

[28] Wang, J., Shu, H., Zhao, T., Liang, P., Wang, N., Cao,
D., and Chen, X., 2018, Intriguing electronic and
optical properties of two-dimensional Janus
transition metal dichalcogenides, Phys. Chem. Chem.
Phys., 20 (27), 18571-18578.

[29] Absor, M.A.U., Santoso, 1., Harsojo, Abraha, K,
Kotaka, H., Ishii, F., and Saito, M., 2017, Polarity
tuning of spin-orbit-induced spin splitting in two-
dimensional transition metal dichalcogenides, J.
Appl. Phys., 122 (15), 153905,

[30] Bai, H., Ma, J., Wang, F., Yuan, Y., Li, W., Mi, W,,
Han, Y., Li, Y, Tang, D., Zhao, W, Li, B., and Zhang,
K., 2017, A controllable synthesis of uniform MoS,
monolayers on annealed molybdenum foils, Mater.
Lett., 204, 35-38.

[31] Li, Y., Wang, F., Tang, D., Wei, J., Li, Y., Xing, Y., and
Zhang, K., 2018, Controlled synthesis of highly
crystalline CVD-derived monolayer MoSe; and shape
evolution mechanism, Mater. Lett., 216, 261-264.

[32] Chen, K., Wan, X, and Xu, J., 2017, Epitaxial
stitching and stacking growth of atomically thin

(TMDCs)

27 (19),

transition-metal dichalcogenides

heterojunctions, Adv. Funct. Mater.,
1603884.

[33] Zhang, J., Jia, S., Kholmanov, 1., Dong, L., Er, D,
Chen, W., Guo, H., Jin, Z., Shenoy, V.B., Shi, L., and
Lou, J.,, 2017, Janus monolayer transition-metal
dichalcogenides, ACS Nano, 11 (8), 8192-8198.

[34] Lu, A.Y., Zhu, H,, Xiao, J., Chuu, C.P., Han, Y., Chiu,
M.H., Cheng, C.C,, Yang, CW., Wei, K.H., Yang, Y.,
Wang, Y., Sokaras, D., Nordlund, D., Yang, P,
Muller, D.A., Chou, M.Y., Zang, X., and Li, L.]., 2017,
Janus  monolayers  of  transition  metal
dichalcogenides, Nat. Nanotechnol., 12 (8), 744-749.

[35] Xiang, L., Ke, Y., and Zhang, Q., 2019, Tunable giant
Rashba-type spin  splitting in  PtSe,/MoSe,
heterostructure, Appl. Phys. Lett., 115 (20), 203501.

[36] Din, H.U., Idrees, M., Albar, A., Shafig, M., Ahmad,

I, Nguyen, C.V., and Amin, B., 2019, Rashba spin

splitting and photocatalytic properties of GeC-
MSSe (M = Mo, W) van der Waals heterostructures,
Phys. Rev. B, 100 (16), 165425.

[37] Chen, Y., and Washburn, J., 1996, Structural
transition in large-lattice-mismatch heteroepitaxy,
Phys. Rev. Lett., 77 (19), 4046-40409.

[38] Gabrys, P.A., Seo, S.E., Wang, M.X., Oh, E,
Macfarlane, R.J., and Mirkin, C.A., 2018, Lattice
mismatch in crystalline nanoparticle thin films,
Nano Lett., 18 (1), 579-585.

[39] Perdew, J.P., Burke, K., and Ernzerhof, M., 1996,
Generalized gradient approximation made simple,
Phys. Rev. Lett., 77 (18), 3865-3868.

[40] Ozaki, T., Kino, H., Yu, J., Han, M.]., Kobayashi, N.,
Ohfuti, M., Ishii, F., Ohwaki, T., Weng, H., and
Terakura, K., 2009, OpenMX (Open source package
for  Material  eXplorer)
http://www.openmx-square.org/

[41] Troullier, N., and Martins, J.L., 1991, Efficient
pseudopotentials for plane-wave calculations, Phys.
Rev. B, 43 (3), 1993-2006.

[42] Ozaki, T., 2003, Variationally optimized atomic
orbitals for large-scale electronic structures, Phys.
Rev. B, 67 (15), 155108.

[43] Ozaki, T., and Kino, H., 2004, Numerical atomic
basis orbitals from H to Kr, Phys. Rev. B, 69 (19),
195113.

[44] Theurich, G., and Hill, N.A., 2001, Self-consistent
treatment of spin-orbit coupling in solids using
relativistic fully separable ab
pseudopotentials, Phys. Rev. B, 64 (7), 073106.

[45] Anshory, M., and Absor, M.A.U., 2020, Strain-
controlled spin-splitting in the persistent spin helix

Version 3.8,

initio

state of two-dimensional SnSe monolayer, Physica
E, 124, 114372.

[46] Absor, M.A.U., and Ishii, F., 2019, Intrinsic
persistent spin helix state in two-dimensional
group-IV monochalcogenide MX monolayers (M =
Snor Geand X =§, Se, or Te), Phys. Rev. B, 100 (11),
115104.

[47] Absor, M.A.U., and Ishii, F., 2019, Doping-induced
persistent spin helix with a large spin splitting in
monolayer SnSe, Phys. Rev. B, 99 (7), 075136.

Salsabila Amanda Putri et al.



608 Indones. |. Chem., 2021, 21 (3), 598 - 608

[48] Absor, M.A.U., Santoso, I., Yamaguchi, N., and Ishii,
F., 2020, Spin splitting with persistent spin textures
induced by the line defect in the 1T phase of
monolayer transition metal dichalcogenides, Phys.
Rev. B, 101 (15), 155410.

[49] Defo, R.K., Fang, S., Shirodkar, S.N., Tritsaris, G.A.,

2016, Strain

dependence of band gaps and exciton energies in

Dimoulas, A., and Kaxiras, E.,
pure and mixed transition-metal dichalcogenides,
Phys. Rev. B, 94 (15), 155310.

[50] Jin, W., Yeh, P.C., Zaki, N., Zhang, D., Liou, J.T.,
Sadowski, J.T., Barinov, A., Yablonskikh, M., Dadap,
J.I, Sutter, P., Herman, I.P., and Osgood, Jr., R.M.,
2015, Substrate interactions with suspended and

MoS;:
photoemission spectroscopy, Phys. Rev. B, 91 (12),
121409.

[51] Vajna, S., Simon, E., Szilva, A., Palotas, K,
Ujfalussy, B., and Szunyogh, L., 2012, Higher-order
contributions to the Rashba-Bychkov effect with
application to the Bi/Ag(111) surface alloy, Phys.
Rev. B, 85 (7), 075404.

[52] Zhang, Y.]J., Oka, T., Suzuki, R., Ye, ].T., and Iwasa,
Y., 2014, Electrically switchable chiral light-
emitting transistor, Science, 344 (6185), 725-728.

[53] Mak, K.F., McGill, K.L., Park, J., and McEuen, P.L,,
2014, The valley Hall effect in MoS, transistors,
Science, 344 (6191), 1489-1492.

supported monolayer Angle-resolved

Salsabila Amanda Putri et al.



Indones. |. Chem., 2021, 21 (3), 609 - 625 609

Groundwater Recharge Area Based on Hydrochemical and Environmental Isotopes
Analysis in the South Bandung Volcanic Area

Rizka Maria"%, Satrio'?, Teuku Yan Waliyana Muda Iskandarsyah', Bombom Rachmat Suganda’,
Robert Mohammad Delinom?, Dyah Marganingrum?, Wahyu Purwoko?,
Dady Sukmayadi’, and Hendarmawan Hendarmawan'

'Faculty of Geological Engineering, Padjadjaran University, Jl. Raya Bandung Sumedang Km 21,
Jatinangor, Sumedang 45363, Indonesia

“Research Center for Geotechnology LIPI, JI. Sangkuriang, Bandung 40135, Indonesia

*Center for Isotopes and Radiation Application - BATAN, JI. Lebak Bulus Raya No. 49, Jakarta 12440, Indonesia

* Corresponding author: Abstract: The determination of recharge areas needs to support the groundwater

tel- +62-81321409165 conservation in the southern volcanic Bandung area. This study aims to determine the

email: rizka_maria@yahoo.com recharge area based on environmental isotopes and hydrochemical. A sampling of 26

groundwater was carried out at springs, dug wells, and drilling wells. The variation in
Received: August 14, 2020

Accepted: November 20, 2020

groundwater chemistry principally is controlled by a combination of ion exchange, silicate
weathering, calcite, and dolomite dissolution of minerals. The hydrochemical facies were
DOL: 10.22146/ijc.58633 CaCl, CaMgCl, CaMgHCO;, CaHCOs, and NaKHCO;. The CaHCO:; facies describe
moderate groundwater flows. The NaKHCO:; facies shows the mixing of shallow and deep
groundwater. The recharge area in the central, proximal, and medial facies zone consists
of 3 groups. Group I is considered water originating from local rainwater infiltration;
Group II is considered the infiltration elevation, which ranges from 980-1230 m asl;
Group 111 estimated to be derived from the recharge elevation between 750-970 m asl,
Group IV are more likely to show symptoms of evaporation or interaction with surface
water. The discharge area is characterized by less active groundwater circulation, with
dominant HCO5™ and TDS values in the distal facies zone. Hydrochemical variation
helped the identification of recharge areas in the volcanic facies.

Keywords: volcanic facies; recharge; groundwater; environmental isotopes

m INTRODUCTION fulfillment of raw water for Bandung Municipality and

A volcanic area is a place for groundwater recharge Bandung Regency [5]. Expansion of built land for

. . settlements in the South Bandung area is feared to affect
and water resources for the surrounding community [1].

The need for groundwater is increasing along with the the g'roundwater conserva.uon area [6]. There h'fls beena
deficit of groundwater in South Bandung in 2015,
amounting to 170,215,063 m?*/year [5].

potential of water sources must be preserved.

development and population growth [2]. Excessive

. . . The large
groundwater extraction will cause environmental changes 5

such as reduced groundwater reserves, drought in the dry

One of the methods wused to validate
season, and groundwater pollutants. Groundwater _ T _ ]
. . hydrogeological conditions is an environmental isotope
recharge is influenced by environmental changes and _ ]
and hydrochemical analysis [1-2,4,7-9]. Isotope

anthropogenic conditions [3-4]. The South Bandung
volcanic area is part of the upstream Citarum watershed
located in Bandung Regency. The potential of abundant

water resources in this area is the main buffer for the

composition in hydrological systems in nature are

influenced by physical variables,

namely air
temperature, air pressure, humidity, geographical
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The reaction between
affects
groundwater quality, such as cation and anion exchange

altitude [10].
and minerals in

location, and
groundwater aquifers
reactions [8]. Groundwater genesis can be seen from the
composition of groundwater, and the processes occur
when passing through aquifer media [9]. Research on
hydrochemical and stable isotopes in hydrogeological
systems at Bandung-Soreang and Batujajar Groundwater
Basin has been widely carried out by several researchers
[6,11-17]. Previous isotope research for groundwater
recharge in the Bandung Basin has been carried out based
on groundwater type. Even though in one kind of
groundwater, it does not necessarily indicate groundwater
system the same. The differences with the previous
studies, in this study, the groundwater recharge was
value and

determined based on the isotope

hydrochemical volcanic facies analysis. The study aimed

Indones. J. Chem., 2021, 21 (3), 609 - 625

to identify recharge areas with stable isotope and

hydrochemical  analysis of  volcanic  facies.
Environmental isotopes used are the stable isotope
deuterium (8°H or D) and oxygen-18 (8'*0). The stable
isotopes Deuterium and oxygen-18 are also used to

determine the origin of groundwater.
m EXPERIMENTAL SECTION
Location and Sampling

The research was conducted in the South Bandung
volcanic area, geographically located at 107°30°E-
107°45’E and 7°00’S-7°10" S (Fig. 1). The southern part
of the Bandung Basin is surrounded by Malabar Wayang
Windu Patuha volcanoes [18]. The geological condition
from the study area consists of: The Beser Formation
(Tmb) is the oldest rock in the late Miocene, consist of
tuffaceous breccias, lava, andesite and basalt. Quaternary

107735

107°30

T07°40" T07°45"]

- The old volcanic deposits

Beser Formation

- QuarterWaringinBedil i Drillingwell
! Malabar Tiluvolcanicdeposits - Lake Deposits

- Lava and volcanicPatuhadeposits £\ River

T Geological Structure

@ springwater
* Dug well

Fig 1. Research location on geological map [27-28]
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volcanic rocks overlay Tertiary volcanic rocks. Old
unraveled volcanic deposits (Qopu) of Pleistocene age,
consisting of fine-coarse crystalline tuff, dacite, tuff
breccia containing old pumice and andesite lava deposits.
The youngest rock unit is lake deposits (Qd) of the
Holocene age. The distribution of springs is located in the
old volcanic deposits (Qopu) and the Malabar volcanic
deposits (Qmt) [19-20].

Volcanic facies have characteristics based on the
geological condition, sedimentary structures, and
biological conditions [18]. The study area's volcanic facies
consist of the central, proximal, medial, and distal facies.
The central facies are located in the Pangalengan area, the
proximal facies on the upper slopes of Mount Malabar,
the medial facies on the lower slopes, and the distal facies

plain area of the lake deposits.
Instrumentation

Retrieval of 26 groundwater samples consist of 5 dug
wells, 13 drillings wells, and 8 springs were taken during
the rainy season. Field parameters such as pH, electrical
conductivity, and temperature were measured at each site
using Horiba measuring instruments. Water samples
from dug wells are taken from the top, middle, and
bottom of the well to maintain homogeneity using a
vertical water sampler made of 600 mL volume glass fiber.
The water samples are put into a 500 mL polyethylene
bottle and preserved. The process of taking stable isotope
&°H and 6"0 samples is by taking water samples in
100 mL polyethylene bottles tightly closed to prevent
evaporation. Stable isotope analysis was performed on the
hydrogeochemistry laboratory of Institute Technology
Bandung. The values of 8 °H and 6O were measured
relative to the Vienna Standard Mean Ocean Water
(VSMOW) using the Picaro L-2130-i Analyzer. The
allowable error in the analysis is + 0.2% for 6'*O or + 1.0%
for 8°H. The local meteoric water line (LMWL) equation
is determined by considering a weighted total factor,
namely the monthly rainfall at each rainwater sampling
location [21].

Procedure

Major ion analysis
Laboratory analysis was carried out for the Total

Dissolve Solid (TDS) and major ions: Ca®*, Mg**, Na*,
K*, SO*, CI', HCO:s. The analysis was carried out in the
groundwater laboratory of the Research Center for
Geotechnology LIPI. The Na*, K* were analyzed by
atomic absorption spectrophotometry methods. The
HCOs;™ was carried out by acidimetric methods. The
SO4*" was investigated by turbidimetry methods. The Cl°
was carried out using argentometry methods.
Gravimetry methods determined TDS analysis. The
concentrations of Ca®* and Mg®*" were analyzed by
complexometric titration with EDTA. A hydrochemical
analysis is validated with ion balance. The quality of
laboratory analysis results can be seen from the charge
balance error (CBE), with the formula [22]:

2XZm_ -2 7Zm,
XZm_ +XZm,

Z notation is ion valence, m. is the molality of cation,

BE= x100 1)

and m, is the anion’s molality.

CBE values can be accepted if < 5% [22].
Laboratory analysis results are presented using graphical
methods, bivariate analysis, and correlation statistics.
The combination of graphical and statistical analysis will
produce an accurate classification that supports the
accuracy of research results [23]. This result can be used
as a groundwater facies indicator.

Correlation analysis

The correlation coefficient uses the Spearman
method to determine the relationship between several
hydrochemical parameters [24]. The correlation values
(r) > 0.7 indicating strong correlation, between 0.5-0.7
indicating moderate correlation, and < 0.3 indicating
weak correlation [24]. The closeness of the relationship
between variables was analyzed using the Spearman
method processed with Minitab.19 software.

Hydrogeochemical analysis

A hydrogeochemical analysis is one of the
techniques used to study groundwater quality [24]. Piper
diagram analysis was carried out to show groundwater's
evolution and the relationship between various
dissolved ions from geochemical data analysis [25]. One
of the groundwater facies type determinants is the

dissolving of plagioclase, ferromagnesian minerals,
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[26].
Groundwater with a predominance of bicarbonate

carbonates, and cation exchange process
(HCOs") concentrations comes from shallow and young
groundwater. The main source of HCOs™ is CO, dissolved

in rainwater and infiltrated into the soil [9].

Isotope analysis

Determination of the recharge area elevation from
isotope can be performed using natural isotope methods,
namely 6°H and 8O isotope in water molecules [2,21].
Water-rock interactions, evaporation, mixing, water
origin, and accompanying processes are known by
comparing the isotopic composition of water with
reference [3,16]. The altitude effect and the amount of
rainfall can be used to find the relationship between the
isotope composition of rainwater and the altitude of a
recharge area [27]. Determination of groundwater origin
was carried out using the ratio of heavy isotopes to light
isotopes, which were determined in terms of the
difference in the rate of 8 °H and 8"O isotopes. The
isotope ratio 6°H and 'O will experience fractionation
when there is a physical change in water molecules due to
differences in isotopic mass in the hydrological cycle [27].
Rainwater falls at different elevations will have different
isotope ratios where the higher the height of a place will
be depleted the isotope composition [28].
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The analysis of the §"O and &°H isotope
composition of the water samples was performed using
the Picaro L-2130-i Instrument. The abundance of §°H
and 80 molecules in water is not measured in absolute
ratio but in terms of their relative abundance to a
standard. The relative abundance of the HD'*O molecule
is called the relative abundance of deuterium (§*H), and
the close lot of H,'®O is called the §O'8. The relative mass
of %0 and &°H in water molecules is measured relative
to an international standard SMOW (Standard Mean
Ocean Water). The relative lot of 2H is written as §°H,
with the formula:

_ Reample ~Rsmow

8 %1000 %o )

Romow
where, Rumple = the isotope ratio (8°H or 8'*0) of the

sample, in %o; Rsmow = the isotope ratio (3°H or 6'°0) of
the SMOW

m  RESULTS AND DISCUSSION
Groundwater Hydrochemical Processes

The summary of the physical and chemical
properties is given in Table 1 and 2. The physico-
chemical properties from the field data collection and
the chemical properties are taken from laboratory
analysis.

Table 1. The summary of the physico-chemical properties in the research area

Type of < ¥ Type of Elevation oH Temp (°C) Conductivity

sample groundwater (m) (nS/cm)
Ma2 784217 9205750 Spring 1427 54 22.6 220
Sb9 784363 9217295 Drilling well 809 7.4 28.4 100
Spl1 776614 9221798 Dug well 816 6.9 25.3 370
Mal4 782672 9212796 Spring 915 7.1 25.5 160
Sgl5 790418 9224231 Dug well 700 7.2 26.0 700
Sb16 790554 9223882 Drilling well 701 6.7 27.7 230
Mal7 790591 9223757 Spring 718 7.2 26.9 160
Ap18 790159 9223906 Lake 720 7.5 254 160
Sb20 793352 9222272 Drilling well 707 7.3 27.6 300
Sb21 793292 9222526 Drilling well 720 7.3 28.8 330
Ma23 797460 9220890 Spring 716 6.9 28.5 230
Sb25 797545 9217430 Drilling well 810 6.4 26.4 70
Ma27 794474 9219337 Spring 855 6.7 26.7 130
Sb35 781008 9221806 Drilling well 700 7,9 254 460
Sb37 779361 9222239 Drilling well 749 7,7 27.2 350
Sb42 781448 9223008 Drilling well 703 7.4 293 460
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Table 1. The summary of the physico-chemical properties in the research area (Continued)

Type of X ¥ Type of Elevation pH Temp (°C) Conductivity
sample groundwater (m) (uS/cm)
Sb42 781448 9223008 Drilling well 703 7.4 29.3 460
Sp44 783701 9223886 Dug well 692 7.4 29.8 390
Sb45 788997 9227341 Drilling well 689 7.7 28.9 440
Sb 49 777512 9221024 Drilling well 734 7.7 31.2 550
Sb50 785689 9920350 Drilling well 706 7.7 28.7 230
Sb52 786103 9221573 Drilling well 696 7.6 28.9 400
Sp54 783759 9220403 Dug well 705 7.3 28.2 330
Sg57 786348 9215868 Dug well 965 6.1 24.8 50
Ma58 786522 9213881 Spring 1179 6.5 24.2 60
Sb60 774648 9216127 Drilling well 1059 7.5 26.3 170
Ma63 776683 9215129 Spring 1222 7.4 28.2 70
Table 2. The summary of the major ion’s chemical analysis in the research area
Type of TDS Na* Kt Mg* Ca** CI SO+ HCO; CBE
sample (mg/L) (mg/L) (mgl) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (%)
Ma2 96 15.0 3.3 10.7 13.4 56.2 10.3 18.5 4.1
Sb9 126 10.1 5.0 3.9 7.7 6.9 6.4 63.2 -3.4
Spll 326 16.6 2.5 16.3 37.8 66.8 8.7 98.5 2.0
Mal4 114 14.2 4.7 4.9 14.6 9.6 6.7 81.7 -1.3
Sgl5 518 36.4 30.9 16.2 66.5 78.5 48.0 216.7 -3.5
Sb16 244 15.0 1.5 4.4 28.4 20.7 9.8 97.5 1.7
Mal7 196 10.1 1.1 7.1 18.8 5.5 53 94.9 -4.1
Ap18 160 11.7 1.4 6.1 17.3 12.4 11.0 73.8 -3.4
Sb20 238 13.0 1.3 12.4 36.4 55 5.0 168.7 -1.5
Sb21 206 14.6 1.7 17.4 353 13.8 5.1 176.6 -3.7
Ma23 152 14.2 0.6 9.2 24.8 16.5 14.9 89.9 4.0
Sb25 28 7.7 0.6 1.2 5.8 9.4 8.2 22.3 -3.9
Ma27 48 3.7 0.6 3.9 15.0 12.4 6.2 47.4 -3.9
Sb35 376 424 3.3 7.4 20.9 22.0 5.7 139.4 -3.5
Sb37 246 26.8 10.9 7.3 31.2 11.0 11.8 200.8 -3.3
Sb42 186 27.6 8.6 18.1 29.8 13.8 4.8 258.3 -3.6
Sp44 200 7.3 7.1 11.2 42.3 6.9 4.6 220.3 -5.0
Sb45 280 25.4 6.2 16.6 36.1 16.5 4.7 228.3 -4.2
Sb49 320 44.3 3.2 13.4 31.9 55.3 7.5 141.2 -3.7
Sb50 172 254 34 6.1 15.1 20.7 4.9 103.3 -3.7
Sb52 308 32.9 2.8 7.9 20.6 53.8 4.6 107.0 -2.8
Sp54 252 20.8 2.5 21.1 25.5 12.4 8.3 191.8 4.0
Sg57 130 2.6 0.5 2.7 6.4 12.4 6.1 10.5 1.3
Ma58 20 2.0 0.5 24 4.9 6.9 6.1 16.4 -4.5
Sb60 266 9.1 1.4 12.4 16.6 6.9 5.0 1154 2.0
Ma63 106 3.3 0.7 3.8 8.2 6.9 8.2 36.2 -4.5
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The correlation coefficient uses the Spearman
method to determine the relationship between several
hydrochemical parameters. The relationship between
variables was analyzed using the Spearman method
processed because the data observations are random
with a wuniform distribution (Table 3).
Correlation analysis was performed on the hydrochemical
data of conductivity, TDS, pH, Ca*", Mg**, Na*, K*, SO,
Cl, HCOs, COs5.

The results of chemical and physical analysis of 26

samples

samples with correlation analysis showed the dominance
of Ca** > Na" > Mg** cations and HCO;™ > Cl" > SO
anions. The moderate to very strong correlation shows the
dissolving reaction of rock minerals in groundwater. In
the study area, almost all types showed the predominance
of Ca** and HCO;, followed by Mg* and C, this
condition is influenced by hydrochemical and geological
formation [29]. The related ions are influenced by

environmental and rock factors [30].

There are three groups of conductivity and TDS
values:

(i) Group A, the upper zone is characterized by active
groundwater flushing with low TDS value < 200 mg/L
and conductivity < 300 uS/cm, found in old volcanic
deposits (Qopu) and Mt. Malabar volcanic Deposits
(Qmt).

(ii) Group B, the intermediate zone is characterized by
less active groundwater circulation, with moderate
TDS value 200-300 mg/L and conductivity with

Indones. . Chem., 2021, 21 (3), 609 - 625

values 170-460 pmhos/cm, is present in the Fm
Beser (Tmb) and lake deposits (Qd).

(iii) Group C, the lower zone is characterized by passive
groundwater with a high TDS value >300 mg/L and
conductivity value of < 370 umhos/cm, is found in
lake deposits (Qd) (Fig. 2). Sources of material
availability from TDS and conductivity come from
the geological conditions and the influence of
human activities such as industry, households, and
agriculture [31]. Variation in TDS values indicates
groundwater recharge areas [6]. A high TDS value
indicates the travel time for groundwater [32]. The
TDS value caused by anthropogenic effects is
validated by Nitrate concentrations (Fig. 3). High
nitrate values are situated in livestock, and
plantation areas were located in the Pangalengan.
The average nitrate concentration in Pangalengan is
23.03 mg/L. The nitrate concentration is getting
lower downstream.

Groundwater hydrogeochemistry is controlled by
several processes such as evaporation, precipitation, ion
exchange, oxidation-reduction, weathering, and
dissolving [32]. The Ca**/Mg*" molar ratio indicates the
dissolution of calcite, dolomite, and silicate. The ratio of
Ca®*/Mg* = 1 indicates dolomite dissolution, Ca**/Mg**
> 1 ratio indicates calcite dissolution and ration
Ca’*/Mg** > 2 ratio indicates silicate dissolution [33].
The dolomite dissolution occurs in Beser formation and

volcanic deposits with Ca**/Mg** values 0.73-0.81 meq/L.

Table 3. Matrix of Spearman’s correlation

Parameter pH Temp  Cond TDS Nat Kt Mg* Ca? Cl SO, HCO; COs
(°C)  (uS/ecm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

pH 1.00

Temp 0.53  1.00

Cond 0.56 0.46 1.00

TDS 0.56  0.25 0.83 1.00

Na* 0.54 0.31 0.86 0.73 1.00

K* 0.53 0.33 0.68 0.46 0.67 1.00

Mg* 0.36 0.39 0.80 0.68 0.62 0.49 1.00

Ca? 0.37 0.43 0.85 0.77 0.57 0.50 0.79 1.00

Cl 0.08 0.02 0.59 0.47 0.73 0.35 0.38 0.35 1.00

SO -0.36 -0.43 -0.14 -0.09 0.06 -0.08 -0.14 -0.05 0.26 1.00

HCO;~ 0.64 0.59 0.87 0.74 0.64 0.67 0.81 0.85 0.20 -0.30 1.00

CO5” 0.30 0.09 0.44 0.44 0.43 0.13 0.36 0.46 0.32 -0.02 0.32 1.00
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Calcite dissolution dominates the entire area with even
distribution of volcanic deposits and lake sediments with
Ca’*/Mg** values 1.00-1.81 megq/L. Silicate weathering
occurs in Beser formation and lake sediments with
Ca’*/Mg** values 2.28-3.93 meq/L. The dominance of
groundwater in the study area is influenced by calcite
minerals dissolution (Fig. 4). The relatively high value of
the Ca**/Mg*" ratio indicates that the interaction process
between rock and water is quite long.

Groundwater hydrochemical processes control the
mechanism of groundwater originating from the
dominance of rainwater, rock weathering, crystallization,
or evaporation. The TDS process in groundwater
evolution has a low value, and the composition of the

C

2021, 21 (3), 609 - 625

dominant bicarbonate ion shows the water source comes
from [33].The Gibbs
distinguishes the effects of rock weathering interactions,
evaporation, the
groundwater chemical processes [34]. Based on the
influenced the

shallow aquifers diagram

and impact of rainwater on

analysis, rock weathering has
groundwater chemical process (Fig. 5, 6).

The ratio of TDS to CI/(Cl- + HCO5") anions show
that the groundwater is affected by rock weathering (Fig.
5). Group A consists of Ma2 and Sg57, which are springs
and dug wells in the volcanic deposits area in the
proximal facies. Group A has a high CI value due to the
influence of hydrothermal alteration. Group B consists
of Sg15, Sb52, Sb49, and Sp11, located in lake deposits and
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Beser formation deposits in the distal facies. Higher TDS
values in group B indicate this area is much influenced by
anthropogenic activity. Group C consists of Sb25, ma27,
ma58, which are water sources located in the Malabar
volcanic deposits and Beser formation deposits in the
medial facies. Group C has low TDS and Cl~ values
because it comes from springs in the hills with little
anthropogenic influence. Group D is groundwater in the
medial and distal facies. The TDS value in group D is high
due to anthropogenic effects.

The ratio of TDS to the cation (Na* + K*)/(Na* + K*
+ Ca’") shows that the groundwater is affected by rock
weathering (Fig. 6). Group A consists of Ma2, mal4, Sb25,
Sb37, and Sb42, springs, and drilling wells in volcanic
deposits in the proximal and medial facies. Higher TDS in
group A indicate anthropogenic influenced activity.
Group B consists of Sb9, Sb35, Sb49, Sb50, and Sb52, deep
groundwater drilling wells located in lake deposits, and
Beser formation deposits in the distal facies. Groundwater
in Type C is located in the medial and distal facies. Group
D consists of ma27 and ma58, water resources located in
the Malabar volcanic deposits, and Beser formation
deposits in the medial facies. Differences in each group of
these facies show rock properties greatly influence
groundwater chemistry. The high ratio of HCO;™ shows
rock weathering as a major ion[32]. Hydrochemical
conditions are a reflection of the length of the short
residence time in the aquifer. The longer groundwater

interacts and circulates in the aquifer, the total dissolved
solids’ total concentration will increase until it reaches
an equilibrium condition.

The cation exchange process indicates the
interaction between rock and groundwater occurs for a
long time. The plot of (Ca’" + Mg**) - (HCO;™ - SO4*)
versus Na* - Cl- was prepared to evaluate the ion-
exchange process [33]. The dominant process of ion
exchange will form a line with a slope of -1. The reverse
ion exchange will form a line with a slope of > 1. It can

be explained by the following reaction [35].

Ca*t (Mg2+ )+Na™ (clay) <> 2Na™ +CaMg (clay) (3)
The ion exchange process is located in Sb52, Ma63,

Ma58, Ma27, Sg57, Sg15, Ma2, Spll. The reverse ion

exchange is dominated in the area (Fig. 7).

Hydrochemical Facies

The shallow groundwater tends to be influenced by
local rainwater infiltration. It has a low bicarbonate
concentration. However, the deep groundwater has a
higher than
groundwater; the process of deep groundwater from the

bicarbonate concentration shallow
recharge area dissolves more carbonate rocks [34]. To
determine the hydrochemical facies and groundwater
characteristics, the hydrochemical data is plotted on the
Piper diagram [8]. Based on the piper diagram analysis,
the dominant types of hydrochemical facies are CaCl,

CaMgCl, CaMgHCO;, CaHCO;, and NaKHCO:; (Fig. 8).
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The groundwater CaCl facies are located at Sg57 and
Ma2 in the central volcano facies. These facies lies in the
hydrothermal alteration zone. Cl” ions’ density comes
from the weathering of the feldspathoid sodalite mineral
(Na,CL-ALSiO,) as a constituent of porous volcanic rock
[35]. Several factors that cause Cl” enrichment in the study
area are contamination of geothermal fluids and
anthropogenic effects.

The CaMgCl facies in the Ma58 and Sp11 locations
in the Malabar Tilu volcanic deposit. The calcium-
magnesium dominance is generated from the weathering
of silica minerals rich in Ca** from basaltic andesitic
volcanic rocks. Aquifers are formed by coarse tuff
alternating basalt lava. The constituent minerals are
(albite-labradorite,
[35]. The weathering process of aquifer

teldspar olivine, pyroxene, and
chlorite
constituent minerals is described as follows:
Mg,Si0, (s) + 4H,0 <> 2Mg*" +40H™ +H,S0,
(Forsterite )

2NaAlSi;Og +2CO, +3H,0 <> 2Na" +2HCO; ™ +4Si0, (s)
(Albite) +Al,8i,05(OH) 4 (s)
(Kaolinite)

CaFeSi,0, +8H" +0, +6H,0 <> 4Ca** + 4FeOOH +8H,Si0,
(Pyroxene —augite)

The CaMgHCO; is dominates the hydrochemical
type in the Malabar Tilu volcanic deposits. This is located
in Mal4, Mal7, Mal8, Ma23, Ma27, Ma63, Sgl15, Sp54,
Sb18, Sb9, Sb16, Sb37, Sb42, Sb45, Sb49, Sb50, Sb52, Sb54.
This type is formed due to the interaction between rocks
and groundwater for a long time due to mixing, this can
be seen from the amount of enrichment of Ca** and Mg**
ions balanced.

The CaHCOs; facies are at locations Sp44, Sb20,
Sb21, Sb60 scattered in the proximal and medial facies.
This group shows that groundwater circulation is not too
far away. The dominant Ca’* content is due to the
interaction with volcanic rocks. The presence of HCO;"
indicates that the groundwater has been mixed with
shallow groundwater as a local recharge. The presence of
Ca*" cations is affected by the weathering of rocks, while
bicarbonate anions (HCO;") is influenced by the time of
storing water in rocks and the atmospheric condition [8].
The chemical reaction indicates weathering process of the
minerals CaHCO:; facies [35]:
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CaFeSiO, +8H" +02+6H,0 «> 4Ca*" + 4FeOOH +8H,SiO,
(Pyroxene —augite)

The NaKHCO:; facies are located at Sb35, scattered
on distal facies. Volcanic deposit rocks have mineral
compositions of Na-feldspar (NaAlSi;Os), K-feldspar
(KALSi,Os), pyroxene (KAISi;Os), and olivine (Mg,SiO4)
[35]. The result of the weathering of these rock minerals
is the source of the presence of Na* cations and HCO3~
anions.

The reaction indicates the formation of NaKHCO:s
facies [35]:
2NaAlSi;04+2C0, +3H,0 «> 2Na* +2HCO;+45i0, (s)

(Albite) + Al,Si,05(OH) 4(s)
(kaolinite)

2KAISi; O +8H" +02+6H,0 > 4Ca’" +4FeOOH +8H,Si0,
(Pyroxene —augite)
Mg,SiO, (s) + 4H,0 <> Mg** +HCO; +H,50,*~

The cation exchange process in groundwater
evolution is characterized by decreasing Ca** and Mg**
values and enriching Na® values [8]. Na" ions’
enrichment is due to the cation exchange process
between Ca** ions and Mg*" ions, and it becomes Na*
ions. In the research area, this process occurs in the distal
area because there are many clay inserts. The adsorption
rate of Na* cations on clay minerals tends to be weaker
than that of Ca** ions. The adsorption tendencies among
the main cations are [32]: (strong adsorption) Ca®* <
Mg* < K* < Na* (weakly adsorbed).

Stable isotopes to determine groundwater recharge
The stable isotopes §'°0O and &6°H have varying
ratios related to elevation functions and rainfall values.
The various isotopic compositions can be grouped using
local meteoric lines (LMWL), determining groundwater
processes, i.e., groundwater and rock interactions,
evaporation, and mixing processes [21]. Analysis of the
recharge area with stable isotope requires three types of
isotope graphs, the local meteoric water line (LMWL)
graph, the depletion gradient graph 8O for elevation,
and the depletion gradient graph 6°H for height [27].
The (LMWL)
determination uses research from the Geological Agency

Local Meteoric water line
[17], which observed rainfall isotopes from January 2008

to July 2009. The stations selected in the study area were
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PT. Safilindo, Cikalong hydropower, and Malabar Data on the results of physical measurements of
plantation (Table 4). The equation of the local meteoric ~ §"0 and § *H isotopes in groundwater in the southern
line (LMWL) from the measurement results [17] with the = Bandung groundwater basin are shown in Table 5.

equation: Groundwater isotope values were plotted on the
§2H =838'80+14.3 (4) Bandung Meteoric Water to determine the relationship
R% =0.9873 between groundwater and meteoric water (Fig. 9) and also

Table 4. Rainwater isotope 6'°0O and §°H analysis for the period of January 2008-July 2009
PT Safilindo (829 m asl) Cikalong (1255 m asl) Malabar (1560 m asl)

Month S o) O°H (%) 670 (%o) O'H (%a) 0O (%a) O°H (%0)
16-May-08 -5.40 -31.1 -5.04 -26.1 — —
13Jun-08  -3.48 10.4 -3.43 -13.0 _ _
14-Jul-08 -2.71 -10.7 - — -6.53 -37.2
13-Agt-08 -3.99 -20.0 -4.23 -17.0 — —
14-Sep-08 -3.88 -17.3 -4.16 -17.0 -541 -27.6
13-Oct-08 — — — — -5.18 -24.7
12-Nov-08  -6.58 -45.0 638 136.3 672 -43
13-Dec-08 -8.65 -55.4 -10.9 -73.1 -10.95 -73.5
13-Jan-09 -11.49 -77.4 -9.68 -68.1 -11.35 -80.6
13-Feb-09 -8.54 -57.2 -10.13 -70.6 -10.65 -73.2
13-Mar-09 -9.83 -66.6 -8.61 -58.4 -9.66 -65.9
13-Apr-09  -6.88 473 622 -40.8 737 492
14 May 09 -5.96 -38.5 -6.30 -38.5 -9.03 -57.9
15-Jun-09 -7.98 -48.9 -7.73 -45.8 -7.30 -45.05
13-Jul-09 -1.81 -1.6 -3.22 -12.0 -4.66 -24.2
Average -6.22 -37.7 -6.62 -39.7 -7.90 -50.17

Table 5. Physical measurements of §'°O and §°H isotopes in the southern Bandung

No Type of sample X Y Elevation (m) 6'0 (%0) &°H (%o)
1 Ma2 784217 9205750 1427 -8.56 -53.5
2 Mal4 782672 9212796 915 -6.51 -42.0
3 Mal7 790591 9223757 718 -7.01 -42.4
4 Ma23 797460 9220890 716 -6.58 -41.1
5 Ma27 794474 9219337 855 -7.61 -47.2
6 Ma58 786522 9213881 1179 -6.39 -39.8
7 Ma63 776683 9215129 1222 -7.12 -43.5
8 Mals 790159 9223906 720 -5.86 -36.1
9 Sb9 784363 9217295 809 -8.02 -47.7

10 Sb 16 790554 9223882 701 -6.88 -41.7
11 Sb20 793352 9222272 707 -7.08 -43.5
12 Sb21 793292 9222526 720 -7.13 -43.5
13 Sb25 797545 9217430 810 -6.98 -43.6
14 Sb35 781008 9221806 700 -7.07 -42.8
15 Sb37 779361 9222239 749 -6.70 -40.8
16 Sb42 781448 9223008 703 -6.84 -41.8
17 Sb45 788997 9227341 689 -7.23 -44.2
18 Sb49 777512 9221024 734 -6.91 -42.2
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Table 5. Physical measurements of §'*O and 6°H isotopes in the southern Bandung (Continued)

No Type of sample X Y Elevation (m) 8%0 (%o0) &*H (%o)
19 Sb50 785689 9920350 706 -7.73 -46.9
20 Sb52 786103 9221573 696 -7.68 -45.9
21 Sb60 774648 9216127 1059 -7.03 -43.8
22 Sp44 783701 9223886 692 -5.46 -34.4
23 Spll 776614 9221798 816 -6.85 -44.3
24 Sgl5 790418 9224231 700 -6.85 -43.5
25 Sg57 786348 9215868 965 -6.58 -41.4
26 Sp54 783759 9220403 705 -6.08 -38.8
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Fig 9. Relationship between 6°H and 6'°O of groundwater in the study area

to estimate the elevation of the recharge area.
Furthermore, Fig. 10 shows the relationship
between elevation and mean &°H and 6'°O isotopes of
monthly rainwater.
Based on Fig. 10, the groundwater in the study area
can be classified into four groups as follows:

(i) Group I: groundwater Ma2, which is at an elevation of
1427 m asl, from the 180 and 2H isotope values do
not indicate water originating from a higher elevation
and is considered water originating from local
rainwater infiltration.

(ii) Group II: groundwater Ma27, Sb9, Sb50, and Sb52,
which are at an elevation of 696-855 m asl, are
considered to come from the same infiltration
elevation, which ranges from 980-1230 m asl.

(iii) Group III: groundwater Mal7, Ma23, Sb16, Sb20,
Sb21, Sb25, Sb35, Sb37, Sb42, Sb45, Sb49, Spll,
Sgl15, which are at an elevation between 700-816 m
asl is estimated to be derived from the recharge
elevation between 750-970 m asl. Meanwhile,
groundwater Ma63 and Sb60, which are in this
group, from the 180 and 2H isotope values, more
indicate local rainwater origin.

(iv) Group IV: groundwater Mal4, Ma58, Mal8, Sp44,
Sg57, Sp54 are more likely to show symptoms of
evaporation or interaction with surface water.

The hydrogeological system's identification in this
study was based on hydrochemical and stable isotope
analysis of §"°O and &°H. The CaCl facies is located in
the hydrothermal alteration zone. Cl™ ions’ density comes
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from contamination of geothermal fluids and the
weathering of the feldspathoid sodalite mineral as a
constituent of porous volcanic rock. The CaMgCl facies is
a mixed water type. The calcium-magnesium dominance
is generated from the weathering of silica minerals rich in
Ca™ The
CaMgHCO:; type is formed due to the interaction between
rocks and groundwater for a long time due to mixing, this

from Dbasaltic andesitic volcanic rocks.

can be seen from the amount of enrichment of Ca** and
Mg*" ions tare balanced. The CaHCO; facies shows
groundwater circulation is not too far away. The
dominant Ca®* is due to the interaction with volcanic
rocks. The presence of HCOs™ indicates groundwater has
been mixed with shallow groundwater as a local recharge.
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The presence of Ca** cations comes from the weathering
of rocks, while the presence of bicarbonate anions
(HCOs") is influenced by the time of storing water in
rocks and the influence of the atmosphere. The CaHCO:;
facies describe the groundwater flow with a short
distance from shallow to moderate groundwater flows.
The NaKHCO:; facies are on distal facies. The cation
exchange process in groundwater evolution is
characterized by decreasing Ca** and Mg** and
enriching Na* ions. The adsorption rate of Na* cations
on clay minerals tends to be weaker than Ca® ions.
Groundwater facies NaKHCO; shows groundwater flow
intensity over a long-distance mixing shallow and deep

groundwater (Fig. 11).
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Groundwater flow systems are classified into the
middle [1]. The
concentration of TDS is also an indication of a recharge

flow or intermediate systems
area. TDS has a low value in the central facies area and
increases upward to the distal region. The catchment area
located in the upper zone is characterized by active
groundwater flushing with a low TDS value, seen in
central and proximal facies. The discharge area is
characterized by less active groundwater circulation, with
dominant HCO;™ and high TDS values are seen in the
medial zone. The lower zone is characterized by passive
groundwater with high sodium concentrations and TDS
in distal facies.

Stable isotope analysis reveals irregular patterns,
and localized catchments represent a complex
hydrogeological system. Isotope analysis shows the
groundwater recharge location follows the groundwater
circulation flow. Groundwater in the study area can be
classified into four groups as follows: Group I, which is at
an elevation of 1427 m asl, from the '*O and *H isotope
values do not indicate water originating from a higher
elevation and is considered water originating from local
rainwater infiltration; Group II: which are at an elevation
of 696-855 m asl, is considered to come from the same
infiltration elevation, which ranges from 980-1230 m asl;
Group IIT which are at an elevation between 700-816 m
asl is estimated to be derived from the recharge elevation
between 750-970 m asl, Group IV are more likely to show

symptoms of evaporation or interaction with surface water.

m CONCLUSION

The results of hydrogeological, hydrochemical, and
stable isotope analysis have determined groundwater
recharge. The variation in groundwater chemistry of this
area is principally controlled by a combination of ion
exchange, silicate weathering, calcite, and dolomite
dissolution of minerals. The hydrochemical facies were
CaCl, CaMgCl, CaMgHCOs, CaHCO3, and NaKHCO:s.
Changes in Ca’ to Mg* cations mean it has been a
hydrochemical evolution. The CaHCO; facies describe
flows. The NaKHCO;
Groundwater facies shows the mixing of shallow and deep

moderate  groundwater

groundwater into intermediate flow systems. The
recharge area in the central, proximal, and medial facies
zone consists of 4 groups. Group I, which is at an
elevation of 1427 m asl, from the 'O and *H isotope
values do not indicate water originating from a higher
elevation and is considered water originating from local
rainwater infiltration; Group II: which are at an
elevation of 696-855 m asl, are considered to come from
the same infiltration elevation, which ranges from 980-
1230 m asl; Group III which are at an elevation between
700-816 m asl is estimated to be derived from the
recharge elevation between 750-970 m asl, Group IV are
more likely to show symptoms of evaporation or
interaction with surface water. The discharge area in the
distal facies zone is characterized by less active
groundwater circulation, with dominant HCOs™ and
TDS values. Hydrochemical variation helped the
identification of recharge areas in the volcanic facies.

m ACKNOWLEDGMENTS

The author would like to thanks the Saintek
Scholarship Program of the Ministry of Research and
Technology, which has funded the education program.
Thanks are also given to the Head of the Research Center
for Geotechnology, Indonesian Institute of Science, Dr.
Eko Yulianto, who has given permission for providing
laboratory facilities to carry out the water sample
analysis. Thanks are also given to Mr. Sudaryanto, MT,
who has provided guidance.

m AUTHOR CONTRIBUTIONS

Rizka Maria conducted the experiment, calculations,
wrote, and revised the manuscript. Satrio conducted,
wrote, and revised the manuscript. TYWM Iskandarsyah
conducted, wrote, and revised the manuscript. B.R.
Suganda conducted, wrote, and revised the manuscript.
M.R. Delinom revised the manuscript. Hendarmawan
conducted, wrote, and revised the manuscript. D.
Marganingrum provided guidance before wrote
manuscript. Dady Sukmayadi and W. Purwoko have
helped a lot in laboratory analysis. All authors agreed to

the final version of this manuscript.

Rizka Maria et al.



624 Indones. |. Chem., 2021, 21 (3), 609 - 625

m REFERENCES

[1] Hendarmawan, and Satrio, 2011, Recharge area on the
slopes of volcano based on geological setting, content
of deuterium and oxygen isotopes of groundwater
chemistry: Case study on the slopes of Salak
mountain, West Java, J. Trop. Soils, 16 (3), 245-256.

[2] Satrio, Hendarmawan, Hadian, M.S.D., and
Pujiindiyati, E.R., 2016, Karakteristik air tanah
dangkal kota Semarang pada musim penghujan
berdasarkan pendekatan isotop stabil ("*O, *H) dan
kimia air, J. Ilm. Apl. Isot. Radiasi, 11 (1), 73-86.

[3] Toulier, A., Baud, B., de Montety, V., Lachassagne,
P., Leonardi, V., Pistre, V. Dautria, J.M.,
Hendrayana, H., Fajar, M.H.M., Muhammad, A.S,,
Beon, O., and Jourde, H., 2019, Multidisciplinary
study with quantitative analysis of isotopic data for
the assessment of recharge and functioning of
volcanic aquifers: Case of Bromo-Tengger volcano,
Indonesia, J. Hydrol.: Reg. Stud., 26, 100634.

[4] Abidi, J.H., Farhat, B., Ben Mammou, A., and
Oueslati, N., 2017, Characterization of recharge
mechanisms and sources of groundwater salinization
in Ras Jbel coastal aquifer (Northeast Tunisia) using
hydrogeochemical tools, environmental isotopes,
GIS, and statistics, J. Chem., 2017, 8610894.

[5] Resubun, M.L., Wahjunie, E.D., and Tarigan, S.D.,
2018, Analisis potensi ketersediaan dan kebutuhan
air di Daerah Aliran Sungai Cisangkuy, JITL, 20 (2),
57-62.

[6] Hendrasto, F., and Sunarwan, B., 2013 Pemanfaatan
isotop lingkungan di daerah cekungan airtanah
Bandung, Jurnal Teknik, 14 (2), 1-11.

[7] Pujiindiyati, E.R., Satrio, and Prasetio, R., 2019,
Major ions for tracing leachate migration within
shallow ground water in the vicinity of municipal
landfill in Bantar Gebang —Bekasi, Indones. J. Chem.,
19 (1), 19-29.

[8] Krishnaraj, S., Murugesan, V., Vijayaraghavan, K.,
Sabarathinam, C., Paluchamy, A., and Ramachandran,
M., 2011, Use of hydrochemistry and stable isotopes
as tools for groundwater evolution and contamination
investigations, Geosciences, 1 (1), 16-25.

[9] Wu, H,, Chen, J., Qian, H,, and Zhang, X., 2015,
Chemical characteristics and quality assessment of
groundwater of exploited aquifers in Beijiao water
source of Yinchuan, China: A case study for
drinking, irrigation, and industrial purposes, J.
Chem., 2015, 726340.

[10] Hendarmawan, 2002, Unconfined aquifer system of
volcanics in the northern part of Bandung basin,
West Java, Indonesia, J. Geosci., Osaka City Univ.,
45, 1-12.

[11] Delinom, R.M.,, 2010,
Groundwater flow system of Bandung basin based

and Suriadarma, A.,

on hydraulic head, subsurface temperature, and
stable isotopes, JRGP, 20 (1), 55-68.

[12] Iskandar, I., Notosiswoyo, S., Purnandi, C., and
Pasaribu, T., 2013, Type and origin of springs and
hotsprings at surrounding ridges of Bandung basin,
related with its potential natural contamination,
Procedia Earth Planet. Sci., 6, 262-268.

[13] Sunarwan, B., 2011, Penentuan satuan
hidrostratigrafi (HSU) di daerah volkanik (Studi
kasus: Daerah cekungan Bandung), Jurnal Teknik,
12 (2), 44-56.

[14] Oktaviany, V., Hutabarat, J., and Haryanto, A.D.,
2017, Estimasi temperatur bawah permukaan
berdasarkan kehadiran mineral alterasi pada sumur
‘X’ lapangan panas bumi Wayang Windu,
Pangalengan, Kabupaten Bandung, Provinsi Jawa
Barat, Bul. Sumber Daya Geol., 12 (2), 123-133.

[15] Taufiq, A., Effendi, A.J., Iskandar, I., Hosono, T.,
and Hutasoit, L.M., 2019, Controlling factors and
driving mechanisms of nitrate contamination in
groundwater system of Bandung basin, Indonesia,
deduced by combined use of stable isotope ratios,
CFC age dating, and socioeconomic parameters,
Water Res., 148, 292-305.

[16] Suhendar, R., Hadian, M.S.D., Muljana, Setiawan,

2020,

evolution and groundwater flow system in Batujajar

T., and Hendarmawan, Geochemical
groundwater basin area, West Java, Indonesia,
Indones. J. Geosci., 7 (1) 87-104.

[17] Matahelumual, B.C., and Wahyudin, 2010, Penelitian
hidrogeologi daerah imbuhan air tanah dengan

Rizka Maria et al.



Indones. |. Chem., 2021, 21 (3), 609 - 625 625

metode isotop dan hidrokimia di cekungan air tanah
Bandung- Soreang, Provinsi Jawa Barat (Tahap III),
Field Report, Pusat Vulkanologi dan Mitigasi Bencana
Geologi, Badan Geologi, Bandung, Indonesia.

[18] Bronto, S., Koswara, A., and Lumbanbatu, K., 2006,
Stratigrafi gunung api daerah Bandung Selatan, Jawa
Barat, Indones. J. Geosci., 1 (2), 89-101.

[19] Silitonga, P.H., 1973, Geologic Map of the Bandung
Quadrangle, Java, scale 1:100.000, Geological Agency
of the Ministry of Energy and Mineral Resources,
Bandung, Indonesia.

[20] Alzwar, M., Akbar, N., and Bachri S., 1992, Peta
geologi lembar Garut dan Pemeungpeuk, Jawa, Pusat
Penelitian dan Pengembangan Geologi, Bandung.

[21] Clark, I., 2015, Groundwater Geochemistry and
Isotopes, 1* Ed., CRC Press, Boca Raton, Florida, US.

[22] Freeze, R.A., and Cherry, J.A., 1979, Groundwater,
Prentice Hall, Inc., Englewood Cliffs, New Jersey.

[23] Ahamed, A.]., Loganathan, K., Ananthakrishnan, S.,
Ahmed, ].K.C,, and Ashraf, M.A., 2016, Evaluation of
graphical and multivariate statistical methods for
classification and evaluation of groundwater in
Alathur block, Perambalur District, India, Appl. Ecol.
Environ. Res., 15 (3), 105-116.

[24] Gaikwad, S., Gaikwad, S., Meshram, D., Wagh, V.,
Kandekar, A., and Kadam, A., 2020, Geochemical
mobility of ions in groundwater from the tropical
western coast of Maharashtra, India: Implication to
groundwater quality, Environ. Dev. Sustain., 22 (3),
2591-2624.

[25] Pujiindiyati, E.R., Sidauruk, P., Prayogi, T.E., and
Abdillah, F., 2020, Hydrochemical evolution in
Ciliwung River - Java, Indonesia: Study of sea water
mixture and mineral dissolution, Indones. J. Chem.,
20 (6), 1360-1373.

[26] Mohamed, A.K., Liu, D., Song, K., Mohamed,
M.A.A., Aldaw, E., and Elubid, B.A., 2019,
Hydrochemical analysis and fuzzy logic method for
evaluation of groundwater quality in the North
Chengdu plain, China, Int. J. Environ. Res. Public
Health, 16 (3), 302.

[27] Mook, W.G., 2001, Environmental Isotopes in the
Hydrological Cycle: Principles and Applications,
Volume I: Introduction: Theory, Methods, Review,
International Atomic Energy Agency and United
Nations Educational, Scientific and Cultural
Organization.

(28] Coplen, T.B., Herczeg, A.L., and Barnes, C., 2000,
“Isotope engineering—using stable isotopes of the
water molecule to solve practical problems” in
Environmental Tracers in Subsurface Hydrology,
Springer, Boston, MA, 79-110.

[29] Kumar, P.].S., and James, E.J., 2016, Identification
of hydrogeochemical processes in the Coimbatore
district, Tamil Nadu, India, Hydrol. Sci. J., 61 (4),
719-731.

[30] Setiawan, T., Alam, B.Y.C.S.S.S., Haryono, E., and

2020,

environmental isotopes analysis for characterizing

Hendarmawan, Hydrochemical and

a complex karst hydrogeological system of
Watuputih area, Rembang, Central Java, Indonesia,
Hydrogeol. ]., 28 (4), 1635-1659.

[31] Rusydi, A.F., Naily, W., and Lestiana, H., 2015,
Domestic and agricultural waste pollution of
shallow groundwater in Bandung Regency, /RGP,
25 (2), 87-97.

[32] Kehew, A.E., 2001, Applied Chemical Hydrogeology,
Prentice Hall, New Jersey.

[33] Paul, R., Brindha, K., Gowrisankar, G., Tan, M.L,,
and Singh, MK, 2019,
hydrogeochemical processes

Identification of

controlling
groundwater quality in Tripura, Northeast India
using evaluation indices, GIS, and multivariate
statistical methods, Environ. Earth Sci., 78 (15), 470.

[34] Singh, A K., Raj, B., Tiwari, A.K., and Mahato, M.K.,
2013, Evaluation of hydrogeochemical processes
and groundwater quality in the Jhansi district of
Bundelkhand region, India, Environ. Earth Sci., 70
(3), 1225-1247.

[35] Hem, ].D., 1985, Study and interpretation of the
chemical characteristics of natural water, Water
Supply Paper 2254, U.S. Geological Survey.

Rizka Maria et al.



626 Indones. . Chem., 2021, 21 (3), 626 - 634

Morphology of NdFeB-Type Permanent Magnet Coercivity Enhancement by Heat
Treatment Process

Eva Afrilinda"’, Dagus Resmana Djuanda’, Shinta Virdhian', Martin Doloksaribu', Moch Igbal Zaelana
Muttahar!, and Sri Bimo Pratomo?

!Metal Industries Development Center (MIDC), Ministry of Industry of The Republic of Indonesia,
JI. Sangkuriang No. 12, Bandung 40135, West Java, Indonesia

*Department of Metallurgical Engineering, Faculty of Manufacturing Technology, Universitas Jenderal Achmad Yani,
JI. Terusan Jenderal Gatot Subroto, PO Box 807, Bandung 40285, West Java, Indonesia

* Corresponding author: Abstract: To understand the morphology of the coercivity enhancement by heat

tel: +62-22-2503171 treatment, a commercial sintered NdFeB-type permanent magnet is annealed, and the

. . . ercivity is measur Permagraph. It is shown that th rcivity is increa
email: eva.afrilinda@gmail.com coercivity is sured by grap s show at the coercivity is increased

compared to the initial. Observation by X-Ray Diffraction (XRD) analysis and Scanning
Received: August 28, 2020 Electron Microscope-Energy Dispersive X-ray Spectroscopy (SEM-EDS) is then
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permanent magnet is increased after heat treatment. The more significant amount of
NdFeB content causes higher coercivity. The maximum coercivity, 19 kOe, is achieved at
850 °C of heat treatment temperature, where the NdFeB content is at the highest amount.
Microstructural characterizations using SEM-EDS show that at 850 °C of heat treatment
temperature, the iron (Fe) content in the grain boundaries is the lowest. It causes higher
coercivity. This is due to the magnetically decoupled between NdFeB grains. The
decoupling magnet of the NdFeB grains is affected by the Fe content in the grain
boundaries. High-temperature heat treatment at 900 and 1050 °C led to the
decomposition of NdFeB content in the grains and increased the Fe content in the grain
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boundaries, which resulted in a substantial reduction of magnetic coercivity.
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= INTRODUCTION anisotropy field of its prime phase [2]. The methods used

One of the sintered magnets which can produce high to keep up high magnetic properties at the high-

energy (BH)m. is Nd-Fe-B sintered magnets. These
magnets were made by Sepehri-Amin et al. [1]. Nd-Fe-B

temperature environments in HEVs, are additional Dy
or Tb into the Nd-Fe-B sintered magnets. It will create
Dy,FeuB and Tb,Fei B compounds with a higher
anisotropy field than Nd,Fe,B [3].

Additional of Dy gives the Nd-Fe-B sintered
magnets with several transformations such as better
thermal stability but reduces the remanence and (BH)max
value [4]. Besides, these added substance components
are quite rare to be found, and their material costs rise

sintered magnets are utilized for different applications,
e.g., voice coil motors for hard disk drives and engines for
hybrid electric vehicles (HEVSs) or electric vehicles (EVs).
Ecological issues caused by carbon emission affected the
developing business sector of an electric vehicle, so that
HEVs and EVs have drawn a great deal of consideration
to be produced. Even though Nd-Fe-B sintered magnets
have high (BH)ma it has low intrinsic coercivity. This is
contributed by the Nd,Fe.sB compound, the prime phase
of this magnet, which arrives at around 12% of the

significantly. If the perfect coercivity of Nd,Fei B is
acquired, the thermal ability would be improved without
the addition of any substantial rare earth components. To
attain high coercivity, two strategies have been proposed.
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One is to get uniform distribution of the Nd-rich
stage, which helps to diminish the nucleation site of
reversed magnetic domains. If there are found some
imperfections on the outer of the Nd,Fe;sB grains, the
reversed magnetic domains will show up at the low
reverse magnetic field. Once a reversed magnetic domain
appears in the grain, the domain wall moves, and
magnetic reversal occurs without any problem. When a
switched attractive space shows up in the grain, the area
divider moves, and attractive inversion happens without
any problem. In this case, it is required to diminish defects
at the outer of Nd,Fe4B grains to increase the coercivity
value. The phase that plays a vital part in diminishing
nucleation sites of the reversed magnetic domain amid the
annealing process is the Nd-rich phase. This phase
contributes to enhance the coercivity [5-6]. The other is
to control grain sizes underneath the single domain size
of 0.3 pm in sintered magnets. These approaches appear
that the control of microstructures of Nd-Fe-B magnets is
very vital to get high coercivity [5].

Recently, sintered magnets with a grain measure
around 1 pm with 20 kOe of coercivity, without the
expansion of any heavy rare-earth elements were
manufactured successfully on Nd-Fe-B type magnets by
Sasaki et al. [7].
dimension are not the only reason to increase coercivity

The methods to reduce the grain

value. Subsequently, it is observed that Dy-free magnets
with high coercivity were accomplished by reducing grain
size, as well as reducing the nucleation sites of the reversed
magnetic domain. Sepehri-Amin etal. [1] have researched
the microstructure of the grain boundary for these
magnets and the continuous grain boundary in sintered
magnets through filtering electron microscopy (SEM),
transmission electron microscopy (TEM), and atom
probe tomography techniques. Moreover, they specified
that the homogenous scattering of the Nd-rich phases at a
triple junction was required to make a continuous grain
boundary. Hence, the Nd-rich stage at the triple junction
works as an asset to create grain boundary layers during
the heat treatment process, particularly the annealing
process [3].
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It is notable that heat treatment of sintered Nd-Fe-
B magnet emphatically builds the coercivity and
improves the squareness of the demagnetizing J/H loops
[8]. The temperature and time of this heat treatment,
called annealing, the composition of the magnet should
be considered then followed by fast quenching to
optimize both the intrinsic coercivity and the hysteresis
loop squareness. Numerous researchers have portrayed
the impact of the annealing treatment and demonstrated
a few patterns to associate the coercivity increment with
an appearing mechanism in the grain boundary of the
RE;Fe;sB magnetic phase [9].
mechanisms are proposed. Some consider the impact of
the RE-rich (RE: Rare Earth, for the most part, Nd-
boundary phase as magnetic protection of the RE;Fe;sB
magnetic phase, and others ignore the participation of
the boundary phase) [10].

There are necessarily two conceivable outcomes

Nowadays, a few

when it comes to creating coercivity at high
temperatures. The outcomes are upgrading the intrinsic
temperature reliance of the materials or creating
sufficient coercivity value at room temperature to
remain when the magnet is faced with high-temperature
[11].

coercivity following a nucleation- type coercivity

environments NdFeB magnets create their
mechanism. It is crucial to locally increase the HA
within the external shell of the grains, to the proximity
of much less than a micron, as any new another rare
earth in the RE;Fe,B grains [12]. It will substantially
decrease the value of the magnetization.

The purpose of this study was to use several
experimental techniques to define the relationship
between the optimized annealing conditions and
metallurgical transformations, also the microstructure
change due to annealing in the NdFeB grains and grain
boundary phase. The test samples were prepared by
several annealing conditions at various temperatures.
The magnetic properties were then measured and
analyzed by Permagraph, X-Ray Diffraction (XRD), and
(SEM)-Energy-
Dispersive X-ray Spectroscopy (EDS) observations.

Scanning  Electron = Microscope
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m EXPERIMENTAL SECTION
Materials

The material used in this experiment was a
commercial NdFeB-type permanent magnet sample that
has an initial coercivity of 13.7 kOe, which compositions
are listed in Table 1.

Instrumentation

SANTE-High
Temperature Vacuum Tube Furnace, Lab made grinding

Instruments  used  included
and polishing machine, Permagraph Magnet Physik,
JEOL SEM machine type JSM6360LA, and Maxima XRD

machine.
Procedure

The un-magnetized samples were cut to the
dimension of 12 x 12 x 5 mm and then put into the argon-
filled vacuum heat treatment furnace. Afterward, they
were annealed using several annealing conditions and
various temperatures. The annealing temperature is set at
800, 850, 900, 950, 1000, and 1050 °C and held for 2 h.
Subsequently, the post-annealing temperature is set at
500 °C, also held for 2 h. The heat treatment cycle of this
research is shown in Fig. 1.

The value of magnetic coercivity is obtained by
permagraph observation, which measures the reverse
magnetic field that is applied to the sample, which
changes the magnetized sample into fully demagnetized.
Meanwhile, the chemical composition and metallurgical
transformations appearing in the grains and grain
boundary of the RE;Fe;4B magnetic phase are observed by
X-Ray Diffraction (XRD) and Scanning Electron

a00, 850, 500, 950, 1000, 1050

AT

Vac. (2 = 10-= mbar)

Temperature (*C)

120
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Microscope (SEM)/Energy-Dispersive X-ray

Spectroscopy (EDS).
m  RESULTS AND DISCUSSION
Permagraph Result Analysis

NdFeB-phase is the main element of the magnetic
force in the NdFeB-type permanent magnet. The
amount of NdFeB is related to high coercivity. The more
of NdFeB contained, the higher coercivity is achieved.
The presence of NdFeB-phase can be produced by
casting NdFeB alloy. However, not all the elements are
combined to developed NdFeB-phase by casting only;
many of them are spread out become a-Fe, Nd Rich, FeB,
and so on. The Heat treatment for NdFeB-type
permanent magnet is one of the processes that can be
conducted to recombine the spread out elements into
developing new NdFeB-phases.

The permagraph result shows that magnetic
coercivity is increased after the heat treatment process.
It is noticed that the highest coercivity (19 kOe) is
achieved at 850 °C of annealing temperature [13].
Afterward, the coercivity is gradually decreased when
the temperature is increased, but still higher than the
initial coercivity, shown in Fig. 2.

Table 1. Composition of commercial NdFeB-type
permanent magnet for the experiment

No. Element wt (%)
1 Nd (Neodymium) 28.07
2 Fe (Iron) 70.2
3 B (Boron) 1.1
4 Nb (Niobium) 0.3
5 Ga (Gallium) 0.33
500
wac. (2 = 10-= mbar) -%’r,a&
)
i 120 Time tmi-rl.]

Fig 1. Variable of time and temperature for heat treatment process
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Coercivity (kOe)

12 L 1 1 L L L

75D 500 850 a0 950 1000 1080 1100
Annealing Temperature (*C)

Fig 2. The change of coercivity at increased annealing

temperature

The selected temperatures for the characterization
of this research in the microstructure phase by XRD and
microstructure composition by SEM from samples after
heat treatment are at 850, 900, and 1050 °C are conducted
and analyzed. The temperatures 850 and 1050 °C are
selected because they show the highest and lowest
coercivity, respectively. The 900 °C annealing temperature
presents a condition where the coercivity is starting to
decrease. The annealing condition at 800, 950, and 1000 °C
are not being analyzed any further since 800 °C is already
represented by initial coercivity, which is before optimum
temperature. The 850 °C annealing condition is very
important, because at this temperature, the coercivity is at
the maximum value. Because the decrease of coercivity is
already started at 900 °C, after optimum condition at
850 °C, the 950 °C annealing condition will not be
significant anymore. The 1050 °C annealing condition,
where the coercivity is the lowest, has a significant
difference in the data compare to 1000 °C. By having data
at optimum condition (850 °C), before optimum condition

(initial), and after optimum condition (900 and 1050 °C),
the discussion is compact and comprehensive.

Annealing temperature and annealing time are the
crucial parameters for controlling grain development.
The crystallizations are depending on the composition
[14]. With quick annealing tempering of 60 s at 500 °C,
it is conceivable to get the grain sizes of 50 nm and a
coercive field Hc up to 20 kOe [15].

XRD Result Analysis

The XRD results in Fig. 3 show a phase-change in
the samples after the heat treatment process. At 850 °C,
which is the optimum temperature for coercivity
enhancement, contain the highest amount of NdFeB-
phase [16]. A compelling way to extend coercivity is to
decrease the grain size underneath the single domain
particle size. This can be frequently found in NdFeB
layers, where the size is indeed more significant than the
lateral grain size [17]. The switchover of coupling
between neighboring grains leads to the interaction for
each domain. For the most part, the domain walls will
take after the grain boundaries, illustrating their pinning
impact. In this manner, the coercivity enhancement
follows the decline of grain size and the magnetically
decouple of the closest grains.

From the XRD analysis result, it is described that
there are phase-changed in the samples after heat
treatment. The amount of NdFeB-phase is increased
after heat treatment at 850 °C. However, when the heat
treatment temperature is set at a higher temperature
(900, 1050 °C), the coercivity is decreased due to the
decomposition of the NdFeB-phase. Table 2 shows the
change of coercivity value because of the NdFeB-phase
composition amount.

In Nd-Fe-B sintered magnets, there are several
secondary phases, such as a-Fe, NdFe (Nd-rich), FeB, and

Table 2. The relation between phase composition and coercivity

Phase composition (%)

Coercivity samples

Samples

Fe Nd NdFe FeB FeB (kOe)
Initial 2.1 0.3 5.2 92.3 0.1 13.7
850 °C 25.2 3.1 14.5 13.2 44 19
900 °C 5.5 0.6 9.8 76.7 7.4 17.5
1050 °C 21.5 0 73.1 3.7 1.6 14.5
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Fig 3. Phase-change at samples after heat treatment process by XRD

Initial

SEM

EDS

1050 °C

Fig 4. Microstructure of samples after heat treatment by SEM

oxides [18]. At the 850 °C annealing temperature, those
secondary phase compositions are transformed into new
NdFeB-phase. These cause an increase of coercivity due
to the increased annealing temperature.

SEM-EDS Result Analysis

The SEM observation results of samples after heat
treatment are shown in Fig. 4. The images point to a grey
and white area. The grey area represents the NdFeB grain,
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and the white area represents grain boundaries [19-20].
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The white area is representing the grain boundaries.

The EDS results show that the composition in the  The lowest Fe content (12.22%) in the grain boundaries
grey area and white area. Fig. 5 shows the composition  is observed at 850 °C, as shown in Table 3. When the Fe
content of the grey area and white area, where the rare-  content is low, the grain will be considered as
earth and Fe composition are shown in Table 3. magnetically separated (magnetic decoupling) that gives
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Fig 5. Composition of white and grey area in the sample after heat treatment by EDS
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Fig 5. Composition of white and grey area in the sample after heat treatment by EDS (Continued)

Table 3. Composition of Rare-Earth (RE) and Fe in white and grey area of the sample after heat treatment by EDS

Composition (%)

Area Color Initial 850 °C 900 °C 1050 °C
RE Fe RE Fe RE Fe RE Fe
White 58.39 33.02 71.38 12.22 55.15 37.39 5696 24.24
Grey 29.98 63.6 24.2 68.66 23.8 67.77 24.13 67.74
Coercivity (kOe) 13.7 17.5 14.5

high coercivity. On the other hand, when the Fe content
in the white area is high (37.39% at 900 °C), the coercivity
is lower. These can be explained as Fe has high magnetic
conductivity (ferromagnetic) [21]. If the grain boundaries
have high Fe content, then the neighboring grains will be
considered as one big grain that causes low coercivity.

Paramagnetic component addition, such as RE
(Rare-Earth), in this case, neodymium in NdFeB, creates
a neodymium-rich intergranular paramagnetic stage that
decouples the ferromagnetic NdFeB grains. The decoupling
avoids the nucleation initiated by the closest grains and
heighten the coercivity. The highest RE content (71.38%)
in the grain boundaries is observed at 850 °C, as shown in
Table 3. When the RE content is high, then the grain will
be considered as magnetically separated (magnetic
decoupling) that gives high coercivity. However, the grain
size will shrink, and the energy production can be
achieved effectively with neodymium concentrations
higher than the stoichiometric composition [22].

A previous study in manipulating grain boundaries
[23] shows that the continuous grain boundaries are
developed after annealing, which causes the increase of
magnetic coercivity for the NdFeB-type permanent
magnet. Our study result compliments their data by
defining the continuous grain boundaries crystal phase
where the RE or Fe content in the grain boundaries gives
a significant effect to coercivity value, as shown in Table
3. Further study is needed to determine the homogeneity
of the metal distribution in the sample by Electron Probe
Micro Analyzer (EPMA), despite localize measurement
from EDS.

m CONCLUSION

From the experiments, it shows clearly that the
coercivity enhancement of NdFeB type permanent
magnet by heat treatment process is due to the
increasing amount of NdFeB-phase in the grain and the
magnetically separation between the neighboring grains.
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This result gives the necessary information for any effort
in increasing the magnetic properties of NdFeB-type
permanent magnet.
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Abstract: Small-angle X-ray scattering (SAXS) experiments were set up to investigate
the form and structure of Fe;0, magnetic nanoparticles (MNPs) using BL1.3:SAXS at the
Synchrotron Light Research Institute (SLRI) of Thailand in the range of scattering vector
g 0.7 < q (nm™) < 4. The scattering data from samples, background, and empty cells were
collected and then subtracted using small-angle X-ray scattering image tool (SAXSIT)
software. The analysis of the corrected scattering patterns for four different pH, i.e., 2, 3,
4, and 5, has been revealed by applying log-normal spherical and mass fractal models
calculation. The results showed that the SAXS measurement could investigate the
hierarchical structures of MINPs Fe;O4 containing primary and secondary particles. The
two-dimensional fractal (Dy) aggregates as secondary particles (in volume) have various
sizes ranging from 21 to 103 nm in diameter, confirming the correlation to their pH. Those
structures consist of primary particles with a mean length of 2 nm in radius and the
particle size distribution (o) of 0.5.

Keywords: magnetic nanoparticles FesOy ferrofluids; small-angle scattering; X-ray

synchrotron; nanostructures; hierarchical structure

m INTRODUCTION

Ferrofluids are highly stable colloidal systems
containing magnetic nanoparticles (MNPs) Fe;O4, which
can be physically controlled using external magnetic
fields. The study of ferrofluids has progressed in recent
years due to many possible applications in the biomedical
field. As described in a review paper by Wu et al,
magnetic nanoparticles have been used for medical
applications such as drug delivery agents, biosensing, and
bioseparation [1]. However, due to the magnetic
properties of MNPs Fe;Os, they tend to form clusters or
aggregate in volume. The presence of aggregates and their
internal structure will strongly influence the properties of
MNPs. For example, the number of primary particles
forming aggregate can affect the strength of magnetic

interaction. The larger aggregate with more primary
particles and interaction with each of them will result in
strong magnetic properties [2]. Usually, the surface of
magnetic nanoparticles is altered to prevent interparticle
surface interactions [3].

As a fundamental understanding, the importance
of the aggregation and the properties of the hierarchical
structure of MNPs Fe;O, becomes a crucial matter that
must be explored further due to its effects on magnetic
properties and applications. Rodriquez et al. [4] and
Sulungbudi et al. [5] have measured magnetic
nanoparticles' structure using dynamic light scattering
(DLS) and transmission electron microscopy (TEM). By
comparing the size that was measured using DLS and
TEM, they pointed out that the particles formed
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aggregates. However, in the case of aggregate structures,
both of the measurements simply give the information
about the overall size of aggregates and could not provide
the information about the size of each primary particles
that formed aggregate to reveal its hierarchical structure.
Therefore, it is necessary to employ the other techniques
that could show the hierarchical structure of MNPs Fe;O,
to obtain a deep understanding of the aggregation
mechanism.

Small-angle scattering (SAS), including X-ray
(SAXS) and neutron (SANS), is a powerful technique to
investigate size disorders of material structures, ranging
from 1 to 100 nm. Detailed
nanostructures such as aggregate phenomena, fractal

information of the

structure, and dimensions of MNPs Fe;O, as well as its
hierarchical structures can be obtained through this
technique [6-7].

Previously, the study of fractal aggregates of MNPs
using the small-angle scattering technique has been
undertaken by many researchers. Taufiq et al. [8] and
Putra et al. [9] reported the measurement of MNPs Fe;O4
using small-angle neutron scattering (SANS). They
pointed out by using two model combinations that the
hierarchical structure could be measured. In this case,
SAS measurement's vital process is how to cultivate and
acquire the valuable information from scattering data that
is usually carried out through fitting analysis. However,
the two previous works still briefly explain the detailed
analysis, including each step for the analysis process and
the meaning for each obtained parameter.

In this work, a series of MNPs Fe;O, was prepared
via co-precipitation method as a pH function and then
characterized using SAXS instrument. The established
data analysis was applied to cultivate the scattering data to
understand better and explain aggregation phenomena,
fractal structure, and hierarchy structure.

m EXPERIMENTAL SECTION
Sample Preparation

(MPNs) Fe;04
synthesized by co-precipitation method at Center for
Science and Technology of Advanced Materials, BATAN-
Indonesia. A detailed explanation about the synthesis

Magnetic nanoparticles were

Indones. I. Chem., 2021, 21 (3), 635 - 643

process has been published in previous work [5]. The
SAXS measurement was carried out at room temperature
using a liquid cell with an aperture of 4 x 10 mm and
thickness of 1.5 mm for each sample. The samples'
1 mg/mL with different pH
conditions, i.e. 2, 3, 4, and 5.

concentration was

Small Angle X-ray Scattering (SAXS) Measurement

The SAXS experiments were performed at BL 1.3:
SAXS at SLRI, Thailand. A 2-dimensional charge-
coupled device (CCD, Rayonix SX165, LX170HS)
detector with a diameter of 165 mm was put 1.5 m and
4.5 m away from the sample. The 1.5 m and 4.5 m setups
provided g range of 0.07 < q (nm™") < 0.4 with q = (4n/\)
sin 0, where 0 is the scattering angle, and A\ is the
wavelength of the incident beam.

Scattering intensities of each sample were
subtracted from the empty cell and the solvent
backgrounds (pure H,O) using data reduction software,
SAXSIT [10]. The corrected scattering intensity data
were normalized and then fitted with a combination of
two models calculation, log-normal spherical and mass

fractal models using data analysis software, SASfit [11].
Data Analysis

Data import

Analyze standard. Analyze Standard using SAXSIT
software is carried out for calibration of SAXS
measurement called q-range calibration using silver
behenate crystal as a standard. The crystal has several
peaks that give the same d-spacing structure of 5.838
nm. There are two parameters needed to determine i.e.,
sample detector distance (SDD) or L and the distance
between the direct beam and scattering ring or D to
calibrate the q-range [10].
Data reduction. The
intensities were normalized using the background

2-dimensional scattering
substraction process to reduce the cell's scattering effect
and the solvent backgrounds during experiments.
Afterward, the scattering profile is calculated to radially
averaged from the 2-dimensional pattern to q into the 1-
dimensional pattern, consisting of two parameters,
intensity I(q) and scattering vector q. While the intensity
is obtained from the measurement, the scattering vector
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is resulted from the calculation using parameters D and L,
the distance between the direct beam to scattering ring,
and sample detector distance (SDD), respectively,
through q-calibration, Eq. (1),

=tan"! 2
0=t [Lj (1)

Then, the scattering vector (q) is found from Eq. (2) [12],

q=4—;sin9 (2)

Model fitting

The main aim of the SASfit program is to adjust the
fitting model calculation to the scattering pattern of the
sample. The fitting process is carried out to obtain the
high suitability between the intensity of the Im.a(q) or
theoretical and the intensity of the L.(q) or experiment.

The scattering intensity I(q) from all samples as a
function of scattering vector was calculated using Eq. (3),
I(q) S(q)-P(q) (3)
where S(q) is the structure factor that, in this case,
explains the aggregate structures, and P(q) is the form
factor that explains the size and shape of primary
particles. The simplest form model, the sphere, was used
to investigate particle morphology. In contrast, a log-
normal distribution model was applied due to the MNP's
tendency to form aggregate and had broad distribution.
Hence, a log-normal spherical model as a form factor
calculation, which is a good approximation to start the
calculation, was applied to fit the experimental data. The
scattering function for the sphere particle with radius r is
calculated with the Eq. (4),
P(q) = OV, Ap"F(qry)* () (4)
where P(q) is form factor, ¢ is volume fraction, Ap is
scattering length density difference. With the particle
volume (V) = (4/3) nrg , the spherical form factor is given
by,
F(qry) = 3[sin(qry) - qrg cos(qry)] )

(qR)

The term of f(r) in Eq. (4) could be explained with

the Eq. (6),

f(r)= iiexp(
Cin 1P

Where

Lz(ln r—lInr, . ) ) (6)
20
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2
_ c
CiN = 27trrlnelzi exp[(l -p)? 7} (7)

In the global fitting, besides the log-normal

spherical model, the fractal model as structure factor was
also applied to explain the interaction between the
MNPs or, in this case, called fractal aggregate. Therefore,
the scattering intensity can be expressed as [13],
I(q) ZJN(YO)FZ (qry)dryS(q, &, Dy 1) (8)
where N, F(q,10) and S(q, &,Ds, 10) are the number density
of the particles, the scattering amplitude, and the
structure factor. The characteristics of the structure
factor of the samples are given in the following equation,
D¢I'(Dg —1)

S(q)=1+ (D;-1)2

(ar0)™ [141/(q0)? )

X sin[(Df —l)tan_1 (q&)
where I' is the gamma function, D is the fractal
dimensions, and & is correlation length or the size of
fractal an aggregate.

The best fit corresponds to the minimum residuum
and chi-square values. These values show the difference
between theoretical calculation and experimental fits,
which are the fit parameters' estimates. The best-fitting
results can be seen from the residuum not oscillating,
and the data spread evenly. This indicates that there is
high suitability between the model calculation and
experimental data.

m  RESULTS AND DISCUSSION

The corrected scattering intensity data were
obtained by subtraction of each raw data sample using
the SAXSIT program. The process was carried out to
subtract the scattering intensities to get scattering from
particles only, see Fig. 1(a).

Furthermore, Fig. 1(b) shows the final result of the
data reduction process where a 1-dimensional plot is
radially averaged intensity as a function of scattering
vector q from the 2-dimensional pattern. Thus, this
pattern will be used for further analysis using SASfit.

According to Fig. 2, the scattering pattern at the
first region at large-q values shows the characteristic of
the interference between the scattering object and the

Gea Fitria et al.



638

’ - o

émﬁy;aﬂ Backgrour{d Sample

o] Wy —5— Empty cell
g —&= Background
—&— Sample

ginm ‘]

Indones. I. Chem., 2021, 21 (3), 635 - 643

|
0.1

2 3 i § B ¥
N -1
qinm )

T T
7 8 @9

Fig 1. (a) Small-angle scattering pattern of the three measurements (2-dimensional and 1-dimensional patterns),

namely empty cell, background, and sample (b) The corrected 1-dimensional scattering pattern

solvent. This region is called the Porod zone, which means
that the primary particles' scattering intensity decreases
following a power law of 1(q) ~ q* In this region, the
scattering pattern is started at the high to intermediate g
region as S(q) = 1. Then the size of the primary particles
and polydispersity of the primary particles can be
determined. The existence of particles with broad size
distribution can be confirmed by the absence of an
oscillatory behavior on the scattering curve.

The second region in Fig. 2 defined for intermediate
to the low-q range with the data as I(q) = S(q). The
nonlinearity at the low-q range can be caused by the
interference effects with the neighboring particles. The
slope in the low g range appeared, indicating the particles'

10+ —
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10 =

la)

10-7 =

10-=

aggregation effect, and the Guiner behavior does not
occur. This effect makes larger particles that are
measured by the SAXS technique. This showed that
many spherical particles as primary particles formed
aggregates or fractal objects as secondary particles. In
this region, the scattering intensity falls, following a
power law of I(q) ~ qPf and the size of aggregate can be
determined [12]. The correlation of particles formed
aggregate within the system occurred due to the large
surface and the magnetic forces and the ionic force.
Both of the two regions are fitted separately with a
combination of two models calculation to obtain the best
fitting results and parameters fitting in the two regions.
These two models are determined based on the direct

89 z 2
4
1

L L] L) 1 L]
5 6 7889
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Fig 2. Different phenomenon is measured based on scattering pattern (1) First region at high-q values (2) Second

region at low-q values
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analysis of scattering patterns and literature such as
previous papers to acquire the initial assumptions about
the MNPs. Moreover, other techniques such as dynamic
light scattering (DLS) were also applied to make initial
assumptions and ensure the fitting results.

The first assumption that can be applied through
model fitting is correlated particles to get the suitable
structural information. Fig. 3(a) shows the fitting process
by following the log-normal sphere model calculation for
the first region. According to the fitting process result, a
mean primary radius is 2 nm with the polydispersity 0.5.
Fig. 3(b) shows the fitting process's result through the
mass fractal model calculation for the second region, and
the primary particles were assumed in a spherical shape
and monodisperse. The size of fractal objects or aggregates
is about 21 nm to 103 nm as the variation of pH.

Fig. 4 shows the scattering pattern in all samples'
log-log plot; the black dash line shows that the scattering

639

is close to q~* behavior as a slope -2 in agreement at low
q region or q < 0.03 nm™. This means that the fractal
objects had a two-dimensional structure in the range of
1.9<Dr<2.1.

The combination of two theoretical models
resulted in the best-fitted data and also proved that
Porod law (high to intermediate q range) and power-law
scattering (intermediate to low q range) are appearing
for all the pH variation. With increasing the pH, the
existence of primary particles and aggregates are always
detected. From the fitting results through the mass
fractal model, the size of aggregates is 21 nm, 24 nm,
33 nm, and 103 nm in diameter for the pH of 2, 3, 4, and
5, respectively.

The results from DLS measurement that confirmed
SAXS measurement are hydrodynamic diameter (du) as
the overall diameter of MNPs Fe;O, aggregates, see
Table 1.

Iy, .
104 < - experimental data
—— model calculation
(a)
10-5 =
=105 -
10-7 o
10-=
i o
' o :-
ééﬂ'1 3 o3 ééé%éé; F a4
: g (nm-1)
104 < experimental data
= model calculation
10-5 o
T 10-E =

6789
q {nm-1)

£n 4

I
1

Fig 3. Fitting process of SAXS profiles of ferrofluid sample fitted with two model calculations (a) log-normal sphere
model at high to intermediate q region and (b) mass fractal model at intermediate to low q region

Gea Fitria et al.



640

experimental data
4 = model calculation
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Fig 4. One dimensional SAXS profile of MNPs Fe;O, as a
function of pH fitted by combining two model

calculations in a different region, log-normal sphere and

8

=L
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Table 1. The particle diameter of magnetic nanoparticles
with pH variation, Hydrodynamic diameters (du, nm),
size of fractal aggregate (§, nm)

pH Size (nm) pdl
samples du 3

2 21 21 0.2

3 25 24 0.2

4 35 33 0.3

5 165 103 0.6

The DLS result confirms the appearance of
aggregates measured using the SAXS technique, then the
presumption of hierarchical structures of MNPs Fe;O4
can be verified. Even though the primary particles of
aggregates could not be investigated through DLS
measurement, the value of du can be employed to be
compared with the value of £ from SAXS measurement.

Based on Derjaguin, Landau, Verwey, Overbeek
(DLVO) theory, stability or instability of charged colloidal
systems is influenced by competition between London-

Indones. I. Chem., 2021, 21 (3), 635 - 643

van der Waals forces of attraction and electrostatic forces
of repulsion [14]. Due to the oxidation state of a metal
oxide, iron oxide can form an amphoteric oxide with a
pH-dependent surface [15]. This characteristic makes
iron oxide's surface become positive in the acidic
condition or at low pH and negative in the basic condition
or at high pH. Theoretically, in an aqueous solution, iron
oxide's surface properties will be altered to form surface
hydroxyl groups (Fe-OH sites). Under this condition,
the proton transfer could occur with surface protonation
(Fe —OH + H* & Fe — OHZ) and deprotonation (Fe —
OH & Fe — 0~ + H*) [16]. Therefore, at the low pH
condition, the surface of iron oxide particles was positive
charged due to protonation reaction (Fe — OH3). The
surface charge will generate electrostatic forces of
repulsion and decrease the aggregation of particles.

As the result of SAXS measurement, we found that
the hierarchical structure of fractal aggregate reflected
the aggregation phenomenon as the function of pH
solution. The increasing of pH solution will increase the
fractal size, which means that the amphoteric surface of
MNPs Fe;O,4can control the aggregation of particles.

Table 1 shows the pH-dependent of iron oxide
influence the aggregation particles. At pH 2, the
measurement using DLS technique resulted in du ca.
21 nm, while the SAXS measurement resulted £ ca.
21 nm. These sizes increase with the increase of pH until
pH 5 with dy ca. 165 nm and § ca. 103 nm. This
condition proved that the surface charge particles
become stronger at low pH, and the electrostatic
repulsion forces become higher. These phenomena will
decrease the aggregation of particles and formed smaller
size of aggregates. The surface charge and electrostatic
stability reach a minimum point at isoelectric point or
point of zero charges (PZC) with pH = PZC = 7.4. If the
pH is closer to the PZC, so the tendency of magnetic
nanoparticles forming the aggregate is higher [16].

The existence of a larger aggregate size at a higher
pH value can be explained as the charge neutralization
phenomenon [17-18]. As explained before, the MNPs
Fe;0, are highly positively charged in low pH, and with
the increasing of pH the positive charge will decrease
until the point of zero charges. The positive charge on
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particles' surface will enhance the electrostatic forces of
repulsion among particles and decrease the aggregation.
While the increase of the pH solution will reduce the
positive charge, and as a result, the aggregate will become
larger due to the decreasing of electrostatic forces of
repulsion among the particles.

Concerning aggregation, there is a correlation
between polydispersity and aggregation particles.
Aggregation alters the magnetic nanoparticle's size
distribution. The increasing aggregation effect on
magnetic nanoparticles will increase particles' size
distribution, which can be seen as log-normal distribution
on scattering data analysis.

The standard deviation of particle size distribution
gives important information about the width of the
distribution.  Log-normal  distribution has an
asymmetrical curve, skewed with low mean values,
variances large and positive values, see Fig. 5. Generally,
distribution appears with a symmetrical curve called
normal distribution, which can easily be characterized
and described by additive calculation of mean and
standard deviation. On the other hand, the log-normal
distribution has a different kind of calculation called
multiplicative, which is the log-transformed variable
mean and standard deviation model.

Galton has described particle distribution range
with multiplying and dividing (*/ or times/divide) [19].
Concerning this experimental result using log-normal
distribution, the range of particle size is 6.68*/3.16 or
2.11-21.10 nm.

The mechanism of aggregate formation influences
the dimension of fractal objects. The aggregates fractal
dimension determined in this work indicated that a
reaction-limited cluster aggregation (RLCA) mechanism
occurred in the magnetic nanoparticles system [20]. In
this mechanism, particles' collisions formed a more
compact aggregate due to the slow diffusion of particles
into the center of aggregate. A sheet-like aggregate would
have a fractal dimension closer to two.

The illustration model of aggregate fractal or
primary particles formed a building block is shown in Fig.
6. The two fractal dimensions indicate correlations
between points on each particle forming a single cluster.

Median p* = 6.68
Multiplicative standard deviation o = 3.16

N(R)pow(R,3)

R {nm}
Fig 5. Log-normal distribution fitted to the experimental
data ferrofluids

Fig 6. The illustration model presenting fractal objects

of magnetic nanoparticle

The single cluster then interacted with each other to
form a 2-dimensional fractal aggregate with a sheet-like
structure.

Moreover, as the overall result of this experiment,
it can be confirmed that the hierarchical structures of
materials can be investigated using the SAXS technique.
In contrast, DLS measurement is not able to provide
information related to those structures. The primary
particle with the size of 2 nm in a radius resulting from
SAXS measurement is important information to be
investigated. The other techniques measure the overall
aggregate size.
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m CONCLUSION

The structure of a series of magnetic nanoparticles
Fe;O, or ferrofluid as pH variation has been successfully
characterized using Small Angle X-ray Scattering (SAXS).
The fitting analysis of the scattering pattern of ferrofluids
was conducted by applying global fitting with the
combination of a log-normal sphere and mass fractal
models. It confirmed that the hierarchical structures
containing primary particles and fractal aggregate of
MNP Fe;O; can be
measurement. The aggregates have a similar particle size

investigated using SAXS

of 2 nm in radius with the particle size distribution of 0.5
for all the pH variations, then the size of fractal aggregate
from ca. 21 nm to 103 nm in diameter for the pH of 2, 3,
4 and 5, respectively. The log-normal sphere and the mass
fractal model calculations have high suitability fitted to
SAXS data of ferrofluids

m ACKNOWLEDGMENTS

This work was supported partially by the
Synchrotron Light Research Institute of Thailand (SLRI-
Thailand) and the Centre for Science and Technology of
Advanced Materials—BATAN. The authors were also
appreciative of the Polytechnic Institute of Nuclear
Technology for providing a research grant Reg. No.
69/STTN/V1/2018 to support this work.

m REFERENCES

[1] Wu, Y., Yang, X, Yi, X, Liu, Y., Chen, Y., Liu, G., and
Li, R., 2015, Magnetic nanoparticles for biomedicine
applications, J.
Nanobiotechnol., 2, 003.

[2] Engelmann, U., Buhl, E.M., Baumann, M., Schmitz-
Rode, T., and Slabu, I., 2017, Agglomeration of
magnetic nanoparticles and its effects on magnetic
hyperthermia, Curr. Dir. Biomed. Eng., 3 (2), 457-
460.

[3] Chu, X., Yu, J, and Hou, Y.L, 2015, Surface
modification of magnetic nanoparticles in
biomedicine, Chin. Phys. B, 24 (1), 014704.

[4] Rodriguez, A.F.R., Rocha, C.O., Piazza, R.D., dos
Santos, C.C., Morales, M.A,, Faria, F.S.E.D.V., Igbal,
M.Z., Barbosa, L., Chaves, Y.O., Mariuba, L.A,,

Nanotechnol. Nanomed.

Jafelicci, M., and Marques, R.F.C., 2018, Synthesis,
characterization, and applications of maghemite
beads functionalized with rabbit
Nanotechnology, 29 (36), 365701.

[5] Sulungbudi, G.T., Yuliani, Lubis, W.Z., Sugiarti, S.,
and Mujamilah, 2017, Controlled growth of iron
oxide magnetic nanoparticles via co-precipitation
method and NaNO; addition, JUSAMI, 18 (3), 136-
143.

[6] Anitas, E.M., 2015, Fractal fragmentation and small
angle scattering, J. Phys. Conf. Ser., 633, 012119.

[7] Anitas, E.M., 2017, “Small-angle scattering from
mass and surface fractals” in Complexity in
Biological and Physical Systems - Bifurcations,

and Fractals, Eds.
IntechOpen, London, United Kingdom.

[8] Taufig, A., Sunaryono, Hidayat, N., Hidayat, A.,
Putra, E.G.R,, Okazawa, A., Watanabe, 1., Kojima,
N., Pratapa, S., and Darminto, 2017, Studies on

antibodies,

Solitons Lopez-Ruiz, R.,

nanostructure and magnetic behaviors of Mn-
doped black iron oxide magnetic fluids synthesized
from iron sand, Nano, 12 (9), 1750110.

[9] Putra, E.G.R, Seong, B.S., Shin, E., Ikram, A., Ani,
S.A., and Darminto, 2010, Fractal structures on
Fe;O, ferrofluid: A small-angle neutron scattering
study, J. Phys. Conf. Ser., 247, 012028.

[10] Rugmai, S., and Soontaranon, S., 2013, Manual for
SAXS/WAXS data processing using SAXSIT,
https://www.slri.or.th/en/bl13w-saxs.html.

[11] Kohlbrecher, J., and Bressler, I, 2011, Software
package SASfit for fitting small-angle scattering
curve, Laboratory for Neutron Scattering, Paul
Scherrer Institut, Switzerland.

[12] Londofo, O.M., Tancredi, P., Rivas, P., Muraca, D.,
Socolovsky, L.M., and Knobel, M., 2018, “Small
angle X-ray scattering to analyze the morphological
properties of nanoparticulated systems, in
Handbook of Materials Characterization, Eds.
Sharma, S., Springer, Cham, Switzerland.

[13] Teixeira, J., 1988, Small-angle scattering by fractal
systems, J. Appl. Crystallogr., 21 (6), 781-785.

[14] Choi, Y.W., Lee, H., Song, Y., and Sohn, D., 2015,
Colloidal stability of iron oxide nanoparticles with

Gea Fitria et al.



Indones. I. Chem., 2021, 21 (3), 635 - 643 643

multivalent polymer surfactants, J. Colloid Interface
Sci., 443, 8-12.

[15] Meng, X., Ryu, J., Kim, B., and Ko, S., 2016,
Application of iron oxide as a pH-dependent
indicator for improving the nutritional quality, Clin.
Nutr. Res., 5 (3), 172-179.

[16] Pfeiffer, C., Rehbock, C., Hithn, D., Carrillo-Carrion,
C., de Aberasturi, D.]., Merk, V., Barcikowski, S., and
Parak, W.., 2014,
nanoparticles with their local environment: The

Interaction of colloidal
(ionic) nanoenvironment around nanoparticles is
different from bulk and determines the physico-
chemical properties of nanoparticles, J. R Soc.
Interface, 11 (96), 20130931.

[17] Cruz, D., Pimentel, M., Russo, A., and Cabral, W.,
2020, Charge neutralization mechanism efficiency in
water with high color turbidity ratio using
aluminium sulfate and flocculation Index, Water, 12

(2),572.

[18] Vereda, F., Martin-Molina, A., Hidalgo-Alvarez, R.,
and Quesada-Pérez, M., 2015, Specific ion effects on
the electrokinetic properties of iron oxide
nanoparticles: Experiments and simulations, Phys.
Chem. Chem. Phys., 17 (26), 17069-17078.

[19] Limpert, E., Stahel, W.A., and Abbt, M., 2001, Log-
normal distributions across the sciences: Keys and
clues: On the charms of statistics, and how
mechanical models resembling gambling machines
offer alink to a handy way to characterize log-normal
distributions, which can provide deeper insight into
variability and probability—normal or log-normal:
That is the question, BioScience, 51 (5), 341-352.

[20] Jungblut, S., Joswig, J.O., and Eychmiiller, A., 2019,
Diffusion- and reaction-limited cluster aggregation
revisited, Phys. Chem. Chem. Phys., 21 (10), 5723-

5729.

Gea Fitria et al.



644

Indones. I. Chem., 2021, 21 (3), 644 - 650

Modeling and Thermodynamic Values of Complex Equilibrium of Cobalt(ll)
with Diethylenetriaminepentaacetic Acid in Aqueous Solution

Ghusoon Faidhi Hameed', Fawzi Yahya Wadday*, and Nahla Shakir Salman’

'Department of Chemistry, Faculty of Education, Al-Qadisiyah University, Al-Qadisiyah, Iraq

*Department of Chemistry, Faculty of Science, Kufa University, Al-Najaf, Iraq

* Corresponding author:

tel: +964-7811443061
email: Fawzi.almuwashi@uokufa.edu.iq

Received: August 31, 2020
Accepted: October 26, 2020

DOI: 10.22146/ijc.59169

Abstract: The paper reports the study of the complex formation of cobalt (1) with
diethylenetriaminepentaacetic acid (DTPA, HsL) based on spectrophotometric (SF) and
potentiometric data (pH). Complexes of different compositions were found, and
equilibrium constants, as well as the stability constants of these complexes, were
determined. Accumulation of complexes in proportion is calculated based on the acidity
of the medium. The experimental data have been carried out by using mathematical
models to assess the solution’s possible existence with a wide spectrum of complex
particles and to point out those which are quite sufficient to copy the experimental data.
In addition, thermodynamic parameters (AG®, AH®, and AS°) for the studying complexes
were calculated according to the values of stability constant (Ksr) at 25 °C obtained from

the temperature dependence of stability constant by using van’t Hoff equation.

Keywords: cobalt; stability constants; spectrophotometer; potentiometer

m INTRODUCTION

It is known that DTPA, being an octadentate
pentabasic ligand, forms stable water-soluble complexes
with many metal cations including cobalt(II). These
complexes are widely used in various fields of science,
technology, agriculture, and medicine [1-2]. It is known
that all animal and plant organisms need trace elements.
The latter should be introduced into living organisms in a
biologically active form, easily transported and absorbed.
The use of inorganic metal salts for these purposes is
ineffective. The most promising substances in this regard
are biologically active complexes, especially, DTPA. The
introduction of metal complexes into the soil contributes
not only to an increase in micronutrient fertilizers but also
to their mobility. Some metal complexes with DTPA
contribute to the growth and productivity of crops and
increase the yield and quality of potato tubers. Iron
complexonate with DTPA is a useful tool in the fight
against plant chlorosis. Some of the biochemical-
complexes are used in animal husbandry and the food
industry [3-5]. In medicine, metal complexes can play the
role of antidotes, regulators of mineral metabolism, as

anticancer and antiviral, antimicrobial, and diagnostic
drugs [6-8]. It should be noted that the cumulative
properties of complexions and their complexes are very
weakly expressed. Accumulation coefficients indicate a
low potential risk of developing chronic poisoning with
these drugs.

Cobalt, on the other hand, is a biologically active
metal. Excessive "technogenic" intake of this metal in the
body has a toxic effect on metabolism and has a
carcinogenic effect on the cell [9]. The widespread use of
cobalt and DTPA salts necessitates a detailed study of
equilibrium in the Co(II)-DTPA system. In the previous
studies, cobalt and DTPA complexes have been widely
used in agriculture and medicine, the researchers used
spectrophotometer measurements and did not use
voltage measurements data and programs while the
thermodynamic values of the complexes were not
calculated [3], thus it is necessary to be studied in more
detail. In our current study, the equilibrium constants
were measured based on spectrophotometer (SF) and
voltage data (pH), and the stability constants of these
complexes are determined by using mathematical
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modeling and also calculated the thermodynamic
parameters (AG®, AH® and AS°®) for complexes.

The thermodynamic parameters represented by
standard free energy change where values of stability
constants can be expressed in terms of free energy or
standard Gibbs (AG®) [10-12], as in Eq. (1):

AG®°=RT InK,, (1)
Standard enthalpy change AH® of equilibrium constant
can be determined from Eq. (2) as follows [12-14]:

InK.q =—AH°/RT + constant (2)

The standard entropy change AS° for each compound was
calculated by using the following Eq. (3) [12-16]:
AG® = AH® — TAS® (3)

m EXPERIMENTAL SECTION
Materials

The chemical reagents used in this research were
diethylenetriaminepentaacetic (DTPA, CisH2N;0y),
potassium hydroxide (KOH), sodium hydroxide (NaOH),
sodium nitrate (NaNOs), hydrochloric acid (HCI fuming
37%), cobaltous sulfate heptahydrate (CoSO.-7H,O) were
purchased from Sigma-Aldrich, Merck (Germany and
British). All reagents were used without further purification.

Instrumentation

Instruments used in this research were
Spectrophotometer SF-2000 No. 03 11 1120 00 (Russia),
pH Meter PW 9421 Philips (England), Electric Balance +
0.0001g L420 B Sartorius (Germany), and Distillate Water
Lab Tech (Korea).

Procedure

The complex solution was prepared by dissolving
3.929 g from a reagent grade DTPA in 250 mL distilled
water. The solution that concentration 0.04 M of DTPA
was clarified by pH-metric titration with a standard
solution of 0.1 M KOH. A 0.04 M cobalt(II) solution was
prepared by dissolved 2.808 g of CoSO,7H:O salt in
250 mL of distilled water. Then Co?* ions were standardized
by redox metric titration with a DTPA solution. The
necessary acidity of the medium was supported by 0.1 M
for both HCl and NaOH solutions. A constant ionic
strength (I = 0.1 M) was created with NaNO; solution.

The optical density of the solutions was measured
on an SF-2000 spectrophotometer using quartz cuvettes
with an absorbing layer length of 1 cm. The
concentration of hydrogen ions was measured on an I-
160 M ion meter (ES-10601/7 working electrode and
ESr-10101 reference electrode). The main absolute error
of pH measurement was £ 0.01. The redox potential
value was measured using a platinum electrode EPL-02.
All measurements were carried out at a temperature of
20 £ 2 °C. The calculation of equilibrium parameters in
the Co(II)-DTPA system was carried out using the
computer programs HypSpec (spectrophotometer) and
Hyperquad 2008 (potentiometer) [17-18].

m RESULTS AND DISCUSSION

To study the complexation process in the Co(II)-
DTPA system, the absorption spectra of solutions were
collected for various values of the acidity of the medium
(Fig. 1). A comparison of the obtained spectra with the
spectra of Co(II) solution shows that Co(II) complexes
with DTPA were already formed in a strongly acidic
medium (pH = 0.5-6.88). In DTPA's presence, the
absorption band of hydrated Co(II) ions at 350 nm
disappears while the optical density increases in the
region of 450-550 nm with a maximum at 506 nm.

To calculate the composition and stability of the
resulting Co(II) complexes with DTPA, the HypSpec
program was used. This program allows us to analyze the
experimental dependence of the optical density on pH
simultaneously for different wavelengths of 300-750 nm
in accordance with the selected complexation model.
For complexes of the molar composition Co(II):DTPA
= 1:1, Co(HiL)™* (i = 0-5) and Co(OH),L®"- (j = 0-1),
and also hydroxo complexes Co(OH) k,-k (k = 1-3), we
performed calculations for various compositional
models, including complexness. In the calculations, we
used fixed values of the DTPA dissociation constants,
previously determined by us by pH metric titration as
below. The total hydrolysis constants of Co (II) were taken
from the literature as (Ki = [Co(OH):][H*]/[Co*]:
pKiw = 9.7; pKaw = 9.1; pKsw = 12.7 (I = 0.1, t = 25 °C)
[19-20]. The HypSpec program allows modeling in
automatic mode by comparing the experimental and
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Fig 1. Absorption spectra of (a) Co (II) solution, and (b) Co(II)-DTPA complex. Ccoan = 1.6-x 10~ mol/L, Cprea =

2.4-x 102 mol/L

calculated spectra represented by the sum of the spectra
of all absorbing particles.

For Co(II)-DTPA system in the studied range of
medium acidity (0 < pH < 7), the minimum standard
deviation corresponds to a model that includes the
following particles: Co**, CoH,L", CoHL*, CoL’". The
calculated values of the total stability constants are
presented in Table 1. Fig. 2 shows a comparison of the
experimental and calculated optical density values (at
506 nm) for the established complexation model, which
shows their good agreement. At pH > 11, hydrolysis
proceeds in the system, and turbidity appears in the
solution.

Spectrophotometer method established complex
compounds of cobalt with DTPA at different ionic
strengths values; [CoH,L]* (Igpl=130.18, I = 0.1, 25 °C)

d, %,
035}

100 |
0.30 }
025}

0.20

0.15

0.10

[21], [CoL]* IgBl=I19.72, [CoHL]* lgpl=122.47,(I = 0,
20 °C) [22].

The diagram of the molar distribution of
complexes in the Co(II)-DTPA system (Fig. 2(b)) allows
us to compare the observed spectral changes with the
individual ~complexes

regions of existence of

characterized by the spectra shown in Fig. 3.

Table 1. Composition and stability constants of
complexes in the Co(II)-DTPA system

Complex lgP Terms, Method

CoH,L" 26.55 (+ 0.01) SF
25.38 (£ 0.04) pH

CoHL* 22.87 (£ 0.05) SF I=0.1 (NaNO:s),21°C
22.67 (+0.02) pH SF, pH

CoL* 18.39 (£ 0.10) SF
17.79 (+ 0.03) pH
(b)
2 4

0
1 3 5 7 9 11pH 1

3 5 7 9 11 pH

Fig 2. (a) Experimental and calculated dependences of optical density (A = 506 nm) and diagram of the molar
distribution of complexness. (b) Versus pH for the system Co(II)-DTPA, where Co(II) (1), CoH,L™ (2), CoHL* (3),
ColL?* (4), CCO(H) =1.6x 107 mol/L, Cprpa =24 X 1072 mol/L
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Three buffer regions are observed on the pH metric
DTPA titration curve (0 <a < 3;3 <a<4;a>4;a=degree
of titration) and one distinct jump at a = 3 (Fig. 4). In the
presence of Co(II) cations, a decrease in the pH of
solutions associated with complexation is observed. To
calculate the equilibrium in the Co(II)~-DTPA system, the
Hyperquad 2008 program was used, designed to process
various potentiometer data, including pH-metric ones.
Initially, the DTPA dissociation constants were calculated
from the DTPA titration curve (pK; = 2.2; pK, = 2.9; pK;
= 4.4; pK, = 8.7; pKs = 10.04), which were then used as
fixed values when calculating the composition and
stability of the resulting Co(II) complexes as depicted in
Table 1.

In the alkali medium, the oxidation of cobalt in the
main layers occurs much more slowly, the final product
of which is CoO(OH) or Co,05-H,O Fig. 4 [23]. In the
absence of oxidation, that is, without access to air, the blue
form (a-form) turns into pink (B-form). The unstable a-
form is distinguished, which is associated with its
organization of two-dimensional particles, which can be
considered as the initial structure of a hexagonal layered
lattice corresponding to a stable monomorphic B-form.
Particles of the a-form are characterized by smaller sizes
and a lower degree of perfection of the crystal lattice
compared to particles of the p-form.

The experimental and calculated titration curves
exhibited a good agreement with the entire pH range and
the complexes' corresponding distribution diagram as
shown in Fig 5. Compared with spectrophotometer
technique, the pH-metric method does not identify the
presence of the CoHsL complex in the system since its
existence region lies at lower pH values than those
studied. A potentiometer study shows that, at pH > 7, the
CoL* complex is formed in solution in the middle region
as shown in Fig. 5. The stability constants of complexes
established by both methods are reasonably close as given
in Table 1.

Thus, the work results show that, at Co (II)
concentrations in the range of 2 x 10*-2 x 10~ mol/L with
the excess of DTPA, only soluble complexes are formed in
the solution. The formation of insoluble polynuclear
complexes under these conditions is not observed. DTPA

647

is characterized by the formation of protonated
complexes with Co(II) already in a strongly acidic
medium. In the pH range close to neutral in solution,
there is an average CoL~ complexions, whose stability
(logP = 17-18) is only slightly inferior to the stability of
the Co(II)-EDTA*" complex (logp = 16.31) [24]. The
results obtained are consistent with some published data
(see Table 1). The high stability and wide pH range of
the existence of Co(II) complexes with DTPA are a
positive factor when using DTPA for various practical
purposes [3,17]. The strong binding of Co(II) cations
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A
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Y
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5
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Fig 3. The calculated absorption spectra of the
complexes Co(II) with DTPA for Co(II) (1), CoH,L™ (2),
CoHL* (3) and CoL* (4), Ccoan = Corpa = 1.62 x
10~ mol/L

pH

10

N
L] L) L] L]

0 L 1 1 1 1 1 J

0 1 2 3 4 5 6 a
Fig 4. Curves of pH-metric titration of DTPA and its

complex with Co(II) for DTPA (1), Cprpa = 2 x 107
mol/L and mixtures Co(II)-DTPA with the ratio 1:2 (2)
and 1:1 (3)
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under the action of DTPA allows the use of DTPA as a
stabilizer of peroxides in household detergents and
bleaches. Despite the lack of data on various forms of
DTPA in the environment, it can be assumed that a
significant proportion of DTPA in natural waters will be
in the form of complexes with Co(II) and other metals.
This photolysis leads to the degradation of DTPA in
nature.

From the dependence of K., on temperature (T), the
AH®, AS°) were
calculated. The values were summarized in Table 2 at 25 °C.

thermodynamic function (AG®,

The AG® values were obtained from the reaction of
complexes indicating a spontaneous reaction. The
positive values of AH° (endothermic reaction) were
obtained for complexes by using van’t Hoff equation.
Meanwhile, the AS° values indicate that complexes are
brought into being [25-27].

The positive value of AH® is the indicative of

4 5 6 7 8 9 pH

2
Fig 5. (a) Experimental and calculated pH-metric titrated curves, (b) The molar distribution diagram of complexes in
the Co(II) - DTPA system as a function of pH For Co (II) (1), CoH,L™ (2), CoHL* (3) and CoL* (4), Ccoy = Cprea =
2 x 107 mol/L

0 3

endothermic processes, and the formation of these
high
Meanwhile, the negative values of AG® indicate the

complexes is favored under temperature.
spontaneous process in each case. On the other hand, the
positive values of AS° indicate some randomness degree

during the formation presses.
CONCLUSION

Co(II) identified by
absorption spectroscopy, pH-meter, and computer-
assisted mathematical modeling in the Co(II)-DTPA
system. Complexation begins in strongly acidic media

complexes have been

and occurs in the range of ApH 0.5-6.2 for a 1:1 system.
On the other hand, in an alkaline medium in solutions
of Co(II) salts, hydrolysis processes are enhanced. In this
case, a blue precipitate first forms with increasing pH,
while the blue precipitate gradually turns to be purple
and finally in pink color.

Table 2. The values of a standard thermodynamic functions (AG®, AH®, AS®) of equilibrium constants for CoH,L",

CoHL* and CoL’" complexes in 25 °C

Complex 1gKeq AG°kJ mol™  AH°kJ mol?  AS°J mol* K™
CoH,L" 7.37 (£ 0.02) SF -4.948 16.606 39.120
6.208 (+ 0.03) pH -4.523 15.180 35.761
CoHL* 12.29 (+ 0.04) SF -6.215 20.858 49.137
12.09 (£ 0.02) pH -6.175 20.721 48.812
CoL* 18.39 (+ 0.10) SF -7.214 24.208 57.026
17.79 (+ 0.03) pH -7.132 23.932 56.375
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Abstract: Conversion of feather and blood from chicken slaughterhouse waste for
producing solid and liquid organic fertilizer excluding composting process with a
variation of the mass ratio of feather and blood of a chicken has been conducted. The
nitrogen, sulfur, and iron content in the solid and liquid product of the hydrothermal
carbonization process were analyzed to identify and characterize the possibility of
hydrolysate as a source of nitrogen, sulfur, and iron in soil fertilizer. Feather and blood of
chicken waste were introduced to a hydrothermal carbonization reactor with the addition
of limestone at a temperature range of 160-170 °C for the preparation of solid and liquid
organic fertilizer. According to the FTIR interpretation, the solid product had functional
groups such as NH, OH, CH sp’, SH, C=0, C=C, C-0O-C, and C-H aromatic. The
nitrogen, sulfur, and iron content of the optimal ratio in the solid phase were 4.67%,
1.63%, and 3694.56 ppm, while their contents in the liquid fertilizer were 3.76%, 1.80%,
and 221.56 ppm, respectively. The vibration of 478 cm™ is attributed to Fe-O
paramagnetic (Fe;Os) confirmed by TEM images showed the diameter size less than 20 nm

indicating the presence of superparamagnetic material.

Keywords: hydrolysate; hydrothermal carbonization; feather; blood

m INTRODUCTION

The composting process requires a very long time to
produce organic fertilizer; otherwise, it is only several
hours if the hydrothermal carbonization (HTC) process is
used. Production of organic fertilizer from poultry feather
wastes, excluding the composting process of chicken
feathers generated in large quantities by the poultry
industry, are hazardous for the natural environment
because of their poor digestibility and their potential as a
source of microbiological pathogens [1]. Mazzoto et al. [2]
explained that chicken meat consumption increases the
waste problem like feathers and blood. This waste
produced by chicken slaughterhouse waste causes terrible
odor due to releasing NH; and H,S gas. The soil
undergoes hardening when this waste disposes directly
into the soil (especially for feathers waste) due to disulfide
bonds (S-S). Meanwhile, the chicken slaughter waste,
such as poultry litter and manure, and feathers can be

functioned as a soil amendment [2] due to the high
nitrogen, sulfur and iron chelate organic complex
contents [2,4-6].

Kuncaka [7] proposed a synthetic humus
preparation technique called New Road of Synthetic
Humification, which explained how to make synthetic
humus by Partial Hydrothermal Carbonization (PHTC).
This technique produces a high aromatization degree
called hydrochar and some materials like carbohydrate,
protein, and lipid or hydrolysate material like amino
acid and fatty acid. These molecules interact with each
other using hydrogen bonding [8]. This humus like
structure has suitable to the modern humus definition
[8]. This humus like structure is called a Slow Release
Organic Paramagnetic (SROP) Fertilizer.

Adiabati et al. [8] explained feather waste contains
protein about 80-90%, while blood contains protein
about 4.5-5.2 g/L [9]. Both proteins in feather and blood
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are useful as a source of nitrogen [3-5]. Feather is the main
sulfur source in disulfide bonds (S-S), contained in a
feather as much as 17% [2]. Blood contains hemoglobin
as much as 8.65 g/L [10-11]. Each hemoglobin contains
iron in the heme protein [5]. Based on this, a combination
of feather and blood can be converted into hydrolysate.
Suwardi and Wijaya [12] studied one of the problems in
Indonesian soil is leveling off. This condition occurs when
the soil organic matter (SOM) is very low. SOM is
classified into three categories according to soil organic
carbon (SOC) content, i.e., low (less than 2%), normal (2—
3%), and high (up to 3%) [13]. Indonesia’s soil agriculture,
around 73%, has a low SOC [14].

Chicken feathers and blood waste contain many
microbes, pathogens, and parasites in raw biomass; then
this study aims to develop hydrothermal carbonization
(HTC) using feather and blood chicken waste as a
precursor for producing solid and liquid organic fertilizer
instead of the composting process. The nitrogen, sulfur,
and iron content in the solid and liquid organic fertilizer
were analyzed to identify and characterize the possibility
of hydrolysate as nitrogen, sulfur, and iron source in solid
and liquid organic fertilizer. In this research, feathers and
blood of chicken waste as precursors were obtained from
the Ar-Royan Chicken Slaughterhouse, Yogyakarta
province, Indonesia.

m EXPERIMENTAL SECTION
Materials

The materials used in this research were feather and
blood of chicken waste (obtained from the Ar-Royan
Chicken Slaughterhouse, Bantul, Yogyakarta, Indonesia),
limestone (CaO), universal pH indicator, filter paper,
distilled water, H,SOs 96%, Fe(NOs);, H;BOs;, NaOH,
Na;S:0s, KzSO4, HgO, HCI 37%, HNO; 68%, BaCl,, and
Mr-BCG indicator (a mixture of methyl red and cresol
green bromine) from Sigma Aldrich in pro analysis grade.

Instrumentation

The solid organic fertilizer was characterized by
Fourier Transform Infra-Red spectrophotometry (FTIR,
Prestige-21) with KBr pellet and Transmission Electron
Microscopy (TEM, JEOL-JEM1400). The liquid organic

fertilizer was characterized by High Performance Liquid
Chromatography (HPLC, Dionex Ultimate-3000). The
content of nitrogen (N), sulfur (S), and iron (Fe) in both
solid organic and liquid organic fertilizer were
determined using the Kjeldahl method, gravimetric
method, and atomic absorption spectrophotometer,
respectively.

Procedure

Hydrolysate preparation

Feather and blood of chicken waste were mixed
with a mass ratio of feather and blood, i.e., 500 g of feather
and 500 g of blood (1:1), 750 g of feather and 250 g of
blood (3:1), and 250 g feather and 750 g of blood (1:3).
Limestone (CaO) was added to the mixture of feather
and blood until a pH of 12-13 showed by universal pH
indicator. Then, the mixture was introduced to HTC
Reactor without a stirring system, as shown in Fig. 1. The
HTC process
temperatures around 160-170 °C and pressure of 9-
10 atm for 3 h. HTC products were separated using the
Buchner filter. The solid phase was dried using an oven
at 100 °C for 24 h. The dry matter was weighed with an
analytical balance. The liquid phase obtained was placed

using this reactor was done at

in a bottle for further analysis.

Nitrogen determination by Kjeldahl method
Nitrogen determination was carried out for a solid
organic fertilizer and liquid organic fertilizer. The
Kjeldahl method consists of 3 stages, i.e., destruction,
distillation, and titration. For the first stage, destruction,
0.2 g of sample was put into 30 mL Kjeldahl flask. As
much as 0.7 g of N catalyst (a mixture of K,SO, and HgO
with a ratio of 20:1), 4 mL of concentrated H,SO, solution,

. Steel plate

. Heater

. Gas valve

. Manometer

. Thermometer

Fig 1. Scheme of HTC Reactor without stirring system
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and boiling chips were added to the Kjeldahl flask. The
flask was then boiled in a fume hood for 1 h until the
sample turns green clearly. After this, the flask was cooled
until it reaches room temperature. Ten milliliters of
distilled water was added to the cold Kjeldahl flask. The
second step is distillation; the product of destruction was
moved from the Kjeldahl flask to the distillation flask.
Erlenmeyer 125 mL was placed under the condenser. The
Erlenmeyer was then filled with 4% H;BO; solution and 4
drops of the Mr-BCG indicator. The tip of the condenser
must be submerged in Erlenmeyer. A solution of 20 mL of
NaOH-thiosulfate (a mixture of NaOH 40% and Na,S,05)
was put into a distillation flask which had been filled with
a sample that had been destroyed. The distillation process
was carried out until 60 mL of distillate was obtained in
Erlenmeyer (the color changed from red to blue). The
third stage is titration; a standard of 0.02 M HCl solution
was used for the titration process until the color of the
sample was changed from blue to red. Nitrogen
percentage (%N) was calculated by using this equation:

vxMx Aryg

%N = x100%

w
where v is the volume of HCI solution used for titration
(mL), M is the concentration of HCl used (0.02 M), Ary is
the relative mass of nitrogen (14.007 g/mol), and w is the
mass of sample (mg).

Sulfur determination by gravimetric method

Sulfur determination was carried out for a solid
organic fertilizer and liquid organic fertilizer. A total of
2 g of sample (solid phase) was inserted into the porcelain
dish. Then, the sample was heated in a muffle furnace to
give ash. Ash was crushed by porcelain mortar and then
was added with 25 mL of HNOs (1:3). The solution was
filtered using filter paper. Five milliliters of the filtrate was
taken and then put into 5 mL centrifuge tube. The tube
was centrifuged to form a sediment, and the sediment was
separated using filter paper. The sediment obtained was
then dried in an oven until it reached a constant mass. The
sulfur percentage (%S) was calculated using this equation:

Arg

m X

MrB
%S = aSO,

x100%
w

where m is the mass of sediment (g), Arsis the relative
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atomic mass of S, Mrg,s, is the relative mass of BaSO,,
and w is the mass of sample (g).

Iron (Fe) determination

The Fe containing in each solid organic fertilizer
and liquid organic fertilizer (3:1, 1:1, 1:3) was determined
using Atomic Absorption Spectrophotometer (AAS). A
standard curve of Fe(NOs); was used for the quantitative
analysis of Fe.

m  RESULTS AND DISCUSSION

FTIR Characterization of Solid Aggregate of
Hydrolysate

The solid organic fertilizer was characterized by an
FTIR spectrophotometer to show the functional group
changes during the HTC process. FTIR spectra were
showed in Fig. 2. The broad band at 3400 cm™ was
attributed to O-H stretching vibration in carboxyl and
hydroxyl groups from an amino acid in polyaromatics
structure. This band can be correlated to the hydrophilic
surface of polyaromatic compounds in a solid aggregate
of hydrolysate [15]. The band at 2924 and 2855 cm™
were attributed to the vibration of the CH sp® group.
This band was associated with an aliphatic group from
an amino acid in the polyaromatics structure of a solid
organic fertilizer.

The band at 2515 cm™" was associated with the thiol
group (-SH), which is appeared due to the hydrolysis
process of a disulfide bond (S-S) from keratin. The
formation of a thiol group (-SH) indicated the loss of
undegradable character in chicken feathers [16]. Thiol
group (-SH) was associated with cysteine adsorbed in
polyaromatic structure in solid organic fertilizer. The
band at 1651 cm™ was associated with the C=O bond
from the polyaromatic surface as the product of
polycondensation of hydroxymethylfurfural (HMF)
[15]. This band proved that the surface of polyaromatic
was hydrophilic.

A new band that appeared at 1623 cm™ was
attributed to the stretching vibration of the C=C
aromatic bond from a polyaromatic structure. The
aromatic structure was present in a solid aggregate of
hydrolysate strengthened by a new band at 872 cm™
attributed to the vibration of CH aromatic. Both of these
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Fig 2. FTIR spectra of solid aggregates of hydrolysates of (a) 1:3, (b) 1:1, (¢) 3:1, (d) chicken feather raw material, and

(e) chicken blood raw material

new bands indicated the aromatization process during
HTC. The aromatization was also present in the previous
study [15-18]. Polyaromatic structure in solid aggregate
of hydrolysate plays a role in bonding some nutrients such
as nitrogen and sulfur in the soil. In this study, amino acid
and the polyaromatic structure were bonded via hydrogen
bonds through an amine, carboxyl, and hydroxyl groups
from the amino acid. In addition, the band at 1080 cm™
was attributed to the vibration of the C-O-C bond from
the product of HMF polycondensation in the polyaromatic
surface. The band at 478 cm™ was attributed to Fe-O
vibration from paramagnetic material (Fe,Os) in a solid
organic fertilizer, and the band located at 500-700 cm™ in
raw chicken feather and raw blood were attributed to N-H
vibration.

This solid organic fertilizer should also be able to
play a role as soil amendments. The requirement of soil
amendment material was the high aromatization degree
[17]. The two bands that showed the aromatization degree
were at 1623 and 872 cm™'. After making a comparison of
the fives sample, it was found that the characteristics
peaks are similar to each other and comparable with other
studies except the absorption ratio of band intensity at
872 cm™ and the absorption band of 1080 cm™ was
relatively different in 1:3 compare with the ratio of 1:1 and

3:1. Therefore during HTC of ratio 1:1, the deposit of
solid organic fertilizer starts to settle well. The difference
in aromatization degree in each ratio is caused by the
ability of the system to raise sub-critical water conditions
that are affected by water content [18]. More water
content could cause low sub-critical water conditions. A
solid organic fertilizer with a ratio of 1:3 has higher water
content (from blood used) in the system than the 1:1 and
3:1 ratio. Therefore, the 1:3 ratio has low subcritical
water conditions that cause a low hydrolysis reaction.

TEM Characterization of Solid Aggregate of
Hydrolysate

TEM images are in Fig. 3. Two
agglomeration products have been identified in the TEM
images to give a primary and secondary agglomeration.

shown

A secondary agglomerate consists of some combined
primary agglomerates, while a primary agglomerate
consists of some incorporated primary nanoparticles. The
agglomeration could occur because the hydroxyl (-OH)
and carbonyl (C=0O) groups in the surface of
polyaromatics undergo dehydration reactions [19]. The
diameter of the agglomerate has a size less than 20 nm,
and if this result was combined with the result from
FTIR vibration of Fe-O at 478 cm™, it may be assumed
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that the primary nanoparticles have the superparamagnetic
property [19].
Nitrogen and Sulfur Analysis

Each ratio of a solid organic fertilizer and liquid
organic was analyzed by Kjeldahl and gravimetric

methods to determine the percentage of nitrogen and
sulfur. Fig. 4 and 5 represent the percentage of nitrogen

(@) Smnda\y wn‘m;ate

material
LR
IR R !
\ ." . ‘*E! Frim:‘r\rﬁ.mlurnwate
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i

and sulfur of each solid organic fertilizer and liquid
organic fertilizer, respectively. Nitrogen and sulfur
percentage increased in the solid phase from 3:1 to 1:3
ratio, while decreased in the liquid phase from 3:1 to 1:3
ratio. Nitrogen and sulfur in the liquid phase indicated
the hydrolysis of protein in chickens' feathers and blood
into soluble amino acids [16].

(b} A

(d)

Fig 3. TEM images of solid organic fertilizer with a ratio of 3:1 showg (a) primary and secondary agglomerates, (b)

primary agglomerate, (c) secondary agglomerate, and (d) primary nanoparticles
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Fig 4. Nitrogen percentage of solid organic fertilizer and liquid organic fertilizer
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Iron Analysis

The iron (Fe) contents of a solid organic fertilizer
and liquid organic fertilizer are given in Table 1. The
concentration of iron in the blood is much bigger than in
feather, which is 1816.62 ppm [23] and 30 ppm [15] for
blood and feather, respectively. It is in line with the AAS
analysis of iron content where the ratio of 1:3 has the
highest number of iron because it contained the highest
amount of blood and a lower amount of feather.
Otherwise, the 3:1 ratio has the lowest iron concentration
because it contained the lowest amount of blood and a
higher amount of feather.

The data was compared to the regulation of the
Ministerial of Agriculture in Indonesia. According to the
ministerial Regulation of Agriculture number 28 in 2009
on organic fertilizer, bio-fertilizers, and soil repair, which
is now revised to Ministerial Regulation of Agriculture in
2011, to have a good quality of solid organic fertilizer, the
iron contents should not exceed 9,000 ppm. This
regulation necessitates that the formation of iron
compounds in fertilizer should be below 9,000 ppm [20].

Based on the above, the
concentrations for every raw material and hydrolysate

requirements

were below 9,000 ppm, which means the concentrations
fit the standard regulation from the Ministerial of
Agriculture in Indonesia. The solid organic fertilizer has
an increment of iron concentration for every variation
compared to raw material. Meanwhile, the liquid organic

fertilizer has a decrement of iron concentration for every
variation compared to raw material. It means that the
solid product probably chelated the iron more than the
liquid product. The
paramagnetic character present in the solid aggregate of

iron contents proved the
hydrolysate. In a solid organic fertilizer, the function of
iron was to prevent the plant from chlorosis [21-22] and

to control the electron transfer [21].
Liquid Organic Fertilizer Characterization by HPLC

All ratios of liquid organic fertilizer were
characterized by HPLC to determine the amounts and
types of amino acids. Table 2 refers to the amounts and
types of amino acids in the liquid organic fertilizer.
Profile of amino acid content in the liquid phase
indicated the potential as a liquid organic fertilizer. The
potential of the liquid phase as a liquid organic fertilizer
has been discussed in a previous study [16].

Results of nitrogen and sulfur analysis showed that

Table 1. The distribution of iron content in solid organic
fertilizer and liquid organic fertilizer

Sample Concentration (ppm)
Solid 1:1 6238.01
Solid 1:3 6393.86
Solid 3:1 3694.56
Liquid 1:1 307.15
Liquid 1:3 599.74
Liquid 3:1 221.56
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Table 2. Amino acid profile of liquid hydrolysate

Ami id 3:1 1:1 1:3
mino act Percentage (%) Percentage (%) Percentage (%)

Aspartic acid 3.44 7.74 4.08
Glutamic acid 17.70 16.30 17.15
Serine 1.54 2.55 2.69
Histidine 4.36 7.38 2.65
Glycine 9.66 7.32 6.89
Alanine 16.92 11.19 13.76
Tyrosine 1.99 4.72 2.40
Methionine 1.08 0.88 -

Valine 11.41 9.65 8.64
Phenylalanine 7.19 6.03 5.49
Isoleucine 6.52 5.52 0.71
Leucine 12.32 11.27 5.20
Lysine 5.88 9.45 30.33
Total amino acid 100.00 100.00 100.00

hydrolysate of 3:1 ratio undergoes maximum hydrolysis
highest amino acid content for most detected amino
acids, i.e., glutamic acid, glycine, alanine, methionine,
valine, phenylalanine, isoleucine, and leucine, compared
to other ratios. This result proved that the 3:1 ratio
undergoes maximum hydrolysis.

m CONCLUSION

The HTC process has an excellent effect on the
degradation of keratin chicken feathers and high protein
blood of chicken waste to produce solid organic fertilizer
and liquid organic fertilizer. According to FTIR spectra of
solid organic fertilizer, the functional groups that
appeared were NH, OH, C=0, CH sp’, SH, Fe-O, CH
aromatic, C=C aromatic, and C-O groups. TEM images
showed the size of paramagnetic material coated by
polyaromatic structure is less than 20 nm. A solid organic
fertilizer started from a 1:1 ratio was optimally formed,
indicated by a high degree of aromatization. Percentage of
nitrogen and sulfur in solid organic fertilizer and liquid
organic fertilizer were affected by ratios of feather and
blood as precursors. HPLC analysis showed the potential
of liquid organic fertilizer as a liquid protein source
because of the high protein contents.
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Abstract: In this work, the synthesis of oleyl oleate wax ester using Bronsted acidic ionic
liquid catalysts was carried out. Confirmation of oleyl oleate molecular structure has been
performed using FTIR, NMR, and ESI-MS spectroscopies. The ability of ionic liquid
catalysts for catalyzing the esterification reaction of oleic acid and oleyl alcohol to produce
oleyl oleate was optimized. The ionic liquid catalyst ([NMP][CH;SO;]) was found to be
the best catalyst for the esterification reaction of oleic acid and oleyl alcohol compared
with the other acidic ionic liquids studied. The optimal reaction conditions were
determined at a reaction time of 8 h; oleic acid to oleyl alcohol mole ratio of 1:1;
([INMP][CH;S0s]) with 9.9 wt.%; and reaction temperature of 90 °C. Under these
conditions, the percentage yield of oleyl oleate wax ester was 86%.

Keywords: wax ester; Bronsted acidic ionic liquid catalyst; esterification reaction; oleic

acid; oleyl alcohol

m INTRODUCTION

Esters have been used as biolubricants since the
beginning of the nineteenth-century, in the form of
natural esters in pig fat and whale oil. During World War
I1, a large number of synthetic fluids were developed, such
as alcohol and long-chain acid esters that presented
excellent low-temperature properties. The strongest effect
of the ester group on the physical properties of lubricant
is a decrease in its volatility and increase in its flashpoint.
This is due to the strong dipole moment that keeps the
ester molecules together. The ester group also affects
other properties, such as thermal and hydrolytic stability,
solvency, lubricity, and biodegradability [1]. The most
important physical-chemistry properties of ester are
viscosity, viscosity index (VI), pour point, lubricity,
thermal, hydrolytic stabilities, and solvency. The main
esters used as biolubricants are diesters, phthalates,
trimethilates, Css dimerates, polyolesters, and wax ester.
Wax esters, consisting of long-chain fatty acids esterified
to long-chain fatty alcohols, have potential applications as
lubricants, plasticizers, and cosmetics [2]. These kinds of

ester have excellent wetting properties at interfaces. Two
good examples of naturally occurring wax esters are
jojoba oil and sperm whale oil.

However, the supply of jojoba oil is inconsistent
and sperm whale oil is diminishing, so a substitute for
this wax ester is desired [3]. Esterification of carboxylic
acids with alcohols using homogeneous and
heterogeneous catalysts is well documented in the
literature [4-6]. However, several limitations, such as an
excess of the catalysts or amounts of reactants to achieve
efficient conversion, removal of water during the
reaction, long reaction times, and large amounts of
effluent generation during work-up are associated with
these processes [7]. The catalyst used in traditional
esterification is mainly acidic homogeneous catalysts,
such as sulphuric acid, as well as solid acid. Due to
environmental concerns, the use of excess homogenous
sulphuric acid can cause corrosion to the metallic
equipment and this should be avoided. Solid acid
catalysts have attracted considerable attention in recent
years because of their significant advantages of

eliminating corrosion, and environmental and toxicity
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problems. Apart from recyclability and reusability, the
disadvantages of solid acid catalysts are low activity, easy
deactivation, and difficulty in product separation [8-9].
Ionic liquid, a kind of environmentally friendly
solvent and catalyst, has gained the attention of scholars
from various fields such as synthesis, catalysis, separation,
and electrochemistry, due to its tunable physical and
chemical properties [10]. Ionic liquids are salts with a
melting point lower than 100 °C. Ionic liquids are usually
composed of an organic cation, typically containing
nitrogen or phosphorus, and a weakly coordinating
anion. Some of the most common cations are

imidazolium,  phosphonium,  pyridinium, and
ammonium, while some common anions are BF,, PFq,
CF3SO3, and N(CF3SOz)2

flammable, thermally stable, exhibit negligible vapor

Ionic liquids are non-

pressure, and offer the potential for recyclability. For
these
esterification protocols with a more environmentally

reasons, the replacement of the current
benign process involving the use of ionic liquids was
considered to be an area worthy of investigation. Deng et
al. reported the esterification of carboxylic acids with
alcohols in acidic chloroaluminate ionic liquid [11]. Some
Bronsted including SO;H-

functionalized ionic liquid, ionic liquids with acidic

acidic ionic liquids,
counter anion, and protonated N-alkylimidazolium ionic
liquids have also been used in esterification reactions [12-
14]. Although elegant work has been done in this area;
there still exist some drawbacks in the above-mentioned
catalytic systems. Therefore, one of the driving forces for
this research is the possibility of elucidating the merits of
ionic liquids for esterification and preparing synthetic
wax ester, which resembles naturally occurring waxes of
commercial interest.

The objective of this work is to synthesis oleyl oleate
wax ester by esterification reaction of oleic acid with oleyl
alcohol using different Brensted acidic ionic liquid catalysts
MIM-PS, [HSO;s-Pmim][CH,SO;], [NMP][CH;S0;] and
then optimizing the reaction with several variables that
affect the yield, such as the molar ratio of oleic acid to oleyl
alcohol, amount of catalyst, reaction time and reaction
temperature.
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m EXPERIMENTAL SECTION
Materials

Oleic acid (90%) and oley alcohol (85%) were
purchased from Aldrich chemical company (Germany).
Diethyl ether, 1,3-propane sulphone, toluene, and 1-
methyl imidazole were purchased from Systerm
Chemical Company (Malaysia). Benzene and N-methyl-
2-pyrrolidone were obtained from the ACE chemical
company (Sydney). Methane sulphonic acid was
purchased from J.T. Baker chemical company (USA). All
other chemicals and reagents used in this study were
analytical grade and used without further purification.

Instrumentation

Fourier transforms infrared spectroscopy (FTIR)
was carried out using a Perkin Elmer Spectrum GX
spectrophotometer in the range of 400-4000 cm™.
Nuclear magnetic resonance spectroscopy (NMR) for '"H
and *C was carried with model Joel FCP 400 MHz with
CDCl; and D,O solvent. The electrospray ionization
mass spectra (ESI-MS) were recorded on a Bruker
MicroTOF-Q (German) mass spectrometer equipped
with a Kd Scientific Apparatus syringe pump (USA).

Procedure

Synthesis of 3-(1-methylimidazolium-3-yl) propane-
1-sulphonate (MIM-PS)

In an ice-bath, 1-3-propane
dissolved in toluene and an equal mole of 1-methyl

sulphone was

imidazole was dropped slowly with vigorous stirring.
After dropping, the mixture was slowly heated up to
room temperature and was stirred for 2 h, and then the
reaction mixture was filtered to obtain the white
precipitate. The precipitate was washed three times with
diethyl ether and was dried at 100 °C for 5 h to obtain
MIM-PS as a white powder with 97% yield.

Synthesis of 1-methyl-3-(3-sulphopropyl)-imidazolium
methyl sulphate ([HSO3-Pmim][CH3S03])

First, MIM-PS was dissolved in water then an equal
mole of methane sulphonic acid was dropped slowly at
room temperature, after dropping, the reaction mixture
was slowly heated up to 90 °C and was stirred for 2 h, and

Naowara Al-Arafi et al.



Indones. I. Chem., 2021, 21 (3), 659 - 668

then the water was removed under vacuum (5-10 mm
Hg) at 90 °C, giving ([HSO;-Pmim][CH;SOs]) as a light
yellow viscous liquid yield 98%.

Synthesis of N-methyl-2-pyrrolidonnium methyl
sulfate ([NMP][CH3503])

Benzene 30 mL was mixed with N-methyl-2-
pyrrolidone (0.1 mol, 9.9 g) in a 50 mL flask. Then,
methane sulphonicacid (0.1 mol, 9.6 g) was dropped slowly
into the flask within 30 min in an ice-bath. The reaction
lasted for another 4 h at room temperature. Benzene was
removed under reduced pressure and was further dried at
90 °C under 1-5 mm Hg for 1 h, giving ((NMP][CH;SOs])
as a dark yellow viscous liquid yield 96%.

Synthesis of oleyl oleate wax ester

A weighted amount of oleic acid (1 mol), oleyl alcohol
(1, 2, and 3 mol) and Brensted acidic ionic liquid catalyst
(4.2,5.7,8.5,9.9, 11.3 and 15.6 wt.%) as a percentage of the
weight of oleic acid were added to a flask reflux apparatus.
The esterification reaction was typically carried out for (2,
4,6,8,10,and 12 h) at a temperature of (30 °C, 50 °C, 70 °C,
90 °C, 100 °C, and 110 °C) with vigorous stirring. After the
completion of the reaction, the reaction mixture was
transferred into a separatory funnel and then 5 mL of
methanol was added into the funnel, extraction was
carried out. The aqueous layer was decanted and the
product was dissolved with 20 mL of ethyl acetate, followed
by 10 mL of water to remove the remaining methanol.
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After the water layer was removed, the product was dried
in a conical flask with a sufficient amount of Na,SO4
anhydrous. The hydrated Na,SO, was filtered off, then,
the product was rotary-evaporated to remove ethyl
acetate at 77 °C, giving oleyl oleate as a viscous liquid.

m  RESULTS AND DISCUSSION
Characterization of lonic Liquid Catalysts

The structure of MIM-PS was characterized by the
presence of asymmetric and symmetric SO, stretching
vibrations, which appeared as strong and weak bands at
1325 cm™ (asy SO,), 1194 cm™ (sy SO,), respectively,
that were absent in 1-methyl imidazole. The S-O
stretching vibration was also detected at 747 cm™". These
special FTIR peaks indicated that the sulphonic group
was successfully introduced in 1-methyl imidazole
molecule. Fig. 1 shows the FTIR spectrum of MIM-PS.
Furthermore, the '"H and “C-NMR spectra of MIM-PS
are presented in Fig. 2 and 3, respectively. The most
important peak in the 'H-NMR spectrum of the
compound MIM-PS is the triplet peak related to CH,-N,
which was observed at 2.97 ppm. Besides, its *C-NMR
spectrum confirmed the presence of 7 carbon atoms in
the MIM-PS, which indicates that the compound MIM-
PS was prepared successfully.

The structure of [HSOs-Pmim][CH3SOs] has been
confirmed by the presence of the bands representing the
S=0 group (1336, 1196 cm™), OH group (3443 cm™),
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70 \ ﬂ } /
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55 4 | ﬁJ l 50
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Fig 1. FTIR spectrum of MIM-PS
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Fig 3. "C-NMR spectrum of MIM-PS

S-O group (748 cm™), C=N group (1644 cm™), C-N
group (1042 cm™) and also =CH aromatic (3110, 3158
cm™) as shown in Fig. 4. The 'H and PC-NMR spectra of
compound [HSOs-Pmim][CH3SO;] were similar to 'H
and "C-NMR spectra of MIM-PS but with significant
signals in '"H and “C-NMR spectra of compound [HSOs-
Pmim][CH5SO;] at 2.18 ppm and 38.62 ppm, respectively.
These peaks corresponded to methyl protons and carbon
of methane sulphonic acid, which indicated that ionic
liquid catalyst [HSOs-Pmim][CH;SOs] was correctly
synthesized. Furthermore, the signal due to the OH group
(11-12 ppm) was not observed in the '"H-NMR spectrum
of [HSO;-Pmim][CH;SO;] due to the deuterium
exchange where D,O was used as the "H-NMR solvent, as
shown in Fig. 5 and 6.

Fig. 7 shows the representative FTIR spectrum of
[NMP][CH:SOs]. The characteristic signalsin the FTIR
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Fig 4. FTIR spectrum of [HSO3-Pmim][CH3SO:s]
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spectrum of [NMP][CH3SO5s] at 1200, 1307, and 789 cm™
corresponded to the SOs and S-O groups, while the signal
at 1652 cm™ showed the C=0O group of N-methyl-2-
pyrrolidon. This observation proved the success of the
synthesis of the Brensted acidic ionic liquid catalyst
[NMP][CH3SO:s]. The NMR spectra data gave additional
support for the composition of the compound. The
observed changes are evidence of the reaction that
occurred because the chemical shift of a compound is
deeply dependent on its electronic environment. Fig. 8
and 9 indicate the 'H and "“C-NMR spectra of
(INMP][CHsSOs]), respectively. The result of the 'H-
NMR spectrum of [NMP][CH;SO;] confirmed the
appearance of the proton signals of CH;SOsH at about
2.56 ppm. Furthermore, at about § 11.70 ppm, the proton
signal of N-H as a broad signal appeared. Moreover, the
C=0 resonance group of the product appeared at about
174.60 ppm, while the CH; group of compound CH;SO;H
was detected at 39.90 ppm, which means that the reaction
between N-methyl-2-pyrrolidone and methane sulphonic
acid had taken place.

Effect of Various lonic Liquid Catalysts

Initially, the esterification reaction between oleic
acid and oleyl alcohol at 90 °C under solvent-free
conditions was tested. Three existing Brensted acidic
ionic liquids, including MIM-PS, [HSO:s-
Pmim][CH;SO:;], and [NMP][CH;SO;] were used. Table
1 shows the yield percent of the experiments carried out
under the same conditions. [NMP][CH3SOs;] proved to be
active, leading to a 45.41% yield of oleyl oleate within 2 h
when 9.9 wt.% ionic liquid was used (percentage of the
weight of oleic acid). [HSO;-Pmim][CH3SO;] could also
be used as a catalyst to promote the esterification reaction,
but its activity seems to be slightly inferior compared with
that of ([NMP][CH;SOs]). However, repeating the
reaction using MIM-PS only produced 32% of oleyl oleate
at the same temperature and reaction time due to its
hydrophobic nature which leads to catalyst deactivation.
In general, the percentage yields of oleyl oleate produced
from the esterification process catalyzed by ionic liquids
is lower compared to homogeneous acidic catalysts such
as sulfuric acid (94%), phosphoric acid (52.7%),
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perchloric acid 54.9) and p-TSA (70%) for the same 2 h
reaction time [15] and by using Lipozyme (75.66%) for
5 h reaction time [16]. However, because of the
foregoing research, ([NMP][CHsSOs]) should be a
suitable catalyst for the esterification reaction of oleic acid
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Fig 7. FTIR spectrum of [NMP][CH5SO5]
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Table 1. The yields % of oleyl oleate wax ester based on the ionic liquid catalyst used

] Ester yield (%)
Duration -
MIM-PS  ([HSOs;-Pmim][CH5SOs]) ([NMP][CH;SOs])
2h 32.00 + 3.1 35.00 + 3.28 4541 +2.15

with oleyl alcohol to produce oleyl oleate. It offers
significant improvements concerning the vyield of
products, simplicity in operation, and green aspects by
avoiding toxic catalysts and solvents.

The esterification reaction proceeds through the
addition of a proton and nucleophilic attack of the alcohol
give a tetrahedral intermediate followed by dehydration.
The three steps are all typical acid-catalyzed reactions.
Therefore, the outcome of the esterification reaction
depends very much on the acidity of the catalyst [17-18].
However, acidity determinations based on room
temperature Bronsted acidic ionic liquids are a relatively
new subject. The determination of the acidity of ionic
liquid catalysts used in this research has not even been
considered yet. A commonly used method to evaluate the
acidity of acid in solution is the Hammett method [19],
wherein a basic indicator has been used to trap the
dissociative proton. The properties of the protons depend
on both the nature of the solvent and the concentration of
the chosen acid. The acidity was evaluated from the
determination of the Hammett acidity functions, using
UV-visible spectroscopy. In the present case, this method
consists of evaluating the protonation extent of the
uncharged indicator base (named I) in solution, in terms
of the measurable ratio [I]J/[IH*]. In a given solvent (S),
assumed as being dissociating, the Hammett function
(H,) is defined as (Eq. (1)):
H=pK(D),q +log([I];/[IH];) (1)

For comparison, the acidities of these three Bronsted
acidic ionic liquid catalysts were examined using 4-

nitroaniline (Hammett constant is 0.99) as an indicator
in distilled water; the results are shown in Table 2. The
maximal absorbance of the unprotonated form of the
indicator was observed at 380 nm in H,O. When an ionic
liquid was added, the absorbance of the unprotonated
form of indicator decreased. As shown in Fig. 10, the
absorbance of the unprotonated form of the indicator on
three ionic liquid catalysts decreased as follows: MIM-
PS > ([HSO5-Pmim][CH;SOs]) > ([(NMP][CH;SOs]).
By taking 4-nitroaniline as the initial reference (blank)
the total unprotonated form of the indicator (when no
acid is added to H>O solution, spectrum a), the ratio
(1]/[IH"] the
absorbances after each ionic liquid (spectra b-d), and

was determined from measured

then the Hammett function (Ho) was calculated.

1.20p
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Fig 10. Absorption spectra of 4-nitroaniline for
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Bronsted acidic ionic liquids in water

Table 2. H, values of various Brensted acidic ionic liquid catalyst !

Ionic liquids Absorbance [AU] [I]% [HI*]% H,
4-nitroaniline 0.962 100 0 0
MIM-PS 0.39 41 59 0.8
[HSO;3-Pmim][CH;SOs] 0.388 40 59.7 0.82
[(NMP][CH,S0s] 0.36 374  62.6 0.76

lIConcentration: 10 mmol/L
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The smallest Hy was obtained in a 10 mmol/L H,O
solution of [(NMP][CHsSOs], which indicated that
Bronsted acidic ionic liquid [(NMP][CH;SOs] exhibits
stronger acidity than the two other ionic liquid catalysts
used in this work. The acidity of [HSOs-Pmim][CH;SOs]
is almost equal with MIM-PS, but slightly inferior
compared with [(NMP][CH;SO;]. The result by using
ionic liquid catalyst [(NMP][CH3SO;] shows the highest
acidity, therefore a high % yield of oleyl oleate wax ester
was obtained when the reaction was carried out using this
catalyst.

Effect of the Reaction Time

Fig. 11 shows the effect of the reaction time on the
esterification reaction of oleic acid with oleyl alcohol.

The reactions were carried out within 2, 4, 6, 8, 10,
12 h. The other reaction conditions were as follows:
substrates oleic acid and oleyl alcohol molar ratio of 1:1;
amount catalyst of 9.9 wt.% as a percentage of the weight
of the oleic acid; reaction temperature, 90 °C, and type of
catalyst, ([(NMP][CH3SOs]). The % yield of oleyl oleate
wax ester increased with the increasing reaction time.
([((NMP][CH;SOs]) gave the highest percentage yield
within a reaction period of 8 h (86%). Thereafter, the
percentage yield of oleyl oleate decreased (47.37%) at 10 h.
This behavior may be due to the production of water
molecules, which increased the solvation process of the
catalyst. According to Trubiano et al. [20], the presence of
water only has an unfavorable effect on the equilibrium
conversion. Since water is one of the products in the
esterification reaction, it can promote the reverse
hydrolysis reaction in the process. It is important to
remove water during the reaction to achieve a high
product yield. After 10 h the % yield of oleyl oleate was
relatively reduced (41.95%). This may be due to the
reaction having achieved the equilibrium state where the
rate of the forward reaction is equal to the rate of
backward reaction. Hence, the concentration of the
product was unchanged.

Effect of Molar Ratio of Substrates

To study the effect of the molar ratio in the
esterification reaction of oleic acid with oleyl alcohol, the
reaction was done using 1:1, 1:2, and 1:3 of oleic acid to
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oleyl alcohol under the following conditions: reaction
time of 8 h; the amount of catalyst, 9.9 wt.% as a
percentage of the weight of the oleic acid; reaction
temperature, 90 °C, and type of catalyst,
[(NMP][CHSO;]. The effect of the molar ratio of
substrates on the esterification reaction is shown in Fig.
12. The optimal molar ratio of oleic acid to oleyl alcohol
was 1:1, which gave 86% of oleyl oleate. Increasing the
molar ratio of oleic acid to oleyl alcohol beyond this
molar ratio 1:1 would decrease the esterification activity.

100 -
90 4 86
80 -
70 -

58.8
60 o 55

Yield (%)

o0 | 4541 47 37

A0 - 41.95

30 ———

1. 2 3 4 5 6 7 8 9 10 11 12 13 14
Reaction time (h)

Fig 11. Effect of reaction time on the percentage yield of

oleyl oleate wax ester. Values represent means = SD of

three of triplicate determinations
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Fig 12. Effect of molar ratio of oleic acid and oleyl
alcohol on the percentage yield of oleyl oleate wax ester.
Values represent means + SD of three of triplicate
determinations
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This observation may reflect that an excess of oleyl alcohol
would hinder the interaction frequency between the
substrate and the catalyst [21-23]. Due to the high
concentrations of oleyl alcohol, the viscosity of the
reaction mixture surrounding the catalyst is increased,
leading to ineffective mixing of substrates, thus decrease
the rate of reaction.

Effect of Amount of Catalyst

The influence of a varying amount of
[(NMP][CH;SOs] corresponding to 4.2, 5.7, 8.5, 9.9, 11.3,
and 15.6 wt.% as a percentage of the weight of the oleic
acid on the esterification reaction of oleyl alcohol and
oleic acid at 90 °C, during 8 h using 1 mol of oleic acid: 1
mol oleyl alcohol is shown in Fig. 13. The % yield
increased from 4.2% (28.4%) to 9.9% (86%) and decreased
when the amount of catalyst increased to 11.3% (67.52).
The amount of catalyst at 9.9% was sufficient to catalyze
this esterification reaction. This result shows that an
excess of catalyst amount did not contribute to the
increase in the percentage yield, and, that, sometimes, it
would decrease the yield of the product. This is due to the
solvation of water from the Bronsted acidic ionic liquid
catalyst becoming less, meaning that the water will excess
on pre-condition and this will make the reversible
reaction occur [24].

Effect of Reaction Temperature

Changes in the reaction temperature can affect the
activity and stability of the catalyst and thus the rate of
reaction. Fig. 14 shows the influence of temperature on
the esterification reaction within a temperature range of
30, 50, 70, 90, 100, and 110°. The other reaction
conditions were as follows: reaction time, 8 h; the amount
of catalyst, 9.9 wt.% as a percentage of the weight of the
oleic acid; substrates molar ratio, 1:1 of oleic acid to oleyl
alcohol and type of catalyst, ([(NMP][CH;SOs]). Initially,
the % yield of oleyl oleate increased with the increasing
temperature reaching the maximum at 90 °C (86%). This
is because the energy received from the heat of higher
temperature was used to increase the frequency of
collision between the molecules thereby increasing the
rate of reaction. However, the percentage yield started to
decline to 56.39% at 100 °C and to 54.28% at 110 °C. Water
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content simultaneously formed during the esterification
reaction increased to higher temperatures, and better
dissolved in the Brensted acidic ionic liquid. This
consequently, diluted the ionic liquid catalyst and
greatly decreased the viscosity and acidity [25].

m CONCLUSION

The Bronsted acidic ionic liquid [NMP][CH;SO:s]
is non-flammable, easy to synthesize, thermally stable,
and exhibits
[NMP][CH3SO:s] as an esterification catalyst, has many

negligible vapor pressure. The

advantages in which the Brensted acidic ionic liquid
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(INMP][CH3SOs]) exhibits good catalytic performance.
The [NMP][CH5SOs] loads which are 9.9 wt.% (as a
percentage of the weight of oleic acid) can be used to
catalyze the esterification process to produce esters with
high yield. Also, the procedure used for the preparation of
[NMP][CH3SO;] is quite easy and inexpensive. The
preliminary acidity determinations of three Brensted
acidic ionic liquids used in this research revealed that the
acidities of the ionic liquids play a determining role in the
rate acceleration of the esterification reaction. The
esterification reaction could be done at moderate
temperature; a high % yield of oleyl oleate wax ester was
obtained. Therefore, using [NMP][CH;SO5] will decrease
the cost of production. This methodology offers
significant improvements concerning the vyield of
products, simplicity in operation, and green aspects by
avoiding toxic catalysts and solvents.
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Abstract: Bixin is one of the potential natural sensitizers used in dye-sensitized
solar cells (DSSCs). In this study, bixin was complexed with Cu(Il) and Zn(II) to
increase its stability. The formation of the complexes was indicated by shifting
peaks absorption and the changes in the fine spectral structure observed from the
UV-Vis absorption spectra. The metal-bixin complex occurs due to the interaction
between the ester groups of bixin and the metal. Bixin, Cu-bixin, and Zn-bixin
were used separately as sensitizers in DSSCs. The DSSCs performance was then
improved by adding 1-methyl-3-propylimidazolium iodide (MPII) to the
electrolyte system. The presence of MPII 0.4 M in KI-I, electrolyte produced a
higher ionic conductivity value (20.44 mS cm™) than that without MPII (11.14
mS cm™). This electrolyte system significantly improved DSSCs performance.
Under a light intensity of 300 W/m?, the maximum energy conversion efficiencies
of DSSC with bixin, Cu-bixin, and Zn-bixin as sensitizers are 0.084, 0.081, and
0.005%, respectively. The Zn-bixin-based DSSC was stable under high light
intensity. Under 700 W/m?, its maximum energy conversion efficiency reaches
0.125%. There was a synergistic work observed between the metal-bixin complex
and the MPII based electrolyte. This result can open the way for constructing
functional materials for solar cell applications.

Keywords: bixin; complex; dye-sensitized solar cells (DSSCs); 1-methyl-3-
propylimidazolium iodide (MPII)

m INTRODUCTION

Dye-sensitized solar cells (DSSCs) are a third

Among naturally occurring carotenoids, bixin
(methyl hydrogen 9’-cis-6,6’-diapocarotene-6,6’-dioate,

generation of the photovoltaic cell. It is a low-cost solar
cell belonging to thin-film solar cells due to inexpensive
constituent materials and a simple fabrication process [1-
2]. Dye sensitizer is one of the essential components of
DSSCs [3]. Organic or natural dyes-based sensitizers offer
a suitable alternative to high-cost inorganic dyes.
Ruthenium and several materials used as inorganic dye
sensitizers are also toxic and low natural abundance [4].

C25H3004, CAS Number: 39937-79-5) is a potential dye
that has been explored as a sensitizer in DSSCs because
of its 9'-cis structure and two carboxylic groups, one of
which is a methyl carboxy ester as shown in Fig. 1(a). The
bixin's carboxylic group can react readily with the metal
oxide's surface hydroxyl groups [5-7]. Bixin can absorb
UV-A, UV-B, and UV-C with absorption coefficients in
aprotic polar solvents of over 10* M1 cm™ [5,8], which is
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Fig 1. Structure of cis-bixin (a) and 1-methyl-3-propyl
imidazolium iodide (MPII) (b)

an advantage for dyes as sensitizers in DSSCs. However,
due to their conjugated double bonds system, the stability
of natural sensitizers like bixin in DSSCs is debated [9].

De Sousa Lobato et al. [10] have conducted research
to increase bixin stability by using polymer encapsulation
to produce bixin nanocapsules. This method was able to
increase the stability of bixin up to 100 + 0.02%. However,
encapsulation could inhibit the role of bixin as a
sensitizer. Another way to increase the stability of the dye
sensitizer is the complexation method. This method can
prevent cloudiness or loss of color from the dye. Cortez et
al. [11] reported that metal ions used in complex
processes were shown to stabilize the dye extract color.
Besides that, the oxidation state of metal ions plays a vital
role in forming dye-metal complexes. Therefore,
complexes of bixin with divalent transition metal ions
(Zn** and Cu’") were prepared. In a coordination
complex, the transition group metals tend to act as a Lewis
acid (an electron acceptor). They are bonded by ligands
which act as Lewis bases (an electron donor) [12-13]. The
different electronic properties of these two transition
metals (Cu*', Zn*") are interesting to study because they
will show different interactions with ligands in
organometallic complexes [14-15].

In addition to the sensitizer stability, electrolyte
stability also has an essential role in improving the DSSCs
performance. The electrolyte is a charge transport
medium produced by sensitizer and photoanode. The
electrolyte system that has been widely used is the liquid
electrolyte type of the redox I/T" pair. Rahmalia [12]
fabricated DSSC with a bixin-based sensitizer using liquid
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electrolyte KI-I,, showing a maximum performance of
0.08%. The low viscosity of liquid electrolytes makes it
easy for the solvent to leak or evaporate, thereby
drastically reducing performance.

Shi et al. [15] have reported that electrolyte stability
can be improved by adding an additive ionic liquid such
as imidazolium. This leads to an increase in the
conductivity and energy conversion efficiency of the
DSSC
increasing electrolyte density due to the increased

system. Ionic conductivity increases with
concentration of free ions formed after adding
imidazolium to the liquid electrolyte [16]. One of the
imidazolium groups is 1-methyl-3-propylimidazolium
iodides (MPII, Fig. 1(b)). The concentration of ionic
liquid added to the electrolyte system affects the
viscosity, conductivity, and mobility of electrons.
Therefore, this study discusses the effect of MPII
concentrations in the KI-I, electrolyte system on the
performance of bixin and bixin-metal complexes
sensitized solar cells, focused on short circuit current
(Isc), open-circuit voltage (Voc), and the maximum
energy conversion efficiency.

m EXPERIMENTAL SECTION
Materials

Kesumba (Bixa orellana L.) seeds were obtained
from West Kalimantan Indonesia, NH,OH-activated
metakaolinite prepared by Rahmalia et al. [17]. Acetone
(CH;COCHs, 2 99.9%) was supplied by Mallinckrodt
Chemicals, iodine (I,) by VWR Chemicals, plastisol by
Solaronix, transparent conductive oxide (TCO) glass with
fluorine-doped tin oxide (FTO) type thermal evaporation
coating, 7-8 ohm/sq (TEC-7) conductive glass by SOLEM.
Anatase nanopowder titanium dioxide (TiO, < 25 nm
particle size, 99.7% trace metals basis) and 1-methyl-3-
propylimidazolium iodide (MPII) were supplied by Sigma
Aldrich. Acetonitrile (C;HsN, > 99.8%), ethyl acetate
(C4Hs03, 2 99.9%), potassium iodide (KI), copper sulfate
(CuSO4xH,0), zinc sulfate (ZnSO.-H,0), triton-x-100
(CsH17,CsH4(OCH,CH,).OH), acetylacetone (CsHsO,)
absolute ethanol (C;HsOH), and aluminium thin layer
chromatography plate, silica gel coated with fluorescent
indicator F254 (TLC Fzs) were supplied by Merck.
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Procedure

Preparation of bixin and metal-bixin complexes
Preparation of bixin. Kesumba seeds (75 g) were
immersed in 200 mL of ethyl acetate in an Erlenmeyer
flask, stirred for 1 h, and filtered. The process was repeated
until all the colors are extracted into the ethyl acetate
solution, and it was then evaporated at 40 °C to give 6.9 g
of crude residue (9.4%). The 2 g crude residue was
chromatographed over silica gel 60 A (70-230 mesh) using
hexane, mixtures of hexane-ethyl acetate (9:1, 8:2, 7:3, 6:4,
1:1), acetone, a mixture of acetone—methanol (1:1), and
methanol. The eluates were collected, monitored by thin-
layer chromatography, and combined in major fractions.
Bixin (0.13 g) was obtained from the last fractions.
Preparation of complexes M-bixin (M = Zn(ll) and
Cu(ll)). ZnSO+H,O and CuSOs;xH,O were separately
heated at 100 °C for 24 h to remove hydrates. The complex
of Zn-bixin was prepared as follows. An aqueous solution
of Zn(II) (12.2 mg in 1 mL of distilled water) was added
gradually into bixin solution (30.0 mg in 30 mL of
acetone), then stirred until homogeneous. The mixture
was refluxed for 1 h. It was evaporated on heating in an
oven at 50 °C for 2 h to remove the solvent. The powder
complex of Zn-bixin was obtained and stored in the dark
at 4 °C until further treatment. The Cu-bixin complex was
prepared by the same method by replacing Zn(II) with
Cu(Il) (12.3 mg in 1 mL of distilled water) and bixin
solution (30.5 mg in 30 mL of acetone). The bixin (Bx),
Zn-bixin (Zn-Bx), and Cu-bixin (Cu-Bx) complexes were
analyzed by a double-beam Shimadzu UV-1800 UV-Vis
and a Shimadzu FT-IR spectrophotometer.

Fabrication of dye-sensitized solar cells (DSSCs)
Preparation of transparent conductive oxide (TCO).
TEC7 FTO glasses measuring 2.5 x 2.0 cm” were washed
using soap and water. The glasses were immersed in 70%
ethanol using a bath sonicator for 30 min, then dried at a
temperature of 100 °C for 1 h. The conductive side of the
glasses was determined.

Preparation of anode. Photoanode was prepared by
adopting the method of Rahmalia [12]. The mixture of
anatase-TiO, (2.375 g) and a mixture of ammonia-
activated metakaolinite (MKA, 0.126 g) were added with
15 mL of absolute ethanol, 16 drops of triton-x, and 12
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drops of acetylacetone. The mixture was then stirred for
24 h to form a paste. The photoanode paste formed was
sonicated for 3.0 h.

Preparation of electrolytes. The electrolyte used in
this study is a redox pair (I'/I57), where KI (1.66 g) and I,
(0.127 g, 0.05 M) were mixed in 20 mL acetonitrile and
stirred until homogeneous. The electrolyte solution was
stored in a dark and closed bottle. The electrolyte
variation was carried out by adding MPII ionic liquid
with various concentrations of 0.3, 0.4, and 0.5 M. The
electrolytes were determined their viscosity, density, pH,
and ionic conductivity.

Assembling of DSSCs. DSSCs were prepared by doctor
blading using TEC7 FTO-covered glass as follows.
TiO,/MKA paste and plastisol paste were deposited on
FTO glass with 1 cm® active side forming photoanode
and cathode separately. The photoanode was heated in
the furnace at 450 °C for 30 min, while the cathode was
heated at 400 °C for 5 min. Photoanodes were immersed
Zn-Bx, and Cu-Bx)
concentrated of 5 g/L (in acetone solvent) for 24 h.

in sensitizer solution (Bx,
Furthermore, one drop of electrolyte was added to the
photoanode, then covered with a cathode to form a layer
like a sandwich. Each cell was tested for performance
(Isc and Voc) using a scientific multimeter of 6.5 digits
Agilent 34461A. The light source used in the test is a
500 W halogen lamp. The test conditions are carried out
with variations in light intensity of 0-1000 W/m®.

m RESULTS AND DISCUSSION
Characteristics of Bx, Zn-Bx, and Cu-Bx

The TLC analysis (as seen in Fig. 2) shows changes
in Rf after reacting bixin with metal precursors for
60 min. R¢ values' differences are due to the bonding of
7Zn** and Cu*" to Bx molecules, which affects the
resulting product polarity. The Rf values of Bx, Zn-Bx,
and Cu-Bx are 0.31, 0.73, and 0.26, respectively,
indicating that the Zn-Bx and Cu-Bx had been formed
with polarity properties Bx-Cu > Bx > Bx-Zn. This
polarity can be influenced by the ion electronegativity of
the Cu?* (1.90), which is greater than Zn** (1.65).

The conjugated double bond system constitutes
the light-absorbing chromophore of bixin, resulting in a
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Fig 2. Thin layer chromatogram of Bx (a), Zn-Bx (b), and
Cu-Bx (¢)

strong absorption band above 400 nm, as seen in Fig. 3.
Based on this figure, there are three characteristic peaks
for Bx at 488, 459, and 430 nm. The nine conjugated
double bonds influence the absorption spectra in the
wavelength range above 400 nm on the Bx molecule. The
peaks at the 488 and 459 nm wavelengths show an
electron transition from 7 to m*, which comes from the
C=C conjugated double bond [8]. In contrast, the peak at
430 nm occurs due to the electron transition from n to ©*,
originating from the carbonyl group (C=0) [8,17].

The UV-Vis absorption band of Zn-Bx coincides
with the Bx, while the absorption band of Cu-Bx tends to
shift towards a lower wavelength (hypsochromic) to 3 nm.
The hydroxyl substitution of the carboxylate or ester
group in Bx (as a ligand) interacting with the metal does
not affect their chromophore group. Consequently, it will
not affect the resulting absorption spectra [18]. The
slightly blue shift occurs probably due to the transfer of
electrons from the ligand ion to the metal [19]. The charge
transfer in the Cu-Bx and Zn-Bx complexes is most likely
derived from the transfer of charge from metal to ligand
(Metal to Ligand Charge Transfer or MLCT). The
interaction between Bx and Zn®* or Cu*" can also be
identified by the change in the % III/II ratio (fine spectral
structure) in the absorption spectrum, illustrated in Fig. 4
[17]. In this research, the ratios % III/II of Bx, Zn-Bx, and
Cu-Bx are 51.89, 39.28, and 15.91%, respectively.

The FTIR spectrum of Bx (Fig. 5) shows the
following bands: at 3183 cm™ for the ~OH stretching
vibration, at 2937, 2924, and 2852 cm™ for the H-C-H
bending vibration, at 1716 cm™' for the ester C=0O group,

Indones. I. Chem., 2021, 21 (3), 669 - 678
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Fig 3. Normalized UV-Vis absorption spectra of Bx
(blue), Cu-Bx (red), Zn-Bx (grey) in acetone
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Fig 4. Calculation of %III/II for a carotenoid [17]

at 1689 cm™ for the carboxylic C=0 group, at 1608 cm™
for the -OH bending vibration, at 1563 and 1518 cm™
for the alkene C=C stretching vibration, at 1379 cm™ for
C-H bending vibration of the methyl groups, at 1288
and 1255 cm™ for the C=0 stretching vibration of the
ester functional group, at 1160 cm™ for the symmetric
and asymmetric vibrations of the C-O-C ester group, at
1011 cm™ as the asymmetric C-H bending vibration, at
728 cm™' indicated methylene oscillating vibrations of
cis-carotenoid. The FTIR analysis results in agreement
with Rahmalia et al. [20] and Lorand et al. [21] that
presented FTIR analysis for cis-bixin compounds.

FTIR spectra of Zn-Bx and Cu-Bx do not show any
significant differences compared to Bx. However, the
—OH carboxylate group absorption band became wider,
accompanied by a decrease in the absorption peak
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Fig 5. FTIR spectra of Bx (blue), Cu-Bx (red), and Zn-Bx (grey)

intensity. There is a shift to the lower wavenumber for the (3183 cm™). Tayyari et al. [22] postulated that a stronger
Cu-Bx complex (3179 cm™) and the longer wavenumber ~ hydrogen bond would show a wider absorption band
for the Zn-Bx complex at (3184 cm™) as compared to Bx ~ accompanied by a decrease in absorption intensity. The
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ester group's C=0 absorption band undergoes a shift to a
larger wavenumber, which for Bx-Cu and Bx-Zn show
bands at 1718 and 1728 cm™', respectively, as compared to
Bx (1716 cm™). The absorption bands at 1288 and
1255 cm™ are observed to overlap into a wide peak. There
were also decreases in the intensities of vibration peaks of
the C-O-C ester group at 1160 cm™ and C-H bending
vibration at 1011 cm™. These phenomena indicated that
the metal-bixin complex occurs due to the interaction
between the ester groups of bixin and the metal [23-24].
According to FT-IR analysis data, the mechanism of
complex formation is predicted as given in Fig. 6.

Characteristics of the KI-I; Electrolyte with Various
MPII Concentrations

Table 1 shows the characteristics of the KI-I,
electrolyte with various concentrations of MPII. The
greater the MPII concentration added leads to higher

CHj CHj3
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CHs CHs l

X
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density and viscosity values. This phenomenon is due to
the increasing number of ion pairs formed by free ions
moving randomly in the medium. MPII can form MPI*
and I" ions. This is in good agreement with Chowdhury
[25], the effect of
tetrabutylammonium iodide (TBAI) concentrations in

et al who investigated
the KI-I, electrolyte system in a polyacetonitrile (PAN)
based gel electrolyte. They reported that the higher
concentration of TBAT added caused the free ion density
of TBA* and I" to increase.

The addition of MPII in the KI-I, electrolyte
system increased the viscosity value almost two times.
Although the increase in viscosity causes a decrease in
fluid velocity and the rate of electrolyte diffusion, which
can affect the transport of electrons in the electrolyte, it
can decrease evaporation rate and prevent leakage
electrolyte system from cells [26]. The addition of MPII
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Fig 6. Prediction of the mechanism of complex formation
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Table 1. The results of the electrolyte analysis
Electrolytes* KI-I, KI-L/MPII0.3M KI-I,/MPI104M KI-I,/MPI10.5M
p (g cm?) 0.82 0.87 0.88 0.88
n (mPas) 0.27 0.46 0.48 0.49
pH 2.39 3.00 3.17 3.37
K (mS cm™) 11.14 0.02 20.44 20.46
* p = density (g cm™), ) = viscosity (mPa s), x = ionic conductivity (mS cm™)
did not have a significant effect on the pH of the electrolyte. 0.22 m B
The ionic conductivity of the KI-I, electrolyte 0.2 m = = 8@ °
without MPII was 11.14 mS cm™". The addition of 0.3 M e "
MPII in the KI-I, electrolyte system significantly % ' . "
decreased the conductivity values. However, adding 0.4 = o
and 0.5 M MPII significantly increased the viscosity oosp ™
values to 20.44 and 20.46 mS cm™, respectively. MPII is N S ) ) ) _
an ionic liquid (IL) that increases the electron transport 0 200 Lig:ﬂttllmensiw ﬁﬂjﬂm 300 1000
from electrolytes. These results are consistent with the 15
research conducted by Shing et al. [27]. They reported .
that the addition of MPII in poly (ethylene oxide) polymer . . A & 3 = ®
electrolyte (PEO) could increase the conductivity of £ 09 C I
electrons in the electrolyte. However, the excessive 08
concentration MPII addition does not significantly affect 03 =
the conductivity value and can even reduce the NI
conductivity due to the ion aggregation process in the 0 200 Lig:E?ntensityﬁ.-D.r?mz] E00 1000
electrolyte. Therefore, based on the density, viscosity, and 0.06
conductivity values, the optimum concentration of MPII & =
added in the KI-I, electrolyte system in this study is 0.4 M. ig’_. . - .
DSSC Performance %E ' =
. . . g.e B = g
Fig. 7 shows the relationship between Voc, Isc, and EE 0.02 =
the maximum energy conversion efficiency to the light £ -
intensity of the DSSCs using the KI-I, electrolyte without & o
MPII. Voc is the maximum voltage available from a solar Uu_”‘g*‘_'zﬁu Y 00 200 000

cell that occurs at zero current, while Isc is the current
through the solar cell when the voltage across the solar cell
is zero. They are the key parameters that govern the
attainable power from a DSSC. The maximum energy
conversion efficiency describes the performance of a
DSSC, how much solar energy (photons) can be
converted into electrical energy without considering the
value of the fill factor. It is the ratio between power
generated by DSSC and the power of the light sources.
As shown in Fig. 7, Voc and Isc increase
logarithmically with light intensity. All DSSC have the

Light Intensity (W/m?)

Fig 7. Performance parameter of DSSCs using Bx (¢),
Bx-Zn (=), and Bx-Cu (A) as sensitizer and KI-I,
electrolyte system

same curve pattern. However, under various light
intensities, Zn-Bx and Cu-Bx-based DSSCs showed
higher Voc values than pure Bx-based DSSC. Voc is
given by the difference of the electrons Fermi level in the
TiO, and the electrolyte redox potential [28]. In this
work, the presence of metal in the dye, which then covers
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the semiconductor surface, may increase the
semiconductor's electrons’ Fermi level. Zn is a better
redox catalyst than Cu, causing the highest Voc value
under various light intensities. Zn-Bx and Cu-Bx-based
DSSCs show higher Isc values than those based on pure
Bx. This phenomenon indicated that Zn** and Cu*" in the
bixin molecule could increase the number of excited
electrons from dye sensitizer and promote the rapid
these

semiconductor conduction band.

injection  of excited electrons into the

Based on Fig. 7, the maximum energy conversion
efficiency of DSSCs using KI-1, electrolyte occurs under a
light intensity of 300 W/m? with the values of 0.003, 0.055,
and 0.013% for Bx, Zn-Bx, and Cu-Bx based DSSCs,
respectively. The maximum energy conversion efficiency
of DSSCs decreases under light intensity higher than
300 W/m?. This is due to increased cell temperature that
may evaporate liquid electrolyte KI-I, and/or provoke
charge recombination between dye sensitizer and
semiconductor.

The effect of MPII 0.4 M addition in the KI-I, liquid
electrolyte system on the performance of the DSSC based
on Bx, Zn-Bx, and Cu-Bx has also been investigated. The
relationship between Voc, Isc, and the maximum energy
conversion efficiency to the light intensity with MPII
0.4 M addition can be seen in Fig. 8. The addition of MPII
to the KI-I, electrolyte system significantly affects the Isc
values. For all DSSC, Isc increases almost linearly with
increasing light intensity, indicated that MPII plays a role
in increasing the electrolyte stability. These results are in
good agreement with Ramesh [29], who reported that
MPII could
conductivity of iodide ions or ion transfer in the MPI'I"

increase Isc due to increased ionic
electrolyte. The K* ions can intercalate into the
semiconductor layer, causing a positive shift in the
conduction band and increasing the charge injection rate.
MPII is high ionic hopping, which can accelerate the
dissociation initiation of KL

The stability of the DSSCs performance under high
light intensity is supported by the increase in the value of
electrolyte viscosity due to MPII. Leakage and evaporation
of liquid electrolytes were prevented. DSSC that used Zn-

Bx as a sensitizer even shows good performance under
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Fig 8. Performance parameters of DSSCs using Bx (4),
Bx-Zn (=), and Bx-Cu ( A) as sensitizer and KI-I, + MPII
0.4 M electrolyte system

700 W/m? of light intensity. Under this condition, the
maximum energy conversion efficiency shows values of
0.076, 0.125, and 0.008% for Bx, Zn-Bx, and Cu-Bx-
based DSSCs, respectively. This phenomenon proves
that complexion bixin with Zn** can improve the
stability and performance of bixin. Zn** is a metal ion
that is not oxidized.

m CONCLUSION

The metal-bixin complexes were successfully
synthesized due to the interaction between the ester
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groups of bixin and the metal. Complexing bixin on metals
has a positive impact on increasing bixin's stability and
performance as a sensitizer. The presence of MPII in the
KI-L, electrolyte system also produces several advantages,
including an increase in the electrolyte's conductivity,
density, and viscosity. A synergistic work was observed
between the Zn-bixin complex and the KI-I,-MPII 0.4 M
electrolyte system in the DSSC with a maximum energy
conversion efficiency of 0.125 under 700 W/m® light
intensity and no significant decrease when the light
intensity increased. Although there are some problems
with natural DSSCs, such as their stability and durability,
this research's results can solve the disadvantages. Finally,
with the advance of technology, their good application
prospect will be apparent.
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chemical interaction with surface sites, resulting in 1H" and 10H" the adsorbate
molecule’s release. The surface species identified were > S(OH;)(HA™); > S(OH3)(4%7);
> S(OHF)(H,A™Y); > S(0HF)(A?™); > S(OHY)(A27); > (SOHF) — (HyA)H_, — SC2);
> (SOHF) — AH_; — S©V; > S(OH)(A%™) and > (SOHF — A — SOH)*~. The logarithmic
values of their complexing constants were: log Koo = 1.81 + 0.04; log K;; = -3.53 + 0.07;
log K51 =-1.03+0.23, log K;.; =7.15 £ 0.14 and log K>.; = 9.62 + 0.53. The results showed
that the chromate adsorption on Fe(IIl) hydroxide was of electrostatic and chemical

nature at pH lower than 5.5, and only of chemical nature at pH superior to 5.5. Therefore,
Fe(III) hydroxide could be considered an excellent sorbent for removing Cr(VI) from
wastewater solutions.

Keywords: chromium(VI); iron(III) hydroxide; adsorption; surface complexes; stability
constants

= INTRODUCTION sustainable technologies for reducing the chromium

o . . . i i le level.
Chromium is widely used in many industrial fields ions in wastewater to an acceptable level. Wastewater

such as tanning, painting, dyeing ceramics, wood discharge of the Cr(VI) industry is largely treated using

treatment, and the paper industry. These Industrial different adsorbents to meet environmental regulation

activities generate substantial amounts of hazardous [8-13]. However, this process and = subsequent

. . . . treatments have high operating costs. Accordingly,
wastes containing high concentrations of chromium [1]. ve High operating gLy

The hexavalent chromium has been considered one of the wastewater is still a managing difficulty for Cr(VI).

. . . For this purpose, methods have already been
most toxic pollutants because of its mutagenic, ] )
developed, such, ion exchange [14], solvent extraction
[15], precipitation [16-17], and adsorption [18-21].

These techniques are wusually performed using

carcinogenic, and teratogenic properties in humans [2-6].
This element’s discharge in the surface water is a severe

threat to rivers, streams, and aquatic life. The presence of . .
this metal is well controlled and the maximal conventional or non-conventional adsorbents,
concentration level of Cr(VI) allowed in drinking water, especially, zeohteé, ar'ld 1ron(II'I) hydrox1d.e [22-25].
as determined by the US-Environmental Protection However, adsorption is a technique of choice for the
Agency (EPA), is 0.05 mg/L [7]. As a result, raising public removal of dissolved elements as Cr(VI) from aqueous
concerns about environmental pollution requires solutions. One can note that this procedure is often
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carried out using activated carbon [26-27], metal-organic
frameworks [28-29], polymeric, and biomass materials
[30-35]. A new study is recently conducted on hexavalent
chromium adsorption and removal from the aqueous
environment using chemically functionalized amorphous
and mesoporous silica nanoparticles [36]. Nevertheless,
iron oxyhydroxide or ferric oxyhydroxide (FeO(OH)),
which has low solubility in water and often poorly
crystalline, has a large surface area and more active sites
for Cr(VI) adsorption.

The relevant reported functional groups of Fe(III)
oxyhydroxide rich in defects are Fe-O, Fe-OH, and
Fe-O-Fe [37]. Thus, FeO(OH) suspension develops
surface charge (Q) due to the exchange of H* or OH" ions
resulting from the dissociation of hydration water
molecules [38]. This exchange phenomenon’s contribution
to Q depends on the transfer of proton to hydroxo
complex interface (>SOH), which is a function of the
medium suspension acidity [39]. As discussed previously,
the proton transfer reaction can be treated as an acid-base
equilibrium after protonation/deprotonation of >SOH
[40].

This study’s mean objective consists of surface
complexation of hexavalent chromium ions on iron(III)
hydroxide. For this purpose, the sorption of Cr(VI) is
examined through co-precipitation experiments from
aqueous solution, as a function of contact time, the mass
of adsorbent, and equilibrium pH of chromium solution
10~ M. The ion exchange method, which has already been
successfully used in liquid-liquid extraction, is carried
out, in order to examine the sorption and the
complexation of ions chromates with the surface of
amorphous Fe(OH);-xH,O.

m EXPERIMENTAL SECTION
Materials

Chemicals namely potassium dichromate (K,Cr,O-,
99%), sodium hydroxide (NaOH, 99%), potassium
permanganate (KMnO,), iron(III) chloride (FeCls, 99%),
and nitric acid (HNOs, 99%) were used and purchased
from Sigma Aldrich. The reagents are of analytical grade
and used without further purification [41]. High quality
distilled water is used for all the experiments.

Indones. I. Chem., 2021, 21 (3), 679 - 689

Instrumentation

The equipment used in this research was a
magnetic stirrer, laboratory balance ADB, KERN of
precision 10 g, and MIKRO 200 HETTICH benchtop
centrifuge. The pH of sample solutions was measured
usinga METROHM pH-meter of precision 10~ pH unit,
equipped with a previously calibrated double concentric
electrode. Analysis of the dosage of chromium(VI) is
carried out in the aqueous phases before and after
adsorption by a GBC type 902 UV-Visible
spectrophotometer.

Procedure

The adsorption studies are carried out by co-
precipitation of Fe(OH);. The iron(III) masses used in
this case are 60, 100, and 300 mg/L, while the contact
time is varied in the range of 1-24 h. Co-precipitation
experiments are examined using a 10 M solution of
potassium permanganate. The pH is adjusted by
decimolar solutions of NaOH or HNOs. Chromium co-
precipitation is carried out with 100 ml of amorphous
ferric oxyhydroxide solution at various pH and Fe**
concentrations.

The co-precipitation efficiency is determined using
the ratio of Cr(VI) concentrations in solid and aqueous
phases, which corresponds to the partition coefficient
(D). The concentration of hexavalent chromium is
measured in the aqueous phase by using a UV-Visible
spectrophotometry technique.

Adsorption experiments

The dosage of chromium in the aqueous solution
is carried out by UV-Visible spectrophotometry
technique. For this purpose, 0.2 mL of the 1,5-diphenyl-
carbazide complexing agent is acidified with 4 mL of
0.05 M sulfuric acid solution and completed to 5 mL
with distilled water. The co-precipitation of chromium
ions by the Fe(OH); is examined according to the
contact time, the pH of the suspension, and the mass of
the iron hydroxide. The effect of pH on the partition of
Cr(VI) between the solution and the solid phase is
examined for various contact times.

The effect of pH and mass of sorbent on Cr(VI)
sorption is described by Eq. (1).
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logD =logK,, +logm +npH (1)
D [Cr(VD)] 2)
[Cr(VI]

Kap is adsorption constant, “m” is sorbent amount in g/L
and the on lined species referrer to the solid phase. If “P”
denotes the percentage of chromium fixation on iron(III)

oxyhydroxide we obtain:
p=_t _p__D 3)
1-P 1+D

m  RESULTS AND DISCUSSION
Effect of pH

The experimental results of the adsorption of
chromate ions on iron(III) hydroxide are given in Fig. 1,
as a logarithmic variation of D with pH for iron contents
equal to 60, 100, and 300 mg.L™" at contact times (t.) of
0.5, 1, 2, 3, 4, and 26 h. One can note that these curves are
to define the mechanisms of chromium adsorption
involved in this case. Fig. 1 shows log D = f(pH) obtained

100 g
n.al ¥
0&0 ¥
040 ¥
nz0 ¥

2 0.00

2 20
040 #
060 ¥
-0.80 F
00

o
=]
2
0.00 4
4
v
] |
-0.50
Ot=05h
atpt=3h

681

for various contact times and suspension amounts.

In acidic media, log D = f(pH) variations are linear
until reaching a maximum (P-90%) at pHu.x ranging
from 5 to 6, then decrease rapidly when the pH
continues to rise. It must be noted that at given “m,” the
values of both pHum.x and § log D/8 pH are dependent on
the duration of adsorbent hydration. This indicates the
absence of a predominant reaction and shows the
absorption phenomenon’s complexity, which seems to
involve several reactions of fixation of Cr(VI) by iron
hydroxide. According to the suspension medium’s
acidity, the variations in chromium(VI) retention with
acidity are due to the protonation/deprotonation
reaction of both chromic acid and sorbent surface
groups (>SOH). The first and second acidity constants
of H,CrO, are respectively pK.; = 0.75 and pKa., = 6.45
[42]. At concentrations lower than 0.03 M, Cr(VI) exists
mainly as hydrogen chromate HCrO, at pH < 5.0 (=
95%), chromate CrO,~ for pH >7.6 (95%), and as a

m =100 mg/L

-0.50 T

-1.00 1

-1.50 &

m = 300 mg/L

14

step=1h
atpg=4h
Fig 1. Log D versus pH for m = 60, 100, and 300 mg/L and contact times t;=0.5,1, 2, 3,4,and 26 h

+ict=2h
*i:t=26h
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mixture of these two species between pH 5.0 and 7.6.
Moreover, the electrostatic and chemical sorption
mechanisms are very rapid, that the kinetics cannot be
used to differentiate between these two processes [43].
The maximum adsorption conditions are exhibited
when the surface charge of the sorbent is opposite to that
of the sorbate. Thus, the binding of weak acids is maximal
at pH values close to the pK. of these acids or to the PZC
of the surface absorbent materials [42-44]. Taking these
considerations into account, H,CrO, can be considered a
strong diprotic acid dissociated into HCrO,~ and adsorbed
electrostatically onto the positively charged hydroxide
surface up to pH around PZC+7. It is shown from previous
studies that the adsorption of Cr(VI) is, in general,
optimal at pH values lower than 4 for various absorbents
such as some metal oxyhydroxides [45, 46], natural
biosorbents such as larch bark [47], boiled tea leaves [48]
and activated charcoal [49]. Also, optimum pH for
adsorption of this metal ion is found to be ranging from 5
to 7 with various adsorbents such as clays [50], sands
covered with oxides [50], zeolite and hydroxyapatite [51-
52], aluminosilicate [50-53], apricot stone [54], bamboo
waste [55] and seed-based biochar [56]. This acidity effect
is considered to be due to the interaction of the surface
sites (>SOH) that is much greater with H" ions than with
sorbate anion. At pH greater than pHuax, Cr(VI) exhibits
a typically anionic sorption behavior, and the adsorption
decreases with increasing pH, as found in the retention of
anions on iron oxides [57]. This behavior, usually
observed at pH values higher than 6.0, is suggested to be
due to the competition uptake of CrO4* and OH™ anions
by the surface of the adsorbent [58]. As a result, the
obtained adsorption behavior involves the phenomena of
protonation of the hydroxylated sites and the hydrolysis
of chromium(VI). Thus, at pH higher than pHum., the
retention of Cr (VI) is due to the interaction of hydrogen
chromate and/or chromate with >SOH surface groups

rather than with >SOH; groups that are predominating
at pH below pHiax [59]. One can note that the non-integer

dlogD . . . .
values of e =n is associated with two successive surface

Indones. I. Chem., 2021, 21 (3), 679 - 689

complexes [60].
.. dlogD
Variation °fap_H = f(pH)

As shown below in Eq. (15), ?;—g}? = n corresponds

to proton H* (n > 0) or hydroxyl OH™ (n < 0), exchanged
during the surface complexation reaction described by
Eq. (9). Obtained results show that the mechanism of
Cr(VI) adsorption with Fe(OH); sorbent occurs via

. . cop 8logD
electrostatic attraction or diffusion process ( 5;‘1 =0),

SlogD SlogD
proton  ( SpH >0) and hydroxyl ( SpH <0)

exchanges. In general, the adsorption phenomenon is a
non-linear curve describinglog D = f(pH) variations. To
determine the “n” value, equilibrium adsorption data are
best fitted with cubic polynomial equation (R*> 0.99), in
various pH regions. Fig. 2 shows the variations n = f(pH)
obtained for 60 mg/L < m < 300 mg/L, at contact times
varying between 0.5 and 26 h.

These results demonstrate that the pH of the
sorbent system controls the ionic forms of the
chromium solutions and the surface properties of the
adsorbent. In all the cases, the variations n = f(pH)
exhibits a similar behavior that is varying significantly
with the contact time, in particular in acid conditions.
The protonation/deprotonation of the sorbent is
dependent on the surface coverage and varies between
-1 and 1 for m = 60, 100, and 300 mg/L. The protonation
phenomenon is prevailing at pH around 2, while
coulombic/intra-particle ~ diffusion adsorption is
predominantly for pH ranging from 4.4 to 6.0.
Furthermore, the deprotonation is prevailing at a pH of
around 8 in all examined media.

Combining these mechanisms leads to the
predominance of surface complexes (Ci,), whose nature
depends on the acidity of the aqueous medium. These
species are Co, Ci1, Cy1, Ciq, and C,.. Taking these
considerations account, the

into predominant

complexation reactions involved in this case are:

1(>SOH) +H,CrO, <> (>S0),(H,_,,Cr0, DH®2* 4+ nH* +1H,0 (4)
n=-11,1=12

1(>SOH) + H,Cr0O, ¢ (>S0),(H,_,,CrO, |)H, +1H,0 (5)
n=0,1=1;2
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1.40 1

m =80 mg/L

80 1

c 040 4

-010 ¢
L

060 4=

Otey=0.5h
atey=3h
Fig 2. Variations of n = f(pH) obtained for m = 60, 100, and 300 mg/L at contact times t = 0.5, 1, 2, 3,4, and 26 h

Chromium(VI) Adsorption Mechanism and Stability
Constants

In general, the process of adsorption of ion metal
with hydrated oxyhydroxides is described by the
complexation reaction of a metal ion with active sites
>S—OH . The acid-base properties of the surface of the
attributed to  the
protonation/deprotonation reactions taking place on the

adsorbents  considered are

surface of the sorbent and which can be expressed by:

(>S—OH)+H" «<>>S-OH, K" (6)

(>S-0OH)<>>S-0 +H" K (7)
The highlighted species belong to the solid phase, so K*
and K- refer to the stability constants for iron(III)
hydroxide.

The symbols H.; and H; respectively denote the H atoms
and the OH group. This leads therefore to:

H_,+H, & H,0 (8)
The surface complexation of chromium ions, HiCrO,",
by Iron hydroxide can be described by the Sillen notation,

=teg=1h
atet=4h
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200 m = 100 mg/L

e
-0.50
-1.00

. m = 300 mg/L

+ipg=2h
+tog=26h

generally adopted in complexing reactions in the
aqueous phase.

1>SOH +H;AY™" & (> SOH) Hj_py A" " +nH" K,

)
with:i=2;1;2,1=1;2,n=-1;0; 1, and A = CrO,*
Taking into account the expression of “D” given by:

(>SOH)H, ,Al™2*
D= =y (10)
-
‘HiA
The extraction constant is:
S n
‘(> SOH)H,__AlH*
g 1 (11)
‘HiA(‘_z)J’ > SOH|
— n
| SOmH_AlH | .
Kln = " = —1 H
‘HiA(1_2)+ m! m (12)
where ‘> SOH‘ =m
logK;,, =logD -1 logm —npH (13)
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So that:

logD =logK, +1 logm + npH (14)
According to these expressions, the study of the

variation in the value of the distribution coefficient D as a

function of pH makes it possible to verify the supposed

binding mechanism and define the nature “n” of the

adsorbed species calculate the K, constants.

Ologh _ (15)
OpH

Ologh _, (16)

Ologm

Study of Variations A, = | log m + log Kin = f(n)

The surface complexation equilibrium constants are
obtained from the line segments of the log D = f(pH)
curves. The slope of these segments leads to the value of
“n” while the y-intercept leads to A, = log Kix + 1 log m.
Fig. 3 illustrates the variations Ay, = f(n) for the successive
contents of 60, 100, and 300 mg/L.

As shown, these variations are linear throughout the
range of “n” explored. They allow the calculation of Ay;
Ay and Ay, relating to the various iron concentrations. So,

the curve equation can be written in the form log (Aw) =

¥

Indones. I. Chem., 2021, 21 (3), 679 - 689

log (Aw) + n log (An-Ay). This equation can be obtained
thermodynamically by considering that |n| also presents
the fraction of the 1 H* or 1 OH" exchange reaction,
contributing to the overall adsorption reaction.

Study of the “I” Order of Surface Complexes

The ordinate at the origin of the variations log D =
f(pH) is equal to Ay, = 1log m + log Ki,.. The exam of the
variations Ay, = f(log m) for n = 1; 0 and -1 (Fig. 4) make
it possible to determine “1 “ and logKis.

Fig. 4 shows that the graphs Ay, = f(log m) are linear
whose slope values correspond to the “I” parameter.

As a result, the adsorption process combines
mononuclear and binuclear uptake mechanisms.
Accordingly, the surface complexation constants are log
Ki11=-3.28,and log Ki3.1 = 7.89. As shown, Ay = log Kio
are constants, indicating that the intrinsic reaction is no
dependent on suspension amount. This means that this
steeper Cr(VI) adsorption is, essentially, controlled by
film diffusion. One can note that this external surface
sorption is characterized by 1 = 0, in these conditions.
The logarithmic variation of Ki, associated with

different monodentate complexes resulting from surface

=-5.7428x+0.7222
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Fig 3. Variations of Aj, = f(n) obtained for m = 60, 100, and 300 mg/L
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Fig 5. Variation log Ki, = f(n) obtained from m = 60, 100 and 300 mg/L

different surface protonation/deprotonation phenomena
is shown in Fig. 5.

As found above, the straight line shows that the
slope value equal to “n”, varies between -1 and 1.
Therefore, the constants Ky, Ki; and Ki.; are the intersect
and y-coordinates associated to (0,0); (1,1) and (1,-1)
points of log Ki, = f(n), respectively. This information
provides that the intrinsic constants Ky or Ky
(independent on 1), is such log Koo = 1.81, log Ki; = -3.53,
and log Ki.; = 7.15. The apparent constant value related to
n =0.35 is such log Kio35 = 0. Furthermore, the adsorption

reaction associated with apparent constant Ki,; is
composed of mononuclear reaction (z%) and binuclear
reaction ((1-z)%). This result can be used to calculate log
K;:1according to:

111 = (Ki)*?(Kan)™!
Kisa = (Ki)(Kz)*?
This allows for obtaining log K51 =-1.03 and log K;; = 9.62.
Considering that adsorbed species are mono- and
bidentate complexes, Table 1 summarizes the obtained
results.
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Table 1. Surface complexation and stability constants for Cr(VI) sorption onto Fe(III) hydroxide

(Ln) Surface Complexation Reaction log Kix pH

(0,0) > SOHF + HyyA¥? & (> SOHZ)(H,-yA)7Y 1.81+0.04 pH<55
y=12

(1,1) > SOH} + H,,A%? & > SOHJ — (Hz—yA)HE};_3) +HY -3.53+£0.07 pH<55
y=12

(2,1) 2> SOH; + H,,A%? & > (SOH}) — (H,-yA)H_; — SO~3 + H,0 + H* -1.03+0.23  pH<5.5
y=1;2

(1,-1) > S0~ + A* + H,0 & > (SOH — A)?~+ OH- 7.15+0.14 pH=55

(2,-1) 2>S0" +A* + H,0 & > (SOH — A — SO)*~ + OH- 9.62+0.53 pH=

m CONCLUSION

The adsorption of hexavalent chromium Cr(VI) on
Fe(III) hydroxide was thoroughly investigated. For this
purpose, a method was developed for studying the surface
complexation of Fe(OH);sorbent. The partition of Cr(VI)
between the solid and liquid phases was examined as a
sorbent mass function, contact time, and solution pH.
The proton and hydroxyl ion exchange were evaluated to
define the adsorption reaction and define surface
complexes to achieve this purpose.

The study of log D = f(pH) experimental data (D =
distribution coefficient = ratio of chromium in the solid
and liquid phases), pointed out that the adsorption of
Cr(VI) on Fe(IIT) hydroxide was greater than 90% in all
cases, for pH values ranging between 4 and 6.
Furthermore, the obtained results were used to specify the
predominant chromium surface complexes. These results
allowed the identification and formulation of these
complexes according to the
These

>S(OH} )(A*7);

acidity of explored

environments. complexes concerned

>S(OH} )(HA™); >S(OH3)(H,A™);

>S(OH;)(A”)5 >S(OH{)(A>") 5 >(SOH}) —(H,A)H_, -8 ;

> (SOH}) - AH_, -8V >S(OH)(A™) and

>(SOH§ —A—SOH)4_ . The complexing constants were

calculated using the transformed curves of raw
experimental data. The logarithmic values of these
constants were: log Koo = 1.81 £ 0.04, log K11 =-3.53 + 0.07,
log Kz =-1.03 £0.23, log Ki.1 = 7.15 + 0.14 and log K., =
9.62 *+ 0.53. Therefore, Fe(III) hydroxide exhibited high

adsorption capacity for hexavalent chromium. Therefore,

this sorbent could be considered as excellent and reliable
for the effective removal of Cr(VI) from wastewater
solutions before dumping it into the environment.
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= INTRODUCTION vegetables, such as bananas which are food commodities
that contain carotenoids [6-7].

Globally, people have labeled bananas as the
world’s fourth staple food after rice, wheat, and maize

Carotenoids have been proven as compounds that
are able to support biological functions in the human
cellular system, such as vitamin A activity, antioxidant ) i o ]
. . [8-9]. Interestingly, besides being rich in nutrients and
functions, and immune system enhancers [1-3].
Nevertheless, several diseases in developing countries
related to vitamin A deficiency, cancer, cardiovascular
disease, cataracts, and age-related macular degeneration

(AMD) are still becoming public attention issues [4]. Due

energy, bananas also contain carotenoid pigments,
which consist of three main carotenoids: a-carotene, -
carotene, and lutein [10-11]. a-Carotene and p-carotene
are pro-vitamin A carotenoids in which each compound

to the inability of cells to biosynthesize carotenoids, can produce one and two retinal molecules in the body

.. L. . 5]. Lutein i | t id that tect th
humans need diet intake rich in carotenoids to reduce the [5]. Lutein is a macular carotenof at can protect the

risk of these chronic illnesses [5]. The main dietary photoreceptor cell of the eye [12]. Consumption of

carotenoids generally come from yellow-orange fruits or banana flesh could provide supply of pro-vitamin A

carotenoids to the human body [7].
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As a tropical country, Indonesia has considerable
potential for the diversity of bananas, which currently
there were at least 1,000 cultivars distributed in 16
provinces of banana production centers in Indonesia [13].
Banana production in Indonesia has increased from 6.9
billion tons in 2014 to 7.3 billion tons in 2018, which
means the production grew by 5.86% within 5 years. East
Java produced 2.1 billion tons of banana in 2018,
increasing 54.11% from 1.3 billion tons in 2014, leading to
the largest banana production in Indonesia in the same
year. Bananas are largely produced in certain regions in
East
Bojonegoro, and Pasuruan. In Malang district itself, 32

Java, such as Malang, Jember, Lumajang,
banana varieties were cultivated by the local communities
with a total production of approximately 9,728 tons in
2018, which was the largest production in East Java
province [14-16].

The that an

enormous number of bananas have been produced to

above-mentioned data suggest
fulfill consumers’ need for a healthy diet. However,
people’s knowledge on bananas may be limited to
Cavendish due to its considerable amount of trade. Food
and Agriculture Organization (FAO) claimed that
Cavendish dominated 45% of global production in which
50 billion tons of Cavendish have been globally produced
annually. This considerable amount of Cavendish
production may be due to its ability to generate high
yields and its strength towards environmental issues, such
as storms [17]. On the other hand, a lot of banana types
have been cultivated in Indonesia other than Cavendish.
In fact, 79 cultivars of bananas were found in East Java,
moreover, 33 types among them have been cultivated in
the Malang region [18]. Recent study on pro-vitamin A
carotenoids in local banana cultivar widely grown in
Lumajang, East Java, i.e. Agung Semeru banana (Musa
paradisiaca L. AAB), revealed that vitamin A activity of it
was at 457.33 * 5.18 pg retinol activity equivalents
(RAE)/100 g dry weight (dw) [19]. This fact indicates that
local banana cultivars should be taken into consideration
as they may have great potential to enhance people’s diet
of vitamin A.

This enormous amount of local banana cultivars
production combined with the content of carotenoids

makes bananas as potential fruit source for daily
nutrition intake. However, limited information on the
total carotenoids of banana cultivars are reported,
specifically, those cultivated and commercialized in the
Malang region. Therefore, this study aimed to identify,
quantify, and evaluate the carotenoid contents of
selected bananas cultivated and commercialized in
Malang, Indonesia. The selected banana cultivars to be
observed were dessert bananas (Berlin, Cavendish, Mas),
plantain bananas (Candi) and that which could be
served as both (Raja). Identification and quantification
of total carotenoids, major carotenoids, and vitamin A
activity of five cultivars of banana were carried out by
spectrophotometry and chromatographic methods. The
information on carotenoid compositions and
concentrations as well as vitamin A activity of these
bananas obtained in this study may enrich people’s
knowledge on the function of carotenoid contents of
thus,
understanding on a healthy diet.

these bananas, leads to a comprehensive

m EXPERIMENTAL SECTION
Materials

Five cultivars of banana were used in this study, i.e.
Berlin (Musa acuminata AA), Mas (M. acuminata AA)
and Cavendish (M. acuminata AAA), all of those were
classified as dessert bananas, as well as Candi (M.
paradisiaca AAB) which is classified as plantain, and
Raja (M. paradisiaca AAB) which can play role both as
dessert and plantain. The whole fruit and half-fruit
longitudinal cross-section are depicted in Fig. 1. All the
cultivars were purchased from several local markets in
Malang, Indonesia. The selected bananas were the ones
that had entered ripening stage 6 to 7, indicated by
yellow skin color with several brown spots on the surface
area, thus, were ready-to-eat [20]. For analytical
purposes, the fresh flesh was taken, immediately sliced,
ground using mortar, and stored in the sample tube.
These following chemicals, i.e, calcium carbonate
(CaCO:s), ethanol (EtOH), tetrahydrofuran (THF), n-
hexane, acetone, methyl tert-butyl ether (MTBE),
methanol (MeOH), water (Merck), and sodium-L-
ascorbate (Chameleon), were used for extraction and
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(a)

b}

(c)

(d}

e}

Fig 1. Whole fruit (left) and half-fruit longitudinal cross-
section (right) of Berlin (a), Mas (b), Cavendish (c), Candi
(d), and Raja (e) bananas

analytical purposes. Lutein, a-carotene, and {-carotene
standard pigments (= 95% purity level) were obtained
from NATChrom (Malang, Indonesia).

Instrumentation

The absorption spectra of pigment extracts were
recorded using a UV-Vis spectrophotometer (UV 1700
Shimadzu). It was also used for the total carotenoids
determination of the bananas. High-performance liquid
chromatography (HPLC) system (Shimadzu) equipped
with a photodiode array detector (LC20A) and column

oven (CTO-20A) was used to determine the carotenoid

compositions and concentrations of the banana

cultivars.
Procedure

Carotenoid extraction

Carotenoid extraction was performed based on a
with
modifications [10,19]. In a dark room, 3 g of flesh aliquot

previously  reported  procedure several
were mixed with trace amount of CaCOj; and sodium-L-
ascorbate, then stirred for 10 min at 120 rpm in a 10 mL
solvent extraction mixture containing EtOH and THF
(4:3, v/v). The yellow filtrate containing carotenoids was
collected, then the extraction process was repeated four
times toward the residue until it became colorless.
Furthermore, all carotenoid extracts were combined and
transferred in a separatory funnel to be separated from
any contaminants by the addition of water and n-
hexane. The organic layer containing carotenoids was
then collected, and the remaining solvent was removed
using a rotary evaporator (Heidolph, Schwabach,
Germany) at 35 °C. All extraction was performed in

duplicate.

Total carotenoids analysis

The carotenoid extracts in acetone were subjected
to UV-Vis spectroscopy measurement (UV-1700,
Shimadzu) to record the absorption spectrum and then
to determine the total carotenoids. Sample was diluted
by 10 prior to the measurement. Total carotenoids (in pg
carotenoid/100 g dw) were determined using formulation
modified from Gross as follows [21]:

AxVx10° 1
Total Carotenoid = 0><V>< 0 X . o (1)
Ai c/ron x100xG 100 —mositure content(%)

where A represents absorbance at maximum absorption
wavelength (Am.); V is volume of carotenoid extract
(mL); G is weight of sample (g); A}%, is specific
absorbance extinction of carotenoid mixture in acetone,
i.e. 2,500 (mL/(g x cm)). Moisture content was measured

using a moisture analyser (MOC63u, Shimadzu).

Determination of carotenoid compositions and
major carotenoid concentrations
The carotenoid compositions and major

carotenoid concentrations were determined by means of
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HPLC (Shimadzu, Kyoto, Japan), following the method
suggested by Kurniawan et al. [22]. The dry carotenoid
extract was re-dissolved in 1 mL of acetone and filtered
using a PTFE membrane syringe (0.22 um, Shimadzu),
then 20 pL of the extract was injected into the reversed-
phase (RP) HPLC. The separation of pigment was carried
out by RP-HPLC using a YMC C30 column (150 x 4.6 mm
ID) (YMC, Wilmington, MA, USA), column oven (CTO-
20A) at 30 °C, and photo-diode array detector (LC20A).
The elution gradient program was regulated by a mixture
of MeOH, MTBE, and H,O (81:15:4, v/v/v) at 0 min to
(6:90:4, v/v/v) at 70 min at 30 °C with a flow rate of
1 mL/min.

Carotenoid identification was performed based on
chromatography result of lutein, a-carotene, and f-
carotene standard pigments from a previously described
report by Chandra et al. [19]. The lutein, a-carotene, and
B-carotene standard pigments in the chromatogram were
eluted at 8.3 min, 23.5 min, and 26.4 min, respectively.
The absorption spectrum properties of peaks (shape or
pattern and Am.x) from the banana samples obtained at the
same retention time (tr) were compared with those of
standard pigments to confirm pigments identification.

Peak area of major carotenoids at Am. of each
banana cultivars obtained from HPLC was used to
calculate the concentration of lutein, a-carotene, and {3-
carotene (in pg/100 g dw) by using standard linear
equations developed by Chandra et al. [19] and
Kurniawan et al. [22], i.e.:

Lutein : y =305.8x —0.6335,R? =0.9999 (2)
o —carotene:y =232.04x — 47.906,R? =0.9950 (3)
B — carotene: y = 206.57x —74.953,R* = 0.9982 (4)
where y and x are peak area (x 107°) at A and

concentration of measured pigment (ug/mL),

respectively.

Vitamin A activity

Vitamin A activity was described based on
concentrations of a-carotene and P-carotene, both are
known as pro-vitamin A carotenoids. The concentration
of pro-vitamin A carotenoids was converted into retinol
activity equivalent (RAE) using a conversion factor of 24:1
for a-carotene and 12:1 for -carotene.
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Statistical analysis

All values were performed as means + standard
deviation (SD) of two replicates. Statistical analysis of
total carotenoids, lutein, a-carotene, and [-carotene
concentrations, and vitamin A activity was performed
using one-way analysis of variance (ANOVA). When a
significant difference was found, Tukey’s Honest
Significant Difference test was performed in Minitab
software version 17 (Minitab. State College, PA, USA)
with 95% confidence level (p < 0.05).

m  RESULTS AND DISCUSSION

The initial study of yellow pigment from five
banana cultivars was carried out based on spectroscopic
analysis by comparing the total carotenoids of each flesh
crude extract. Fig. 2 shows the absorption spectra of crude
carotenoid extracts from each sample in 1 g of dw basis,
where the absorbance value at An.x represents the total
value of the carotenoid. Based on the absorbance height
of each banana cultivar in Fig. 2, ones can observe that
the banana cultivars showed a different concentration of
carotenoid. For instance, having the highest absorbance

— Ma==
0 — 2ein 450
—  Raa
[ ——— Candi 478
— Cavendish
2
El
m
Y il
&
E
2
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Wavelength (nm)
Fig 2. Absorption spectra of carotenoid crude extracts
from Mas (black line), Berlin (green line), Raja (blue
line), Candi (red line), and Cavendish (magenta line).
All extracts were dissolved in 1 mL of acetone and
calculated in 1 g dw basis
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value, Mas banana would have the highest carotenoid
concentration. On the other hand, Cavendish was most
likely exhibiting the lowest carotenoid concentration
based on its extremely low intensity. Moreover, all
samples provided the same Am.x and shoulder peak at 450
nm and 476 nm, respectively. This suggests that the major
carotenoid compositions and concentrations will be
further discussed.

The banana flesh color indicates the carotenoid
contents as can be observed from Fig. 1. For instance, Mas
banana exhibited the most intensive orange color among
the five banana cultivars, whereas Cavendish showed the
least intensive yellow. The difference in flesh color among
the cultivars suggests that the carotenoid contents were
also varied. One can roughly conclude that Mas banana
would have the highest carotenoid content, while
Cavendish showed the least. Table 1 shows the total
carotenoids in the five banana cultivars which suggests
that Mas bananas contained the highest total carotenoids
compared to the other four cultivars with 3,660 ug/100 g
dw. On the contrary, Cavendish shows the least
carotenoid among others with only 347 ug/100 g dw. The
value in Table 1 corresponds to the absorbance value of
the bananas shown in Fig. 2. Higher absorbance value
indicates higher concentration of carotenoid in the

1004
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bananas. The result of the ANOVA statistical test
suggests significant differences among cultivars, with p
values of 0.00 (p < 0.05). Tukey’s multiple comparisons
confirmed that the total carotenoids in each sample were
significantly different from one another, nevertheless,
Raja was not significantly different from Berlin and
Candi. According to the recommendation for the
prevention of cancer and other chronic diseases from the
National Academy of Sciences which recommends
carotenoid consumption in the range of 9 to 18 mg/day
[23], the human carotenoid requirement could be then
tulfilled properly with consumption of 300 to 600 g of
Mas banana.

Analysis of total carotenoids describes the total
concentration of all carotenoid compounds contained in
the bananas. Moreover, to understand the carotenoid

and contents,
HPLC
compositions is shown in Fig. 3 which reveals peaks of

compositions HPLC analysis was

performed. chromatogram of pigment
three major carotenoids possessed by the bananas, i.e.
lutein, a-carotene, and P-carotene. The identification of
the major carotenoid compounds was based on the
spectra shape, Amax, and retention time (tr) in the standard
pigment chromatogram described in the previous study

by Chandra etal. [19]. Peak #1 was identified as lutein,

— lutein
— m-Carotens
B B0 — p-carotene
E‘ a0t -
40
_E_E._ |
3
E 600 - =m0 2
2
-+ |
w oE= . .
w400 | 0 400 450 00 50
= Wavelength (nmj)
W B
I 1
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15
Retention time (min)

Fig 3. HPLC chromatogram detected at 450 nm of carotenoid crude extracts from Candi bananas. The intensity was

calculated in 1 g dw basis. Inset: absorption spectra of lutein (red line, peak #1), a-carotene (green line, peak #2), and

B-carotene (blue line, peak #3) in HPLC eluent
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with Amays at 445 and 472 nm, and eluted at min 8.4. Peak
#2 corresponds to a-carotene due to its absorption at 446
and 474 nm and detected at min 23.4. Peak #3 was eluted
at min 26.3 having An., at 451 and 478 nm, thus, identified
as P-carotene. Previous studies also reported these
compounds as major carotenoids in other banana
cultivars in several regions in the world, such as in
Australia, Africa, and Asia [10,24-27].

Table 1 and Fig. 4 show that each cultivar exhibited
different trends in its carotenoid concentration. Raja
contained B-carotene in a higher concentration than a-
carotene and lutein. Candi and Berlin seemed to follow
the same pattern as Raja, however, only a slight difference
was found in the concentration of a-carotene and -
carotene between those two cultivars. On the other hand,
Mas banana contained a-carotene 1.7 and 6.0 times
higher than pB-carotene and lutein. Meanwhile, the
amount of lutein in Mas, Berlin, Raja, and Candi was
relatively low. Compared to a-carotene and p-carotene,
the amount of lutein in Mas bananas was 6.0 and 3.5 times
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lower. In Raja, lutein was found 4.7 and 5.8 times lower
than Much
concentration of lutein was also found in Candi, in

a-carotene and [-carotene. lower
which lutein was 10.6 and 10.9 times lower than a-
carotene and p-carotene, and in Berlin, where lutein was
12.8 and 13.0 times lower than a-carotene and pB-
carotene. Interestingly, Cavendish bananas were known
to produce lutein in a greater quantity than the other two
compounds, covering approximately 50% of the whole
major carotenoid.

Furthermore, the concentration of the major
pigments varied among all cultivars. Mas bananas
showed the highest content of lutein, i.e. 258.65 ug/100
g dw, followed by Raja, Cavendish, Berlin, and Candi
bananas. Concentration of a-carotene remains the
highest in Mas bananas, followed by Berlin, Raja, Candi,
and Cavendish bananas. On the other hand, Raja
bananas showed a great amount of P-carotene among
other cultivars, followed by Mas, Berlin, Candi, and

Cavendish bananas. Table 1 shows that the concentration

Table 1. Concentration of total carotenoids and major carotenoids from five banana cultivars

Concentration (pug/100 g dw + SD)

Banana cultivars

Total carotenoids Lutein o-carotene [B-carotene
Mas 3,669.59 + 485.28* 258.65 £ 35.80° 1,556.22 £ 9.75* 900.69 + 73.57%
Berlin 2,554.14 + 210.56° 67.81 £ 4.94¢ 870.89 + 1.62° 884.69 + 54.70%
Raja 2,089.60 + 206.29" 170.54 + 34.05% 806.26 £ 5.03¢ 983.85 £ 10.30°
Candi 1,777.77 £ 278.80° 64.38 £ 4.71¢ 682.00 + 14.934 699.44 + 19.56"
Cavendish 347.79 + 23.45¢ 97.43 +1.17% 59.43 + 1.58°¢ 41.47 +2.24°¢

*values with different alphabet superscripts are significantly different at p < 0.05
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Fig 4. Comparison of major carotenoids (lutein, a-carotene, p-carotene) and total carotenoids (ug/100 g dw + SD)

from five banana cultivars. Composition and concentration of major carotenoids were obtained from HPLC analysis,

while total carotenoids were derived from spectrophotometry data
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of a-carotene in Mas bananas and P-carotene in Raja
bananas were 1,556.22 ug/100 g dw and 983.83 pg/100 g dw,
respectively. Being the most marketable banana cultivar,
Cavendish shows a low amount of B-carotene which
corresponds to previous reports suggesting that Cavendish
contained 21 to 290 pg/100 g dw of B-carotene [7,24,28].

Table 1 shows that a-carotene concentrations were
significantly different among the five banana cultivars,
observed from the different letter as the result of statistical
test calculation. In terms of B-carotene concentration, Raja,
Candi, and Cavendish were distinguished over each other.
Mas and Berlin showed no significant difference, however,
they were significantly different from Cavendish.
Moreover, lutein content among Berlin, Candi, and
Cavendish could be considered not significantly different.
Raja and Cavendish showed the same result as well as Mas
and Raja. However, Mas showed a significant difference
towards Berlin, Candi, and Cavendish.

In addition, a comparison between concentrations
of three major pigments and total carotenoids is presented
in Fig. 4, showing that the total carotenoids were greater
than total concentrations of a-carotene, 3-carotene, and
lutein. This result implies that more carotenoid
compounds existed in the bananas, such as 5,8,5,6'-
diepoxy-a-carotene or 5,6,5’,8’-diepoxy-a-carotene, 13-
cis-a-carotene, 15-cis-a-carotene, 5,8-epoxy-a-carotene,
13-cis-B-carotene, 9-cis-a-carotene or 9'-cis-a-carotene
and 9-cis-P-carotene. Other carotenoid compounds that
belong to the xanthophyll group also contribute to the
total carotenoids. However, they could hardly be found in
the HPLC chromatogram due to an extremely low
amount [7,29-31].

The amount of vitamin A activity in the banana
cultivars was calculated from the total of 1/24 of a-
1/12
concentration. Table 2 provides the result of vitamin A

carotene concentration and of p-carotene
activity calculation from five samples in the range from
between 5.92 + 0.12 pg RAE/100 g dw and 139.90 +
6.54 ug RAE/100 g dw. Through Table 2, it can be seen
that there were significant differences between cultivars
(p < 0.05) and there were four groups regarding Tukey’s

multiple comparison. Berlin and Raja, however, show no

Indones. I. Chem., 2021, 21 (3), 690 - 698

Table 2. Vitamin A activity from five banana cultivars

) Vitamin A activity
Banana cultivars

(ng RAE/100 g dw + SD)
Mas 139.90 + 6.54°
Berlin 113.63 + 7.08°
Raja 115.58 + 1.07°
Candi 84.23 £ 9.98¢
Cavendish 5.93 +0.12¢
*values with different alphabet superscripts are

significantly different at p < 0.05

significant difference. The concentration of a-carotene
and [-carotene (Table 2) contribute to vitamin A
activity. Therefore, Mas bananas contained the highest
vitamin A activity among the other cultivars, while
Cavendish became the lowest. Institute of Medicine
(U.S) suggested the recommended dietary intake (RDI)
values for vitamin A for females and males, 700 pg RAE
and 900 pg RAE, respectively [32]. This means that to
fulfill the dietary intake of vitamin A from these five
banana cultivars, a considerable amount is needed. This
number would be much greater for bananas with a very
low amount of vitamin A, such as Cavendish.

m CONCLUSION

Observational studies on the five banana cultivars
in Malang were conducted to analyze the total
carotenoids and to identify the dominant carotenoid
pigments, i.e. lutein, a-carotene, and -carotene, as well
as to determine their concentration. Each cultivar
provided a different amount of major carotenoids. In
addition, Mas bananas were found to contain the highest
total carotenoids, i.e. 3,669 + 485.28 ug/100 g dw. These
bananas also presented the highest content of lutein and
a-carotene, while Raja bananas were known to have the
highest B-carotene among other cultivars. On the other
hand, Cavendish bananas, although they showed to
provide the lowest amount of carotenoid, lutein was
found in a higher amount than a-carotene and (-
carotene. Moreover, Mas banana exhibited the highest
amount of vitamin A activity (139.90 + 6.54 ug RAE/100
g dw), suggesting a considerable amount of the bananas
to fulfill the dietary intake of vitamin A.
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dimethoxyphenyl)-4-(hydroxymethyl)tetrahydrofuran-3-yl)methanol (2), diayangambin
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m INTRODUCTION polyacetylene carboxylic acids/esters, fatty acids,

Within the pantropical family of shrubs, trees, and lignans, sesquiterpenes, alkaloids [4-9], the diterpenoids
lianas, the Annonaceae family comprises an interesting and‘ alkalqlds haYe shown 51gn1ﬁce.1nt antl-mlcrobla.l,
group of medicinal plants. Consisting of roughly 130 anti-malarial, anti-platelet aggregation, and cytotoxic
. . potential [10-12]. Interestingly, the M. winitii was the
genera and 2,500 species, the majority of these are found 4 1 b ] d
in Asia, Australia, and Pacific regions [1]. One of these is new 501‘1rce a‘n. 'reporte on the antitumor .an po'te‘nt
the genus Mitrephora, which is comprised of some 48 cytotoxic activities of the genus showed high activity
species found in Asia and Australia [2]. In Thailand, 12 antlczi;lger;fenté. i 113 —
species are found, and some plants in this genus have been L € h l winitii | (]:1 extrﬁcts IWIt dS(') V;:ntsd (l’:-
used in the country for the production of folk medicine exane, ethyl acetate, and methanol) and isolated by

[3]. These genera have great potential for the treatment of column chromatography was found to contain four

cancers, bacterial infections, brain dysfunctions, and compounds. They were 1de1‘1t11(filed ‘usmg IR’INMR’ and
hypertension [1]. Phytochemical investigations have ESI-MS spectrometry to ?'le stigmasterol (1), (3,4-
established that Mitrephora species contain diterpenoids, dimethoxyphenyl)(5-(3,4-dimethoxyphenyl)-4-(hydroxy
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methyl)tetrahydrofuran-3-yl)methanol (2), diayangambin
(3), and methyl-L-inositol (4). In this paper, we
investigated the cytotoxicity of the n-hexane extract of this
plant tested against a panel of two mammalian cancer cell
lines. We also report on the isolation and characterization
of one new, and three known compounds were found in
M. winitii.

m EXPERIMENTALSECTION

Materials

M. winitii leaves and twigs were collected from
Lampang Province in Thailand in January 2011. M.
winitii was confirmed by the Forest Herbarium,
Department of National Parks, Wildlife and Plant
Conservation, Ministry of Natural Resources and
Environment, Bangkok, Thailand, where a voucher
specimen (BKF16447) has been deposited. Silica gel
(Merck 7734, Mesh 70-230) and TLC 60 PF,s, sheets were
purchased from Merck. All organic solvents used for
extraction and chromatographic separation (CC) were
distilled at their boiling point ranges of n-hexane, ethyl
acetate, and methanol (laboratory grade), whereas AR
grade solvents were used for crystallization were from
Merck.

Instrumentation

The melting points of the extracted compounds
were measured on a digital electrothermal melting
apparatus, and the uncorrected results were recorded in
degrees Celsius (°C). IR spectra were recorded on KBr disks
using a Shimadzu 8900 FTIR spectrophotometer, whereas
major bands (Vm.x) were recorded at wavenumber (cm™)
unit,'H (400 MHz), and “C (100 MHz). NMR spectra
were determined using either CDCl; or D,O solution.
Chemical shifts were recorded in § values, which were
referenced to TMS as the internal standard at § 0.00 ppm.
The signal of chloroform at § 7.26 was used as a reference
in the case of "H-NMR spectra and at & 77.00 in the case
of "C-NMR spectra. The instrument was achieved using
a DPX on a Bruker AV 400 spectrometer for 1D and 2D
determinations. Low resolution mass spectra were
recorded on a Thermo Finnegan Polaris Q mass
spectrometer at 70 eV (probe) for the EIMS. High-

resolution mass spectra (made using the electrospray
ionization mode, ESI-MS) were measured on a micro
massQ-TOF-2™  (Waters)
chromatography was conducted on silica gel 60 (Merck

spectrometer. Column
7734, 70-230 mesh). TLC was performed on aluminum
backed pre-coated silica gel 60 PF,s, sheets, and detections
were made using a UV detector at 254 and 365 nm.

Procedure

Extraction and isolation

Dried and powdered leaves and twigs of M. winitii
(2.0 kg) were treated at room temperature with
n-hexane, ethyl acetate, and methanol successively. The
n-hexane extract (25.0 g) was subjected to silica gel
(Merck 7734, 70-230 mesh) column chromatography
(CC) and eluted in a gradient system with an increasing
concentration of n-hexane/ethyl acetate to yield fifteen
fractions (A1-A15). Fraction A7 was found to contain a
solid. This was recrystallized with a solution of ethyl
acetate/ethanol (3:1) to afford stigmasterol (1). Fraction
A10 was subjected to further CC on silica gel, eluted with
a gradient of n-hexane/ethyl acetate to afford 150 mg of
(3,4-dimethoxyphenyl)(5-(3,4-dimethoxyphenyl)-4-(hy
droxymethyl)tetrahydrofuran-3-yl)methanol (2). The
ethyl acetate extract (24.0 g) was subjected to silica gel
(Merck 7734, 70-230 mesh) column chromatography
(CC), eluted in a gradient system with an increasing
concentration of n-hexane/ethyl acetate and ethyl
acetate/methanol to give ten fractions (B1-B10).
Fraction B8 was subjected to further CC on silica gel,
eluted with a gradient of ethyl acetate/methanol to afford
200 mg of diayangambin (3). The methanol extract
(72.0 g) was subjected to silica gel (Merck 7734, 70-
230 mesh) column chromatography and eluted in a
gradient system with an increasing concentration of
ethyl acetate/methanol to give ten fractions (C1-C10).
Fraction C4 was subjected to further CC onssilica gel and
eluted with a gradient of ethyl acetate/methanol to give
300 mg of methyl-L-inositol (4) (Fig. 1).

Evaluation of cytotoxic activity
The cytotoxic activities of the compounds
extracted from M. winitii were tested using the in-vitro

sulforhodamine B (SRB) method. Ellipticine was used as
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Fig 1. Structure of compounds from M. winitii

a positive control. Test samples were dissolved in
dimethyl sulfoxide (DMSO) at a stock concentration of
3 mg/mL, and these were tested in triplicate with a final
concentration of DMSO at 0.5%. The cancer cell lines
were grown in a 96-well plate in the following media: P-
388, in RPMI-1640 with 5% fetal bovine serum (FBS). The
P-388, KB, HT29, MCF-7, A549, ASK, and HEK293 cell
lines were cultured in MEM (minimum essential medium
with Earle's salt and 1-glutamine) with 10% FBS, while Lu-
1 was grown in MEM with 5% FBS. After drug exposure
was at 37 °C for 72 h (48h for P-388) with 5% CO, in air
and 100% relative humidity, cells were then fixed with a
final concentration of 10% trichloroacetic acid and
stained with 0.4% SRB in 1% acetic acid. The bound and
dried stain was solubilized with 10 mM Trizma base after
removing the unbound dye by washing. Absorbance was
read on a Fluostar optima BMG plate reader at a
wavelength of 570 nm. The cytotoxic activity is expressed
as a 50% effective dose (EDs) [14].
The EDs value was determined by:
OD (test sample) —OD (Day 0)

OD (0.5% DMSO control) —OD (Day 0)
Criteria of activity: Extracts having an EDs < 20 pg/mL

% Survival =

and pure compounds having an EDs < 4 pg/mL = Active;
No Response = EDs > 20 ug/mL

m RESULTS AND DISCUSSION
Structure Elucidation

Compound 1 was obtained as a white powder; mp
163-164 °C. From the EIMS spectrum [M+H,O+H]" at
m/z 395.37, this could be assigned the molecular formula
Cx9HysO. The IR spectrum showed the broad absorption
bands of a hydroxyl group at 3460 cm™'. Absorption bands
appearing at 2955 and 2870 cm™ were due to C-H
stretching. C-H bending showed weak absorption bands at

1465 cm™ and 1377 cm™', and C=C stretching appeared
as a weak absorption band at 1650 cm™. The medium
absorption band at 1050 cm™ was assigned to C-O
stretching. The structure was further elucidated by
examination with NMR techniques. The 'H-NMR
spectra of compound 1 showed the presence of six
methyl signals, which appeared at § 0.72 (3H, s, H-28),
0.81 (3H, d, J=5.0 Hz, H-27) 0.85 (3H, d, J]=5.0 Hz, H-
26),0.87 (3H, t, J=5.0 Hz, H-24), 0.94 (3H, d, J=10.0 Hz,
H-19), and 1.06 (3H, s, H-29). The spectra also showed
protons at § 5.03, 5.16, and 5.62 ppm, suggesting the
presence of protons corresponding to a tri-substituted
and a di-substituted olefinic bond. A comparison of the
'H and C-NMR spectral data to data in the literature,
together with the melting point of the sample, points to
the molecular structure of stigmasterol (1) [9,15].
Compound 2 was isolated as a colorless needle
crystal; mp 126-127 °C. Its ESIMS gave a molecular ion
peak [M+2H"] at m/z 406, consistent with the molecular
formula C»H20 (cal. for C,,Hy05, 404). In addition,
the mass spectrum of the compound found m/z 406
[M+2H*]. The key fragmentation ions in the mass
spectrum were at 359, 324, 323, 249, and 151, which was
useful in obtaining the structure of the compound (Fig.
2) [16]. The IR spectrum showed absorption bands
attributable to hydroxyl at 3400 cm™ and aromatics at
1617, 1589, and 1519 cm™. The absorption bands
appearing at 2945 and 2850 cm™ were due to C-H
stretching. The C-H bending appeared as weak
absorption bands at 1464 and 1375 cm™. In addition, the
methoxy groups showed typical C-O stretching
absorptions, which appeared at 1269 and in the range
from 1234 to 1160 cm™". The '"H-NMR signals at § 6.85-
6.93 ppm (6H) represented a tri-substituted phenyl
moiety. Two oxygen bearing methylene protons were
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Fig 2. The mass spectral fragmentation of compound 2

suggested at § 3.36 ppm (2H, m, H-3a) and two
nonequivalent methylene protons at § 3.85 (1H, dd, J=5.0,
10.0 Hz, H-5,) and 4.13 (1H, d, J=10.0 Hz, H-55) ppm.
Four methine protons were indicated at § 2.92 (1H, dd,
J=5.0,10.0 Hz, H-4), 3.32 (1H, m, H-3), 4.45 (1H, d, J=10.0
Hz, H-4a), and 4.88 (1H, d, J=5.0 Hz, H-2) ppm. Four
methoxy groups were also indicated at § 3.89, 3.87, 3.88,
and 3.91 (each 3H, s) ppm in the 'H-NMR spectrum.
Further spectral evidence was required to confirm the
structure of 2. The 'H-'H COSY showed coupling
correlations through the sequence of H-2 to H-3, H-3 to
H-3a, H-4 to H-5, and H-4 to H-4a for the connectivity of
the protons to the structure. The connectivity of the
aromatic carbon skeleton (e.g., C-5', C-6', C-5", and C-6")
was also confirmed by the COSY correlations (Fig. 3). The
HMBC spectrum showed crossed peaks between the
aromatic signals (H-2', H-5', and H-6') and C-1', C-2', C-
3', and C-4' and between H-6, H-2' and C-2, which
indicated the aromatic ring was connected to C-2.
Further, the aromatic signals (H-2", H-5", and H-6") and
C-1",C-2",C-3" and C-4" and between H-6", H-2" and C-
4a indicated the aromatic ring was connected to C-4a (Fig.
3). The 'H-"*C spectrum revealed signals from 22 atoms,

and DEPT experiments also showed 16 protonated
carbon signals, thereby revealing the presence of six
quaternary carbons in the molecule. The presence of a
trisubstitued phenyl ring was evident from the signals at
6 109.11, 111.14, 117.76, 131.02, 148.09 and 148.92 (a
ring connected C-2) and signals at § 109.26, 111.14,
118.47, 133.75, 148.78 and 149.29 (a ring connected C-
4a). Additionally, oxymethine carbon signals were found
at § 82.07, 87.63, and methoxy carbons at § 55.93, 55.96,
and 55.97. A literature search revealed that cis- and
trans- orientation of substituents at C-2 and C-3 give a
signal of H-2 at § 4.76 and 4.91 (J=4, 4.8 Hz),
respectively. The H-2 signal of compound 2 (§ 4.88 and
J=5.0 Hz) thus agreed well with the assignment of a cis-
configuration. The relationship between the torsion
angle and vicinal coupling constant °] is given
theoretically by the Karplus equation: *J(HH) = P, cos’*¢
+ Pycos’d + P3 +XAXi{Ps + Ps cos* (& + Ps|Axi|)} [17]. So,
the relative configuration at H-4 and H-4a could be
determined by the *J44, H-C-C-H (10 Hz) coupling
constant, which would indicate that the two protons
were located on opposite sides with a dihedral angle of
180°. Furthermore, the H-4a showed a signal at § 4.45 ppm

cosy
Fig 3. '"H-"H COSY correlations and the selected HMBC correlations of compound 2

HMBC
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Table 1. °C and 'H-NMR data of compound 2 and 'H-'H, 'H-"C correlations exhibited in the 2D NMR spectra in

CDCls
Position Sc(ppm) Su(ppm) COSY HMBC
2 82.07 4.88, d(5.0) H-3 3,3a,1,2,6
3 50.18 332, m H-2,H-3a, H-4 2,3a,4,4a
3a 69.73 3.36, m H-3 2,3,4
4 54.50 2.92, dd(5.0,10.0) H-3, H-4a, H-5 2,4a,1"
4a 87.63 4.45, d(10.0) H-4 3,4,51",2",6"
4.13, d(10.0)
5 71.04 H-4 2,3,4,4a
3.85, dd(5.0,10.0)
' 131.02
2' 109.11 6.93, s 2,1,3,4,6
3 148.92
4' 148.09
5' 111.14 6.85, m H-6' 2,1,2,3,4,6
6 117.76 6.89, m H-5' 2,1,2,3,4
1" 133.75
2" 109.26 6.92,s 4a,1",3", 4", 6"
3" 149.29
4" 148.78
5" 11.14 6.85, m H-6" 1",2", 3", 4", 6"
6" 118.47 6.90, m H-5" 4a, 1", 2"
3'-OMe 55.96 3.89, s 3'
4'-OMe 55.93 3.87,s 4
3"-OMe 55.97 3.88,s 3"
4"-OMe 55.96 391,s 4"

and J=10.0 Hz, giving a spectra data assignment to the
trans- configuration. On the basis of the above data [18-
19],
dimethoxyphenyl)(5-(3,4-dimethoxyphenyl)-4-(hydroxyl
methyl)tetrahydrofuran-3-yl)methanol, which has not

the structure of 2 was determined to be (3,4-

been previously reported. The resonances for the protons
of the tetrahydrofuran skeleton between two propanyl
groups showed nonequivalent for H-3/H-4, H-2/H-4a,
and H,-5/H,-3a; therefore, requiring an unsymmetrical
substitution stereochemistry of the furan system;
especially the chemical shifts of the benzylic oxymethine
protons H-2 (4.88, 5.0 Hz, d) and H-4a (4.45, 10 Hz, d)
confirmed that two the propanyl groups substituent are
asymmetrical in compound 2 [18-19]. When compared,
the protons for the furan system of compound 3 showed
the equivalents of H-7/H-7" and H-8/H-8; therefore,
requiring a symmetrical substitution stereochemistry for

the aryl substituents and furan ring. Moreover, the few
coupling constants and the chemical shifts of the
benzylic oxymethine protons of H-7 and H-7’, showed
J=5.0 Hz, § 4.92, and for bridge carbons, C-8/C-8
(49.43/49.43) confirmed that two aryl substituents are
symmetry in compound 3 [20]. Support the absolute
configuration of compound 2 was studied by electronic
circular dichroism (ECD) spectroscopy. The optimized
structure of compound was performed by the density
functional theory (DFT) calculation at the B3LYP/6-31G
(d,p) level of theory (Fig. 4). ECD spectra were carried
out by using TD-DFT method at the CAM-B3LYP/6-
311G++(d,p) including PCM model (MeOH) (Fig. 5).
The rotary strengths of 80 excited states were calculated.
All calculations were performed using Gaussian09
program package. Gaussian bandshape with a
bandwidth of 0.25 eV was used to simulate ECD spectra.
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Fig 4. Optimized structures of compound 2 using B3LYP/6-31G(d,p)
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at Cam-B3LYP/6 311++G)d,p

The ECD curve was generated by SpecDis 1.64 (University
of Wurzburg, Wurzburg, Germany) softwares. The
proposed biosynthesis pathway correctly showed to
reasonably assure the specific structure for the unknown
compound 2 (Fig. 6) [21].

Medicinal plants are important sources of bioactive
compounds in cancer suppression and treatment [1].
Plants of the Mitrephora genera were used to treat sickness

in folk medicines [3]. The in-vitro sulforhodamine B
(SRB) method assay to study the inhibition of cell
viability on seven cancer cell lines P-388, KB, HT29,
MCE-7, A549, ASK, and HEK293 by treatment of seven
naturally occurring pure compounds, compared with an
ellipticine drug. Compound 2 showed moderated anti-
proliferative activity against KB and MCF-7 cell lines,
with EDs values of 13.07, and 11.77 pg/mL, respectively,
which is reported here for the first time.

Compound 3 was obtained as a white needle
crystal; mp 144-145 °C. Its EIMS gave a molecular ion
peak [M]" at m/z 445, which was consistent with the
molecular formula C,sH3,0s (cal. for CyyH30Os*, 445).
The mass showed the fragmentation characteristics
described for liriosinol-B dimethyl ether. The EIMS
spectrums showed fragmentation ions in the mass
spectrum at m/z 249, 219, 195, 181, 177, and 165. The IR
spectrum of the compound showed medium absorption
bands at 1634, 1614, 1589, and 1509 cm™, which were
characterized as aromatic C=C stretching. The strong
absorption bands at 2935 and 2840 cm™' were
characterized as C-H stretching, while the corresponding
bending vibrations appeared at 1422 and 1367 cm™'. The
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Fig 6. Proposed biosynthesis pathway of diayangambin and compound 2

C-O stretching showed medium absorption bands at
1129 and 1004 cm™. The structure of compound 3 was
further elucidated through 1D- and 2D-NMR experiments.
The 'H-NMR spectrum showed the presence of tetra-
substituted aromatic protons at § 6.62 (4H, s, H-2,6,2',6')
ppm. A doublet of methine proton H-7,7' was observed at
§ 4.92 (2H, d, ]=5.0 Hz, H-7,7') ppm and the resonances
at §3.90 (12H, s, 3,5,3,5-OMe) and 3.87 (6H, s, 4,4'-OMe)
ppm indicated a methoxy proton. A doublet of methylene
protons (Hag-9) on a tetrahydrofuran ring was observed
at 8 3.74 (2H, dd, J,;=1.8 Hz, ],=9.6 Hz, H.-9,9') and 3.58
(2H, dd, ],=6.7 Hz, ].=9.6 Hz, Hp-9,9") ppm. The "C-NMR
spectrum exhibited the resonances of a quaternary
aromatic carbon at 6 153.22 (C-3,5,3',5"), 137.02 (C-1,1"),
134.58 (C-4,4"), and four aromatic methine carbons at
§ 103.17 (C-2,6,2,6") ppm. Methine carbons were found
at § 84.08 (C-7,7') and 49.43 (C-8,8') ppm, and methylene
carbons at 0 68.89 (C-9,9") ppm. Deshieldedoxymethyl
carbons were indicated at § 68.89 (C-9,9"), 60.89 (4,4'-
OMe), and 56.10 (3,5,3',5'-OMe) ppm. The HMBC
correlation of H-2 to C-4, C-6, and C-7, and H-7 to C-1,
and C-9 confirmed an aromatic ring connecting to the
tetrahydrofuran ring. These data were in accordance with
those of diayangambin (3) [20,22].

Compound 4 was obtained as a white crystal; mp
190-192 °C. The IR spectrum showed the broad
absorption band of a hydroxyl group at 3420 cm™'. The
absorption bands at 2940 and 2840 cm™' were due to C-H

stretching. In addition, the hydroxyl and methoxy
groups showed typical C-O stretching absorptions,
which appeared at 1146 cm™ and in the range from 1119
to 1066 cm™. The structure of the compound was further
elucidated by 1D- and 2D-NMR experiments. The 'H-
NMR displayed signals for protons of oxygenated
carbons at 6 3.46 (1H, m, H-2), 3.48 (1H, m, H-3), 3.60
(1H, m, H-4), 3.92 (1H, ¢t, J=5 Hz, H-5), and 4.13 (1H, ¢,
J=5Hz, H-6) ppm, while a methoxy group was indicated
at § 3.31 (3H, s, -OMe) ppm. One proton at § 3.26 (1H,
m, H-1) ppm was assigned to a methine proton adjacent
to the oxygen of an ether group. The "C-NMR spectrum
showed a resonance signal at § 80.06 ppm, which was
assigned to a carbon of ether, while the methoxy carbon
showed at § 56.79 ppm. The signals at § 72.74, 71.83,
70.27, 71.28, and 67.03 ppm also indicated oxymethine
carbons. The COSY spectrum showed correlations
between H-1 and H-2, H-2 and H-3, H-3 and H-4, H-4
and H-5, H-5 and H-6, H-6 and H-1. The HMBC
spectrum demonstrated the correlation of H-OMe to C-
1, indicating the methoxy was connected at C-1, and this
confirmed the position of the methoxy group. These
data were in accordance with those recorded for methyl-
L-inositol (4) [23-25].

m CONCLUSION

The investigation focused on the phytochemical of
medicinal plant together with biochemical evaluation.

Sukee Sukdee et al.



706 Indones. I. Chem., 2021, 21 (3), 699 - 707

The results presented four compounds derivative from M.
winitii were carried out from crude extract of M. winitii
found the (3,4-
dimethoxyphenyl)(5-(3,4-dimethoxyphenyl)-4-(hydroxy

compounds;  stigmasterol (1),
methyl)tetrahydrofuran-3-yl)methanol (2), diayangambin
(3), and methyl-L-inositol (4). Chemical constituents
were the first report isolated from M. winitii, in addition,
compound 3,4-dimethoxyphenyl)(5-(3,4-dimethoxyphe
nyl)-4-(hydroxymethyl)tetrahydrofuran-3-yl)methanol (2)
was new the structure. Other than the compound 2 can
effectively inhibit the growth of the KB and MCEF-7 cancer
cell lines; when compared with an ellipticine as the
positive control.
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Abstract: The multi-dentate Schiff base ligand (H.L), where H.L=2,2"-(((1,3,5,6)-1-(3-
((11-oxidaneyl)-15-methyl)-4-hydroxyphenyl)-7-(4-hydroxy-3-methoxyphenyl)hepta-1,6-di

ene-3,5-diylidene)bis(azaneylylidene))bis(3-(4-hydroxyphenyl)propanoic acid), has been
prepared from curcumin and L- Tyrosine amino acid. The synthesized Schiff base ligand
(H:L) and the second ligand 1,10-phenanthroline (phen) are used to prepare the new
complexes [AI(L)(phen)]Cl, K[Ag(L)(phen)] and [Pb(L)(phen)]. The synthesized
compounds are characterized by magnetic susceptibility measurements, micro elemental
analysis (C.H.N), mass spectrometry, molar conductance, FT-infrared, UV-visible,
atomic absorption (AA), PC-NMR, and 'H-NMR spectral studies. The characterization
of the synthesized complexes shows that the environment surrounding the central metal
ion in the complexes adopted a distorted octahedral configuration. Moreover, the
conductivity measurements show a non-electrolytic character for the [Pb(L)(phen)]
complex and an electrolytic character for the [AI(L)(phen)]Cl and K[Ag(L)(phen)]
complexes. The experimental infrared data are supported by density functional theory
(DFT) calculations using the B3LYP level of theory and LANL2DZ basis set. The
vibrational frequencies of the molecules are computed using the optimized geometry
obtained from the DFT calculations. The calculated vibrational frequencies have been
compared with obtained experimental values. 'H and C-NMR chemical shifts were
computed for the H.L ligand using the DFT/GIAO method. Additionally, the molecular
electronic structures of the complexes have been investigated by DFT calculations.

Keywords: curcumin; L-tyrosine; silver; aluminium; lead; Schiff base

m INTRODUCTION

drugs contain metal complexes, then the complexes can
spontaneously undergo biological reactions such as

Schiff base derived from curcumin has much
attention due to its various medicinal properties against
expanding and dangerous diseases, such as different types
of cancer and diabetes. Curcumin has various biological
activities includes antioxidant, anti-inflammatory,
antiviral, antibacterial, and many more studies [1-2]. The
curcumin Schiff base was coordinated to the metal ion
due to their catalytic power and antioxidant activity of
these complexes [3].

In drug design, targeting is an important
phenomenon because toxicity is often encountered only if
the drugs are not delivered to the specific tissues, cells, and
receptors where they are required. If the active species of

ligand substitution and redox reactions. Thus,
enumerating the mechanism of the active species on
biological reactions is expected to yield valuable
information about using the metal complexes as drugs
[4].

During the last few decades, metal carboxylates
have been the subject of extensive investigations because
of their remarkable structural diversity and significant
biological activity, for example, pesticidal, bactericidal,
and antitumor agents [5]. The antimicrobial activities of
lead compounds of Schiff base have been compared with
the corresponding free Schiff bases and standard drugs
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[6]. Silver-containing compounds are attractive because,
in the range of the applicable concentrations, silver ions
do not exhibit toxicity and carcinogenic activities. There
is an increased interest in the potential use of silver (I) as
a therapeutic agent for different antimicrobial
applications [7].

Another attractive property of Schiff bases is their
use as an effective corrosion inhibitor. They have been
studied extensively as a class of ligands and are known to
coordinate with metal ions through the azomethine
nitrogen atom. The ligation nature of Schiff base shows a
great potentiometric sensor as they have shown excellent
selectivity, sensitivity, and stability for specific metal ions
such as Ag(I), Al(III), Co(Il), Cu(Il), GA(III), Hg(II),
Ni(II), Pb(II), Y(III), and Zn(II), Fe(IlI), Cd(II). The
bonding of Schiff base in their complexes is due to the
donor nature of neutral N of azomethine linkage [8].

This research focused on the production and
identification of Schiff bases derived from curcumin and
L-Tyrosine amino acid and treatment with some metallic
and non-metallic elements. Density functional theory
(DFT) calculations, including geometry optimization,
vibrational frequency analysis, and electronic structures,
were reported for the synthesized molecules using the

B3LYP level of theory and LANL2DZ basis set.
m  EXPERIMENTAL SECTION

Materials

Aluminum chloride (AICl;, 99% Sigma-Aldrich,
Germany), silver nitrate (AgNO;, = 99.0%, Sigma-
Aldrich, Germany), lead nitrate (Pb(NOs),, = 99.95%
Sigma-Aldrich, Germany), curcumin (> 98.0% Sigma-
Aldrich, Germany), L-Tyrosine (> 98% Sigma-Aldrich,
Germany), methanol (> 99.8% Sigma-Aldrich, Germany)
and dimethyl sulfoxide (DMSO, > 99.7% Sigma-Aldrich,
Germany) were used as supplied.

Instrumentation

Melting points (M.P) were recorded by MPA160 -
Digi Melt melting point apparatus. Elemental analyses (C,
H, N) of ligand were performed by Eager300 for EA1112
Thermal Finnegan C.H.N.S 2400 elemental analyzer. The
(AAS) analysis in complexes was recorded by using a fair
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agreement method by used the device from type
Shimadzu (A.A 620) atomic absorption spectrophoto
meter. The molar conductivity measurements of the
complexes with 107 mol L' in dimethyl sulfoxide
(DMSO) were performed by using a device digital
Ino.Lab.720.
measurements of the complexes were measured by using

conductivity series Magnetic
Balance Johnson Mattey. The mass spectrum of ligand
was determined by using Ion source: Electron Impact
(EI) 70eV mass spectra register on manufacturer
company: Agilent Technology 1. MS Model: 5973
spectrometers. Ultraviolet-visible spectra were obtained
by using DMSO as a solvent and a concentration of 10~
mol L for the ligand and complexes. Ultraviolet-visible
spectra were carried by double-beam UV-visible
spectrophotometry type U.V 160A (Shimadzu) at the
range between 200 and 1100 nm with a 1 cm quartz cell.
The Fourier-transform infrared spectra were recorded
on Shimadzu FT-IR 8400S
spectrophotometry. The Fourier-transform infrared

using KBr pellets
spectra were recorded at the range of 400 to 4000 cm™.
'H and "C-NMR spectra were obtained from (DMSO)
d° Solution using an Inova 500 MHz.

Procedure

Preparation of the ligand

The ligand (Schiff base) was prepared by
condensation of L-Tyrosine (0.362 g, 2 mmol) dissolved
in 25 mL of hot water-ethanol mixture (1:1, ratio)
solution and Curcumin (0.368 g, 1 mmol) dissolved in
25 mL of hot ethanol. The mixture was refluxed for
about 10h with the TLC technique observed until
obtained a yellow-brown precipitate. It was filtered and
purified by repeated washing with water-ethanol, as
recrystallized from hot ethanol. The preparation of the
Schiff base ligand H.L is summarized in Scheme 1. The
yield of the prepared Schiff base ligand, H,L, was 81%
(solid, Color: pale brown, m.p. 150-152 °C). FTIR (KBr,
cm™): 3508 (v(O-H), -COOH), 3400 (v(O-H),
phenolic), 1629 (v(C=N)), 1595 (v.,(COO), -COOH),
1425 (v(COO), -COOH), 1244 (v(C-0O), phenolic).
UV-Vis spectroscopy (10° mol L' concentration in
DMSO, Amax nm): 272, 433. "H-NMR (500 MHz, DMSO-
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d6): 6 9.66 (bs, 2H, OH), 7.54 (d, 4H, CsH,), 7.31 (d, 4H,
CsH,), 7.15 (s, 2H, C=CH), 6.83-6.66 (m, 6H, CsH3), 6.06
(s,2H, C=CH), 3.83 (s, 6H, OCH3), 3.74-3.36 (m, 8H, CH,
CH,). BC-NMR (500 MHz, DMSO-d6): § 183.2, 166.4,
149.4, 148.0, 147.0, 140.7, 140.4, 130.3, 126.3, 123.1, 121.1,
120.8, 119.6, 119.5, 115.9, 115.7, 111.3, 111.3, 100.8, 55.7.
Anal. Calcd. for CsoH3sN,010 (694.25 g/mol): C, 67.43; H,
5.51; N, 4.03; O, 23.03%. Found: C, 66.41; H, 5.39; N,
4.09%.

Preparation of the [Pb(L)(phen)] complex
1.0 mmol of lead(II) nitrate is dissolved in 10 mL of

absolute ethanol to obtain metal ion (Pb*") solution. A
ligand solution is obtained by dissolving 1.0 mmol of
Schiff base ligand, 2.0 mmol of potassium hydroxide, and
1.0 mmol of 1,10-phenanthroline in 15 mL of absolute
ethanol. The ligand solution is gradually added to the
metal ion (Pb**) solution with constant stirring for 30 min
to obtain the precipitate. The precipitate is filtrated and
washed several times in a mixture of solvent (ethanol:
distilled water, 50%). The precipitate is recrystallized from
the hot ethanol. The preparation of the [Pb(L)(phen)]
complex is summarized in Scheme 2. The yield of the
[Pb(L)(phen)] complex, was 89% (solid, Color: brown,
m.p. 156-158 °C). FTIR (KBr, cm™): 3435 (v(O-H),
phenolic), 1620 (v(C=N)), 1581 (v.(COO), -COOH),
1384 (v,(COQO), -COOH), 1246 (v(C-0), phenolic), 576
(v(Pb-0)), 464 (v(Pb-N)). UV-Vis spectroscopy (107
mol L! concentration in DMSO, An.x nm): 271, 435, 735.
Metal percent in [Pb(L)(phen)] complex, calculated:
19.18%. Found: 18.01%. Molar conductivity (10~ mol L™
concentration in DMSO): 5.6 Q! cm? mol..

Preparation of the [Al(L)(phen)]Cl complex
1.0 mmol aluminium(III) chloride is dissolved in 10
mL of absolute ethanol to obtain a homogeneous metal

Indones. I. Chem., 2021, 21 (3), 708 - 724

ion (AP’*) solution. A ligand solution is obtained by
dissolving 1.0 mmol of Schiff base ligand, 2.0 mmol of
of 1,10-
phenanthroline in 15 mL of absolute ethanol. The ligand

potassium hydroxide, and 1.0 mmol
solution is gradually added to the metal ion (AI’")
solution with constant stirring for 30 min to obtain the
precipitate. The precipitate is filtrated and washed
several times in a mixture of solvent (ethanol: distilled
water, 50%). The precipitate is recrystallized from the
hot ethanol. The preparation of the [Al(L)(phen)]Cl
complex is summarized in Scheme 2. The yield of the
[Al(L)(phen)]Cl complex, was 60% (solid, Color: pale
yellow, m.p. 222-224 °C). FTIR (KBr, cm™): 3398 (v(O-
H), phenolic), 1612 (v(C=N)), 1589 (v.(COO),
-COOH), 1363 (vi(COO), -COOH), 1244 (v(C-O),
phenolic), 576 (v(Al-0)), 474 (v(Al-N)). UV-Vis
spectroscopy (10° mol L' concentration in DMSO, Apax
nm): 279, 442, 802. Metal percent in [Al(L)(phen)]Cl
complex, calculated: 2.88%. Found: 3.4%. Molar
conductivity (10° mol L' concentration in DMSO):
42.5 Q7" cm® mol™.

Preparation of the K[Ag(L)(phen)] complex

1.0 mmol silver(I) nitrate is dissolved in 10 mL of
absolute ethanol to obtain a homogeneous metal ion
(Ag') solution. A ligand solution is obtained by
dissolving 1.0 mmol of Schiff base ligand, 2.0 mmol of
of 1,10-
phenanthroline in 15 mL of absolute ethanol. The ligand

potassium hydroxide, and 1.0 mmol
solution is gradually added to the metal ion (Ag")
solution with constant stirring for 30 min to obtain the
precipitate. The precipitate is filtrated and washed several
times in a mixture of solvent (ethanol: distilled water,
50%). The precipitate is recrystallized from the hot
ethanol. The preparation of the K[Ag(L)(phen)] complex

H,N o
HO OH
reflux for 10 hours 0 o
+2 HO H .
~o = X o in ethanol and KOH HO OH
I
HO OH

Curcumin

L-Tyrosine

H,L

Scheme 1. Preparation of the Schiff base ligand
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[AI(L)(phen)]CI

OH

[Pb(L)(phen)]
Scheme 2. Preparation of the [Pb(L)(phen)], [Al(L)(phen)]Cl and K[Ag(L)(phen)] complexes

is summarized in Scheme 2. The yield of the
K[Ag(L)(phen)] complex, was 79% (solid, Color: pale
brown, m.p. 188-189 °C). FTIR (KBr, cm™): 3396 (v(O-
H), phenolic), 1620 (v(C=N)), 1583 (v.(COO), -COOH),
1382 (v,(COO), -COOH), 1244 (v(C-0), phenolic), 578
(v(Ag-0)), 474 (v(Ag-N)). UV-Vis spectroscopy (10
mol L™ concentration in DMSO, An.x nNm): 286, 428, 707,
829. Metal percent in [Al(L)(phen)]Cl complex, calculated:
10.58%. Found: 7.92%. Molar conductivity (10~ mol L™
concentration in DMSQ): 37.2 Q! cm? mol™.

Computational details

Gaussian 09 software [9] is used to perform the DFT
calculations. All structures of the synthesized compounds
were optimized at the B3ALYP/LANL2DZ level of theory

[10]. Several researchers used the LANL2DZ as a basis
set in DFT calculations of systems that included Ag and
Pb atoms [11-12]. The GaussView 5.0, supported by
Gaussian Inc. [9], was used to generate the input files
that correspond to the DFT calculations. The GaussView
5.0 software is used to visualize and analyze the data
obtained from Gaussian09 output results. A frequency
calculation was performed to identify the most stable
structures of the synthesized compounds. The absence of
the imaginary frequencies in the calculated vibrational
modes indicates that the corresponding optimized
structure of the molecule is the most stable one. The
obtained values of the vibrational modes from the DFT
calculations were scaled by a factor of 0.966 [13]. The
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DFT/GIAO (gauge-independent atomic orbital) method
was used to calculate and assign the 'H and "C-NMR
chemical shifts for carbon and hydrogen atoms of the H,L
ligand. The isotropic atomic chemical shifts in ppm unit
were calculated as differences between the atomic isotropic
shielding of the H,L ligand and the corresponding
reference atoms in TMS (tetramethylsilane). The energies
and electron densities of the frontiers' molecular orbitals
were calculated using the B3LYP level of theory and the
LANL2DZ as a basis set. The excited states were computed
for all compounds at the same level of theory using the
TD-DFT (Time-Dependent Density Functional Theory)
method [14]. The TD-DFT calculations were performed
in DMSO solvent using the CPCM solvation model
(conductor-like polarizable continuum model) [15]. The
Projected density of states (PDOS) has been obtained
through the calculated orbital populations for all
compounds at the same level of theory, using GAUSSSUM
3.0 program [16].

m  RESULTS AND DISCUSSION

Generally, this study included synthesis Schiff base
ligand (H.L) multi-dentate (N,O,) couple negative charge
derived from (1 mmol) curcumin and (2 mmol) of L-
Tyrosine amino acid. The synthesized Schiff base metal
complexes and some physicochemical properties are
listed in Table 1. Cl ions were not detected by the
addition of AgNOs solution to the solutions of the three
complexes for K[Ag(L)(phen)] and [Pb(L)(phen)] but

detected  for  [Al(L)(phen)]Cl  complex. The
K[Ag(L)(phen)], [Pb(L)(phen)] and [AI(L)(phen)]Cl
complexes are stable in the air environment and have
higher melting points. The solubility test indicates that
these complexes are soluble in DMF, DMSO, and
concentrated HCI acid. They are insoluble in H,O and
partially soluble in ethanol, acetone methanol, and most
organic solvents. The molar conductivity values for 10~
mol L' concentration of the K[Ag(L)(phen)],
[Pb(L)(phen)] and [AI(L)(phen)]Cl complexes in
DMSO solvent are listed in Table 1. For the
K[Ag(L)(phen)] and [Al(L)(Phen)]Cl complexes the
molar conductivity are 37.2 and 42.5 Q' cm® mol’,
respectively. These results suggest that these complexes
are electrolytes. The molar conductivity of the
[Pb(L)(phen)] complex is 5.6 Q' cm? mol™, which is
revealing a non-electrolyte nature of this complex.

Mass Spectrum

The mass spectral fragmentation of the Schiff base
ligand (H.L) is displayed in Fig. 1. In the spectrum (Fig.
1), the peak positions of the structure consist with the
formulas [C39H38N2010], [C39H36N2010]) [C39H37N209],
[C390H5:N205], [C57H35sN,0;5] and [Cs¢HesN,O:] appears at
m/z values of 694, 692, 676, 660, 579 and 555,
respectively. These spectral fragmentations allowed us to
determine the molecular weight of the H.L ligand, which
is consists of the chemical formula [CssH3:sN,O10], and
equal to 694 g mol™".

Table 1. Formula weight, melting point, color, metal percent, percentage yield and conductivity measurement of the
H,L, phen, K[Ag(L)(phen)], [Pb(L)(phen)] and [AI(L)(phen)]Cl compounds

Formula weight Melting point An )
Compound (g mol) Color C) Metal % (O~ cm? mol™) % Yield

H,L 694.25 Yellow brown 150-152 - - 81

phen 180.21 - - - -
2.88*

[AI(L)(phen)]Cl 935.36 Pale yellow 222-224 3.4b 37.2¢ 60
10.58*

K[Ag(L)(phen)] 1019.90 Pale brown 188-189 7 g2 42.5¢ 79
19.18°

[Pb(L)(phen)] 1080.13 Brown 156-158 18.01° 5.6° 89

% theoretical value calculated from the molecular formula of the complex, ®: experimental value where determined according to the

reported method in reference [17], < measured in DMSO
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Fig 1. Fragmentation mass spectrum of Schiff base (HL)

'H and "*C-NMR Spectra of the Tetradentate Schiff
Base Ligand (HL)

'"H-NMR spectrum of the prepared Schiff base
ligand, H,L, in DMSO solvent is shown in Fig. 2. In Fig. 2,
a signal appeared at 9.66 ppm which corresponds to the
hydrogen atom of the phenolic hydroxyl group.
According to the DFT/GIAO calculations, the theoretical
chemical shift value of the proton of the phenolic
hydroxyl group is obtained at 9.44 ppm. Multiples peaks
appear in the range of 6.83-6.66 ppm and 7.56-7.32 ppm
are corresponding to the benzene ring protons [18]. The
calculated values for these peaks are in perfect agreement
with those obtained experimentally, and they are
observed in the range of 7.77-7.21 and 6.90-6.35 ppm.
The peaks at 6.06 and 7.15 ppm are assigned to the
protons of the C=CH group. The calculated chemical shift
value of the C=CH group protons are at 5.74 and 7.10
ppm. The peak at 3.83 ppm is assigned to the protons of
the OCH; [19-20]. The calculated chemical shift value,
obtained by the DFT/GIAO method, of the OCH;
protons, appeared at 3.80 ppm. The multiples peaks that
appeared in the range 3.74-3.36 ppm correspond to the

CH and CH, groups. The corresponding calculated
chemical shift values of the proton of the CH and CH,
groups are in the range of 3.41-3.00 ppm. The missing
of the carboxylic proton signal in the spectrum of Fig. 2
is due to hydrogen bonding in the ligand structure [21].

The "C-NMR spectrum of tetradentate Schiff base
ligand (HL) is shown in Fig. 3. The spectrum of Fig. 3
shows a clear a strong peak at 183.2 ppm, which is an
attribute to the carbonyl moiety of the carboxylic group
[22]. The calculated chemical shift value of the carbon
atom of the carboxylic group appears at 178.6 ppm. Also,
peaks appeared at 149.4, 166.4, 148.0-147.0, 140.7-140.4,
and 130.3 ppm are assigned to the carbons of the C-OH
(carbon of benzene ring), C=N (azomethine), C-OCHj;
(carbon of benzene ring), C=C (ethylene) and (HOOC-
CH-N) groups, respectively [23]. The calculated peaks
corresponding to the chemical shift of the carbons of the
C-OH (carbon of benzene ring), C=N (azomethine), C-
OCHs (carbon of benzene ring), C=C (ethylene), and
(HOOC-CH-N) groups are observed at 149.7, 163.8,
146.0-145.2, 143.7-143.0, and 136.4 ppm, respectively.
In the recorded spectrum, the peaks correspond to the
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aromatic ring that appears in the range 111.3-126.3 ppm
[24] and in the calculated one appears in the range 109.0-
135.0 ppm. Additional signals appear at 55.7 ppm and are
assigned to the methoxy carbons [25]. The calculated
chemical shift value of the carbon atom of the methoxy
carbon of the H,L is very close to each other and appears
at 56.75 ppm and 56.59 ppm. The chemical shift value of
the carbon of the methylene (CH,) group is observed at
100.8 ppm experimentally. The calculated chemical shift
value of the carbon atom of the methylene group is
106.3 ppm.

Vibrational Frequencies Results

Selected vibrational frequencies of infrared spectra
of the [Al(L)(phen)]Cl, K[Ag(L)(phen)], and
[Pb(L)(phen)] complexes and the H,L ligand are given in
Table 2. The assignments for the observed infrared bands
were based on the calculated vibrational modes and the
literature data [26-30]. The spectrum of the H,L ligand
shows a band at 3508, 3400, 1629, 1595, and 1425 cm™!
which are attributed to v(O-H)aostic V(O-H)phenolics
V(C=N)azomethene> Vas(COO) and vi(COO), respectively. The
V(O-H)carboxyiic band disappeared in the infrared spectra of
This
replacement of the H* of the carboxylic group of the H,L

all complexes. result confirms a complete
ligand by K* during the synthesis steps of the complexes
(Scheme 1). The V(CZN)azomethine; VaS(COO)) and VS(COO)
bands appear at lower vibrational frequencies in the
infrared spectra of all complexes as compared to those of

the H,L ligand. The shifting to the lower frequencies of
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these bands indicates coordination via the oxygen atom
of the carboxylic group and nitrogen of the azomethine
group of the H,L ligand with the metal ion. The phenolic
v(C-0O) band appears in the infrared spectra of all
complexes at wavenumbers very close to that of the H,L
ligand (Table 2). This result indicates that the phenolic
hydroxyl group of the H,L ligand did not participate in
the coordination with the metal ions. In the infrared
spectra of all complexes, new bands at 464-474 cm™" and
576-578 cm™ are observed and attributed to the v(M-
N) and v(M-0), respectively. The appearance of these
bands supported the coordination of the H,L ligand with
the metal ions via oxygen and nitrogen atoms.

UV-Vis Spectra

The UV-vis spectra of the prepared ligand and its
complex were recorded using 10~ M concentration of
each compound in DMSO solvent. The results of the
UV-visible measurements of these compounds are listed
in Table 3. The UV-vis spectrum of the ligand L shows
only two peaks. The first absorption peak appears at
272 nm (36765 cm™) and is assigned to m->m*. This
transition corresponds to the aromatic ring and double
bonds fragments of the ligand L. The second absorption
peak appears at 433 nm (23095 cm™) and is assigned to
n>m* transition. This transition corresponds to the
azomethine (-C=NH), hydroxyl, amine, and methoxy
groups of the ligand L. This conclusion is based on that
these groups are possessing non-shared electronic pairs
[31]. The UV-visible spectra of the K[Ag(L)(phen)],

Table 2. Infrared absorption (in cm™) data as observed and calculated for the H,L, K[Ag(L)(phen)], [Pb(L)(phen)]

and [Al(L)(phen)]Cl compounds

v(O-H) v(O-H)

v(C-0)

Compound . . v(C=N) v,(COO) v{(COO) ; v(M-0) v(M-N)
carboxylic phenolic phenolic
L 3508 3400 1629 1595 1425 1244
2 (3579)° (3526)* (1622  (1597)° (14457  (1249)°
3398 1612 1589 1363 1244 576 474
AI(L)(phen)]Cl
[Al(L)(phen)] (35747 (1601  (1590)*  (1366)*  (1243)*  (583)*  (478)°
3396 1620 1583 1382 1244 578 474
K[Ag(L)(ph
[Ag(L)(phen)] (3527) (1629)*  (1580)*  (1390)*  (1242)*  (576)* (480)°
3435 1620 1581 1384 1246 576 464
Pb(L)(ph
[Pb(L)(phen)] (3592)*  (1634)°  (1582)*  (1380)* (1244}  (573)*  (456)°

% Calculated value according to BSLYP/LANL2DZ level, vs: symmetric stretching; va.s: asymmetric stretching; v: stretching; M: the

corresponding metal
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Table 3. Computed excitation energies, electronic transition configurations, and oscillator strengths (f) for the optical

transitions in the visible region of the L ligand and the complexes (transitions with f > 0.01 are listed)

Experimental results

TD-DFT results

Compound Amax (nm) Amex (nm)  Oscillator strength (f) ~ Major contributions
272 289 0.4171 Hs>L, Ho»L, Ho»Ly, HosL
HL 282 0.1513 Hs>L, Ho>La, Ho2La
433 427 0.4254 H.»L H>L,
425 0.2227 Hs>L, H.»L, H>L,
279 290 0.0706 H->L.,
427 0.2941 H.,>L,H>L
[ALL)(phen)]Cl 2 423 0.0624 H 3Ly, Hs5Los, HooL
802 795 0.0803 H.>L, H>L
268 261 0.0444 H..»L., H3L,
K[(Ag(L)(phen)] 428 411 0.0217 H.»L, H>L
707 720 0.0251 Hs>L, H,»L, H>L
829 335 0.0163 H.s>L, H>L, H>L,, H>L,.,
271 295 0.0144 H.e>L, H>L,,
435 418 0.0122 H.,»L, H,»L, H>Ly
[Pb{L)(phen)] . 730 0.116 H>L, H oL
728 0.0137 H->L

H: HOMO, L: LUMO

[Al(L)(phen)] Cl, and [Pb(L)(phen)] complexes show
appearing of peaks at different frequency values from that
of the ligand H,L. Also, the UV-visible spectra of the
complexes show the appearance of new frequencies that
corresponds to charge transfer. These results support the
coordination of the ligand L with metal ions.

In the UV-visible spectrum of [AI(L)(phen)]Cl
complex three peaks appeared. The first peak appeared at
279 nm (358842
corresponded to intra ligand transition. The second peak

cm™) with high intensity and

is due to the charge transfer and appears at 442 nm (22624
cm™). The third peak appears at 802 nm (12469 cm™).
This peak is attributed to metal (Al) > ligand (L)
transition. The Al—>L transition was detected by
monitoring 4s—3p emission from Al(4s) atoms produced
by pre disengagement of the excited complex [32].

The UV-visible spectrum of K[Ag(L)(phen)]
complex shows the appearance of four peaks at 268 nm
(37313 cm™), 428 nm (23364 cm™),707 nm (14144 cm™)
and 829 nm (12063 cm™). The peaks at 268 nm (37313
cm™) and 428 nm (23364 cm™) correspond to m->m* and
n->7* transitions, respectively. The other two peaks are
assigned to ligand-metal charge transfer transitions [23].

The UV-visible spectrum of [Pb(L)(phen)] complex
shows a three peaks at 271 nm (36900 cm™), 435 nm
(22989 cm™) and 735 nm (13605 cm™). The transitions at
271 nm (36900 cm™) and 435 nm (22988 cm™") correspond
to conjugated 7 system and they are due to n->m* and to
n->7* transitions, respectively. The third peak appeared
at the visible area and corresponds to L-M charge transfer
(C.T) transitions from COO- groups [32-33]. The three
complexes are also diamagnetic as expected from their
electron configuration [18]. The electronic spectral studies
confirm the octahedral geometry of these complexes
[33]. Furthermore, the complexes K[Ag(L)(phen)],
[Al(L)(phen)]Cl and [Pb(L)(phen)] are diamagnetic as
indicated from its magnetic moment measurements.
These results support the conclusion drawn from the
electronic spectral data of these complexes. The
experimental data, which are obtained from the
electronic spectra and the magnetic measurements
values of the complexes, are in good agreement with the
calculated optimized structure of these.

DFT Calculations and Electronic Structures

The optimized structures of the K[Ag(L)(phen)],
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[Al(L)(phen)]Cl, and [Pb(L)(phen)] complexes according
to the BBLYP/LANL2DZ level of theory are displayed in
Fig. 4. Selected bond distances and bond angles of the
optimized structures of these complexes are listed in
Table 4. The observations from the calculated geometries
that displayed in Fig. 4 show that the environment
surrounding the central metal ion in [Al(L)(phen)]Cl,
K[(Ag(L)(phen)] and [Pb(L)(phen)] complexes adopted
distorted octahedral distorted
octahedral of the environment surrounding the central

configuration. The

metal atom of these complexes is due to the tension that
comes from the formation of three rings around the
central metal upon complexation.

The calculated bond length of Ag(1)-N(45), Ag(1)-
N(46), Ag(1)-N(2) and Ag(1)-N(3) of the
K[Ag(L)(phen)] complex (Table 4) are 2.534, 2.663, 2.590
and 2.383 A, respectively. The typical Ag-N bond lengths
are reported within the range 2.1-2.7 A [34-37].
Moreover, the calculated Ag-N bond lengths of the

K[Ag(L)(phen)] complex is shorter than the sum of the
van der Waals radii of N and Ag atoms (1.55 and 1.72 A,
respectively) [38]. The calculated bond length of Ag(1)-
O(5) and Ag(1)-O(4) of the K[Ag(L)(phen)] complex
(Table 4) are 2.685 and 2.291 A, respectively. These
values are within the reported Ag-O bond lengths range
(2.032-2.754 A) [35,39-40]. It should be noted that the
calculated Ag-O bond lengths are not larger than the
sum of the van der Waals radii of O and Ag atoms, which
are 1.52 and 1.72 A, respectively [38].

The optimized geometry of the [AI(L)(phen)]K
complex (Fig. 4, Table 4), shows that the bond length of
Al(86)-N(45), Al(86)-N(44), Al(86)-N(2), Al(86)-
N(1), Al(86)-O(4) and Al(86)-O(3) are 2.173, 2.104,
2.035, 2.072, 1.852 and 1.862 A, respectively. Previous
studies concerning the complexation of AI’* with Schiff
base reported that the bond lengths of AI-N and Al-O
are within the range of 1.988-2.013 A and 1.809-1.881 A,
respectively [41-42]. The values of AI-N and Al-O bond

Table 4. Selected bond lengths (A) and bond angles (°) of the computed structures of the [Al(L)(phen)]Cl,
K[(Ag(L)(phen)] and [Pb(L)(phen)] according to BALYP/LANL2DZ level of theory

Bond Lengths (A) of [AI(L)(phen)]Cl

Bond Lengths (A) of K[(Ag(L)(phen)]

Bond Lengths (A) of [Pb(L)(phen)]

N(45)-Al(86) 2.173 Ag(1)-N(45)
N(44)-Al(86) 2.104 Ag(1)-N(46)
0O(4)-Al(86) 1.852 Ag(1)-0(5)
0O(3)-Al(86) 1.869 Ag(1)-0(4)
N(2)-Al(86) 2.035 Ag(1)-N(2)
N(1)-Al(86) 2.072 Ag(1)-N(3)

Angels (°) of [AI(L)(phen)]Cl

Angels (°) of K[(Ag(L)(phen)]

N(45)-A1(86)-N(44) 76.971 N(45)-Ag(1)-N(46)
N(45)-A1(86)-0(4) 87.035  N(45)-Ag(1)-0(5)
N(45)-Al1(86)-0(3) 162.718 N(45)-Ag(1)-O(4)
N(45)-A1(86)-N(2) 91.706  N(45)-Ag(1)-N(2)
N(45)-A1(86)-N(1) 96.998  N(45)-Ag(1)-N(3)
N(44)-A1(86)-0(4) 93.885  N(46)-Ag(1)-0(5)
N(44)-A1(86)-0(3) 86.462  N(46)-Ag(1)-O(4)
N(44)-Al1(86)-N(2) 168.384 N(46)-Ag(1)-N(2)
N (44)-Al(86)-N(1) 97.718  N(46)-Ag(1)-N(3)
0(4)-Al(86)-0(3) 99.112  O(5)-Ag(1)-O(4)
O(4)-Al(86)-N(2) 82.802  O(5)-Ag(1)-N(2)
O(4)-Al(86)-N(1) 168.303  O(5)-Ag(1)-N(3)
0(3)-Al(86)-N(2) 105033  O(4)-Ag(1)-N(2)
0(3)-Al(86)-N(1) 80.200  O(4)-Ag(1)-N(3)
N(2)-Al(86)-N(1) 86.098  N(2)-Ag(1)-N(3)

2.534 N(45)-Pb(86) 2.839
2.663 N(44)-Pb(86) 2.834
2.685 O(4)-Pb(86) 2.212
2.291 O(3)-Pb(86) 2.198
2.590 N(2)-Pb(86) 2.805
2.383 N(1)-Pb(86) 2.876
Angels (°) of [Pb(L)(phen)]

64.660 N(45)-Pb(86)-N(44) 58.427
125.009 N(45)-Pb(86)-0O(4) 72.281
77.569 N(45)-Pb(86)-0O(3) 120.065
104.920 N(45)-Pb(86)-N(2) 119.812
140.505 N(45)-Pb(86)-N(1) 170.595
71.337 N(44)-Pb(86)-0O(4) 113.284
140.734 N(44)-Pb(86)-0O(3) 74.989
134.896 N(44)-Pb(86)-N(2) 178.054
93.132 N(44)-Pb(86)-N(1) 117.487
128.663 0O(4)-Pb(86)-0(3) 97.193
129.654 O(4)-Pb(86)-N(2) 64.938
70.209 O(4)-Pb(86)-N(1) 116.531
63.609 O(3)-Pb(86)-N(2) 105.833
124.233 O(3)-Pb(86)-N(1) 63.777
66.915 N(2)-Pb(86)-N(1) 64.387
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[Ag(L){phen)]-
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Fig 4. Optimized structures of [Al(L)(phen)]’, [Ag(L)(phen)]” and [Pb(L)(phen)] complexes according to
B3LYP/LANL2DZ level of theory
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lengths reported in these studies are very close to those
obtained in our study.

The bond lengths of Pb(86)-N(45), Pb(86)-N(44),
Pb(86)-N(2), Pb(86)-N(1), Pb(86)-O(4) and Pb(86)-
O(3) that presented by the optimized structure of the
[Pb(L)(phen)] complex (Fig. 4, Table 4) are 2.839, 2.834,
2.805, 2.876,2.212 and 2.198 A, respectively. These bond
lengths are in the range of the Pb-N and Pb-O bond
lengths reported in the literature [43-45].

The UV-Vis measurements of the synthesized H,L
ligand and complexes were performed in DMSO solvent.
All these compounds show several absorption bands in
the UV-Vis region (Table 3). TD-DFT (Time-Dependent
Density Functional Theory) calculations were performed
on the optimized geometries of the synthesized complexes
and HL ligand to assign these bands. The calculated
absorption spectra of the compounds, which are obtained
from the output of the TD-DFT computations, were
simulated using the GaussSum software. The simulated
and experimental UV-Vis spectra of the synthesized H,L
ligand and complexes are in good agreement (Table 3). To
demonstrate the electronic properties of the synthesized
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complexes, investigations were performed on the
calculated energies and electron densities of the frontiers
molecular orbitals. Fig. 5 summarizes the energy profile
of the highest occupied molecular orbitals (HOMO’s)
and lowest unoccupied molecular orbital (LUMO’s), and
HOMO-LUMO gaps for [Ag(L)(phen)]-, [Al(L)(phen)]*
and [Pb(L)(phen)] complexes, which are calculated at
the B3LYP/LANL2DZ level of theory. The higher
HOMO-LUMO energy gap is associated with the
[Pb(L)(phen)] complex. The orbital energies and
percent composition of selected frontier occupied and
virtual molecular orbitals of complexes, expressed in
terms of composing fragments, calculated at the
B3LYP/LANL2DZ level are listed in Table 5. As shown
in Table 5, the metal of the [Al(L)(phen)]* complex is
contributing only 1% to the LUMO, and LUMO,,
orbitals. The presented frontier occupied orbitals of the
[Al(L)(phen)]* complex in Table 5 are completely
localized on the L ligand, while the virtual orbitals are
mostly localized on the phen ligand. The HOMO and
LUMO contour plots of [AI(L)(phen)]* complex are
shown in Fig. 6.

=3~ HOWO

311 e

e LUMO
[Pb(L)(phen)]

HOMO

224 eV

LUMD

[Al{L){phen)]”

Fig 5. Energy profile of the highest occupied molecular orbitals (HOMO’s) and lowest unoccupied molecular orbital
(LUMO’s), and HOMO-LUMO gaps for [Ag(L)(phen)]-, [Al(L)(phen)]* and [Pb(L)(phen)] complexes, calculated at

the BALYP/ LANL2DZ level of theory
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LUmMo

Fig 6. The frontier orbitals HOMO and LUMO of
[Al(L)(phen)]* calculated at the BALYP/LANL2DZ level
of theory, with the surface isovalue is 0.02

The percent composition of the frontier molecular
orbitals of [Ag(L)(phen)]” complex are different from that
of [Al(L)(phen)]™ as shown in Table 5. The metal of the
[Ag(L)(phen)]” complex is a notable contribution to the
HOMO, HOMO.,, and HOMO._, orbitals with the
percentage of 25, 18, and 18%, respectively. The presented
frontier occupied orbitals of the [Ag(L)(phen)]” complex
is mostly localized on the L ligand. Concerning the virtual
orbitals, LUMO and LUMO.,, are localized with the
percentage of 100 and 99%, respectively on the phen ligand.
The virtual orbital, LUMO,y, is localized with a percentage
of 99% on the L ligand. The HOMO and LUMO contour
plots of [Ag(L)(phen)]” complex is shown in Fig. 7.

The presented frontier orbitals, LUMO.;, LUMO,
HOMO, HOMO., HOMO., HOMO., HOMO.,
HOMO. s, and HOMO_; of the [Pb(L)(phen)] complex are
localized on the L ligand with the percentage of 100, 99,
94, 90, 98, 84, 85, 93 and 98%, respectively. The LUMO.,
orbital is completely localized on phen ligand. The metal
of the [Pb(L)(phen)] complex is contributed only to the
HOMO_;, HOMO_;, HOMO_;, HOMO.,, HOMO_s, and

2021, 21 (3), 708 - 724

Fig 7. The frontier orbitals HOMO and LUMO of
[Ag(L)(phen)] calculated at the BALYP/LANL2DZ level
of theory, with the surface isovalue is 0.02

Fig 8. The frontier orbitals HOMO and LUMO of
[Pb(L)(phen)] calculated at the BALYP/LANL2DZ level
of theory, with the surface isovalue is 0.02
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Table 5. Percent composition in terms of composing fragments of selected frontier molecular orbitals (MO’s) and
molecular orbitals energies of the complexes calculated at the BALYP/LANL2DZ level

Complexes MO MO energy (eV) Fragment
Metal phen ligand L ligand
Lo -5.00 0 82 17
L -5.23 1 26 73
L -5.34 1 89 10
[AI(L)(phen)]Cl H -7.58 0 0 100
H., -7.65 0 0 100
H., -8.16 0 0 100
H.; -8.30 0 0 100
L. 0.31 1 99 0
L 0.28 0 1 99
L 0.23 0 100 0
K[Ag(L)(phen)] H -2.70 25 69
H., -2.79 18 5 77
H., -3.01 18 2 80
H.; -3.19 5 3 92
L., 0.76 0 100 0
L 0.53 0 0 100
L 0.32 0 1 99
H -2.79 0 6 94
H., -2.92 5 5 90
[PH{L)(phen) H., -3.04 1 1 98
H.; -3.14 13 3 84
H.4 -3.38 10 85
H_s -3.43 4 93
H. -3.51 1 98

H: HOMO, L: LUMO

HOMO_ orbitals. The HOMO and LUMO contour plots
of [Pb(L)(phen)] complex are shown in Fig. 8.

m CONCLUSION

The Schift base ligand (H,L) has been prepared from
curcumin and L- Tyrosine amino acid. The synthesized
Schift base ligand (H.L) and the second ligand 1,10-
phenanthroline (phen) are used to prepare the new mixed
ligand complexes [Al(L)(phen)]Cl, K[Ag(L)(phen)] and
[Pb(L)(phen)]. The results obtained from the UV-visible
spectra and the magnetic moments values of the
complexes are in good agreement with the optimized
structures of these compounds, which are calculated
according to B3LYP/LANL2DZ level of the theory. The
optimized structures of [Al(L)(phen)]Cl, K[Ag(L)(phen)]

and [Pb(L)(phen)] that calculated according to
B3LYP/LANL2DZ level of the theory show that the
environment surrounding the central metal ion in these
complexes adopted distorted octahedral configuration.
The computed energies and electron densities of the
frontiers molecular orbitals were reported. All these
results indicate that experimental and theoretical
calculations were consistent.
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Abstract: This study aims to apply a semi-classical approach using some analytically
solvable potential functions to accurately compute the first ten pure vibrational energies
of molecular hydrogen (H.) and its isotopes in their ground electronic states. This study
also aims at comparing the accuracy of the potential functions within the framework of
the semi-classical approximation. The performance of the approximation was
investigated as a function of the molecular mass. In this approximation, the nuclei were
assumed to move in a classical potential. The Bohr-Sommerfeld quantization rule was
then applied to calculate the vibrational energies of the molecules numerically. The results
indicated that the first vibrational transition frequencies (v, &) of all hydrogen isotopes
were consistent with the experimental ones, with a minimum percentage error of 0.02%
for ditritium (T,) molecule using the Modified-Rosen-Morse potential. It was also
demonstrated that, in general, the Rosen-Morse and the Modified-Rosen-Morse potential
functions were better in terms of calculating the vibrational energies of the molecules than
Morse potential. Interestingly, the Morse potential was found to be better than the
Manning-Rosen potential. Finally, the semi-classical approximation was found to
perform better for heavier isotopes for all potentials applied in this study.

Keywords: semi-classical approximation; classical potential functions; hydrogen
isotopes; Bohr-Sommerfeld quantization

m INTRODUCTION

tritium (DT), and ditritium (T,), have been less
frequently measured. The reason was due to the

The molecular hydrogen (H:) and its isotopes are of
great importance in molecular quantum chemistry. The
fact that the experimental energies of the systems are
consistent with their corresponding theoretical values has
long been considered an initial platform for testing and
developing the practical techniques and theoretical
models [1-2].

Exact experimental vibrational levels for H, and
deuterium-bearing hydrogen molecules, i.e., hydrogen
deuteride (HD) and dideuterium (D) have been widely
reported in the literature [3-5]. On the other hand,
physical properties of the tritium-bearing hydrogen
molecules, i.e., tritiated hydrogen (HT), deuterium-

stringent safety requirements to hold the radioactive
species, which results in limited access and handling
difficulty in the experimental study of these systems [6].
Some of the empirical studies on the first vibrational
frequencies for these systems were reported for T,
molecule [7], DT molecule [8], and the most recent one
for HT, DT, and T, molecules [6]. With these recent
experimental reports, theoretical models to study the
systems, especially for the fundamental tone, can be
tested for all molecular hydrogen isotopes.

From the theoretical point of view, highly accurate
energy calculations of isotopes of molecular hydrogen
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have also been thoroughly performed. Various types of
theoretical calculations have been developed, including
the moment constant summability method [9], free-
complement variational theory [10-11] and matrix
Numerov method [12] for the H, molecule. The non-
relativistic calculations were also reported on energy levels
of D; molecule [13] and of HD molecule [14]. Similarly, a
theoretical study on vibrational energy levels of the
hydrogen molecule and its isotopes was presented [15].
Besides, highly accurate ab-initio calculations have also
been extended to investigate the effects of vibrations on
the chemical and physical properties of other quantum
systems. These studies include the use of the first-principle
DFT calculation to investigate vibrational effects on
vacancies in silicon [16], nitrogen-doped diamond [17],
germanene [18], monolayer hexagonal boron nitride [19].
DFT also was used to investigate the potential of halogen-
substituted N-methyl-4-piperidones curcumin analog
compounds as candidates for optoelectronic materials [20].
First-principle vibrational free energy calculations have
also been conducted to study defects in silicon [21-22].
Moreover, DFT was used along with ab-initio
correlated wavefunction theory (WFT) methods to obtain
highly accurate potential energy curves (PECs) of fluorine
adsorption on coronene [23], setting up a high-level
benchmark for theoretical studies on graphene
functionalization. The results generated from the above-
mentioned first-principle calculations are in excellent
agreement with their corresponding experimental values
and other ab-initio products. These findings indicate that
DFT and correlated WFT are among the most accurate
theoretical methods. Therefore, they are recommended
for performing precise high calculations on rovibrational,
electronic, structural, optical, and other properties of
materials for investigating their potential use in devices.
Recently, the semi-classical method has been
applied to study the vibrational states of molecules [24-
25]. One approach in this method is to use the Bohr-
Sommerfeld quantization rule. One can apply the
potential analytical surfaces such as the Morse potential
rather than applying a more complex ab-initio potential.
Despite being simple, the Morse potential has been
proven accurate in studying the diatomic molecules [26-

Indones. I. Chem., 2021, 21 (3), 725 - 739

27]. In our previous study [28], we have successfully
applied a semi-classical approach using the Morse
potential [29] to calculate the vibrational energies of the
molecular Hy. In this study, we observed that 10 out of
15 vibrational levels of H, could be generated with
reasonable accuracy. In addition to the Morse potential,
there have also been other analytically solvable
potentials, including the Rosen-Morse [30], Manning-
Rosen [31], and the Modified-Rosen-Morse potential
[32]. These potentials have been extensively applied to
study the interactions in molecules. However, they have
not been explored to calculate the vibrational energies of
molecular hydrogen isotopes within the framework of
the semi-classical approximation.

Since their introduction, most of the potential
functions have been widely explored and compared for
their
interaction of diatomic molecules. Consequently, a

performance in describing the molecular
variety of claims have been drawn by different
researchers that a particular potential is better than the
others or vice versa. For instance, Deng and Fan [33]
claimed that the Deng-Fan potential was better than
Morse potential in describing the interactions of
diatomic molecules. Moreover, Liu et al. [34] reported
that vibrational levels predicted by Manning-Rosen
potential model were better than those predicted by the
Morse potential model for a *Z," of the Li, molecule.
Wang et al. [35] made a contradictory claim that the
Morse potential was better than Deng-Fan, Manning-
Rosen, and the Schidberg potential in describing the
interaction of diatomic molecules. Therefore, more
different
diatomic

comprehensive theoretical studies on

chemical-physical properties of various
molecules using these potentials are crucial in testing the
accuracy of the potentials.

This present paper aims to apply the semi-classical
method using the Morse, Manning-Rosen, Rosen-
Morse, and the modified Rosen-Morse potential to
calculate the first 10 vibrational energies of molecular H,

and its isotopes (HD, HT, D,, DT, and T,) in their
ground electronic state XEg . Also, the accuracy of the

calculation in the framework of the semi-classical
approximation was examined. Finally, the performance
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of the approximation was evaluated as a function of the
molecular mass.

m COMPUTATIONAL METHODS

The Semi-Classical Approximation
Analytically Solvable Potentials

Using

The semi-classical method used in this article was
applied within the framework of the Born-Oppenheimer
approximation. In this approximation, the nuclei and
electrons were assumed to move independently. The
further assumption would be that the vibrational and the
rotational motion were separated. Therefore the
vibrational bound states of the molecular hydrogen
isotopes can be obtained by solving the time-independent

Schrodinger equation for the nuclei shown in Eq. (1):
(T+V)|w)=E,|¥) (1)
In the semi-classical approximation, one does not
need to solve Eq. (1) directly for E, but needs to assume
that the nuclei move in a classical potential V(r) and then
apply the
approximate vibrational energy eigenvalues E.. Hence,

Bohr-Sommerfeld quantization rule to
using the quantization rule led to dimensionless action S
at a particular energy E. [36]:

S(E, )= (2_“]1/2 [k, ~v(r)) P dr —(n+%]n )

H? in
Despite S(E.) is dimensionless, all other quantities
contained in S(E,) still have their standard units. All
physical quantities were defined in a way that they are
dimensionless. Therefore, Eq. (2) can be written as:

(o) =1 (30 ~v(x)) x| 3)

where s(e,) is the new dimensionless action. All other
unknown dimensionless quantities defined to arrive at
Eq. (3) are described as follows. Firstly, dimensionless
position x was defined as x=r/8. Here, § is a parameter
with the dimension of length introduced to make position
x dimensionless. This § parameter also appeared in the
potential functions as shown in Eq. (8) to Eq. (11). This
parameter has a physical meaning of controlling the width
of the potential functions. Hence, it has to be fitted to
experimental values for given energy using a particular
potential function. Similarly, y is a dimensionless quantity

introduced to make the constants just before the integral
in Eq. (2) dimensionless and to account for & and
equilibrium potential D. in the calculation. This y value,
shown in Eq. (4), represents the quantum nature of the
problem where more significant matters of y correspond
to systems with a more negligible quantum effect. In
other words, the systems behave more classically for
larger y and vice versa.

,\12
| 2uD.5
Ll e (4)

Here, D. is the potential at the equilibrium position r.,

and p is the reduced mass of the nuclei. Secondly, xi, and

Xou in Eq. (3) are the scaled classical turning points

obtained by first solving ri, and roy using:

V(£ ) = V(tou ) = Ep (5)
Next, &, in Eq. (3) is the scaled vibrational energy

for a particular vibrational quantum state n, defined as

g, =on (6)
D

Finally, v(x) in Eq. (3) is the scaled classical potential
governing the motion of the nuclei. This v(x) function
can be determined from v(r), which was defined as

v(r) =) (7)

D

e

In this article, the potential functions used were the
Morse potential Vy(r) [29] shown in Eq. (8). The
Manning-Rosen potential Vyr(r) in the form presented
in [35] as shown in Eq. (9). The Rosen-Morse potential
Vru(r) in the form presented in [37] as shown in Eq.
(10), and the modified Rosen-Morse potential Vyrm(r)
[32] demonstrated in Eq. (11). It was important to note
that there was a slight change in each equation where -
D. was added, which only yielded-D. at the potential
minimum but did not affect the physical properties of
the potentials at all. It is also important to note that the
bond length r. used in this article was taken as a pre-
computed parameter.

Vi (1) =De[(1—e‘“‘re)’8 )2 —1] 8)

ere/5 _1 2
Vare (1) =D l_r/S—l -1 ©)
et1s
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+1

2
2(re—rij)/5
1
e2(r—r )8 . -1 (11)
e 41

2
2r,/d
e e +1
VRM(r):De [l—ezT} —]. (10)

Virwm (1) =D, [1—

Computational Details

Overall, the computational details used in this
research followed the same procedures described in [28].
Calculation of the vibrational energies of the molecular
hydrogen isotopes was done by solving Eq. (3)
numerically. The numerical methods used in calculating
the vibrational energies in Eq. (3) were numerical
integration using the Simpson’s rule and root finding
using the false position method, with 1024 divisions and
atolerance of 107 The steps involved are as follows. First,
the dimensionless quantity y was determined using Eq.
(4). Second, the classical turning points were determined
for all potentials using Eq. (5). After that, y values,
classical turning points, and the potential functions were
substituted into Eq. (3). Finally, Eq. (3) was solved
numerically to obtain the pure vibrational energies of the
molecules. In this final step, the value of § was varied to
get the first vibrational energy which can match its
experimental value. This § value was then used to solve
the higher vibrational energy levels of the molecules.

m  RESULTS AND DISCUSSION
Physical Constants Used in the Calculation

Reduced mass p of nuclei of the molecules were
0.50391261 a.m.u., 0.67171137 a.m.u., 0.75540394 a.m.u.,
1.00705111 a.m.u., 1.20764393 a.m.u., and 1.50802486
a.m.u., for H;, HD, HT, D,, DT and T, respectively [38].
The bond length value used in the calculation for all
molecules in this study was 0.74142 A [38]. Using an
experimental value for D. = 38287 cm™ and the reduced
mass of the molecules, the values of the dimensionless
quantity y of the molecules were calculated using Eq. (4),
and they were found to be 33.8308, 39.0598, 41.4219,
47.8258, 52.3728, and 58.5248 respectively, where § in A.

Classical Turning Points

The classical turning points for the Morse potential

(M) had been presented before in [28], from which the
classical turning points were

rin(M) =TI, —61n(1+1/8n +1) (12a)
Tout(M) = Te —SIn(l—Jan +1) (12b)

Using similar procedures, i.e., by applying Eq. (5) to Eq.
(9), (10), and (11), the classical turning points for the
Manning-Rosen (MR), Rosen-Morse (RM), and the
Modified-Rosen-Morse (MRM) potentials were derived
and respectively shown in Eq. (13), (14) and (15).

ere/ES _1
rin(MR) :Sln[l+ﬁ (133)
: gin| 14021 (13b)
out(MR) 1— e, 41

Tin(RM) :gln[%—ll (14a)
Tout(RM) = gh{%— IJ (14b)
Tin(MRM) = 5 +§ln[it+\/j:i++ll_1} (15a)

(15b)

.8 e A .
Tout(MRM) = Tjj T30 ﬁ_
For the Modified-Rosen-Morse potential, r; values were
calculated using Eq. (16) [32].

KD,
B =T T\ (16)
(&

where K is a dimensionless constant given by
2 _
_ d V(I‘) r rij

T =
|r =1>
dr? fe — T

K (17)

Vibrational Energy Levels of Hz, HD, HT, D, DT, and
T2 Molecules

The calculated first ten vibrational energies for the
molecular hydrogen and its isotopes in their ground

electronic state XZ; are presented in this section. Eq. (3)

was numerically evaluated using values given in the
previous section. The equation had already been solved
for the H, molecule using the Morse potential in our
earlier study [28], but it was recalculated in this research
using the most recent experimental values to obtain the
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results comparable to that of the hydrogen isotopes
calculated in this study. The most recent experimental
values used here were 36118.06962 cm™ [39],
36405.78366 cm™ [40], and 36748.36286 cm™ [3] for the
first vibrational energy levels of H,, HD, and D,
respectively. Meanwhile, the most recent theoretical
values for the first vibrational energy levels for HT, DT,
and T, were 36512.19957 cm™, 36881.2812 cm™, and
37028.49625 cm™ [41], respectively. Values of § matching
the corresponding experimental first vibrational levels for
H,, HD, HT, D,, DT, and T, are shown in Table 1. These
§ values were then used to calculate the first ten
vibrational energy levels for all molecules. For the
Modified-Rosen-Morse potential, the r; values used are
also presented in Table 1, calculated using Eq. (16) and
(17) based on diatomic constants adapted from [38].
Calculated results of the first ten vibrational energies of
the molecules are presented in Table 2.

It is evident from Table 2 that our calculated
energies using Rosen-Morse and Modified Rosen Morse
with  the
corresponding energies reported in [42], with errors

potential  functions were consistent
below 1% for all molecules. Similarly, the results for the
first 5 vibrational energy levels for all molecules were also
in good agreement when using the Morse potential (error
below 1%). Still, for sizeable vibrational quantum
numbers, it was clear that the difference between the
calculation and the experimental data became significant.
On the other hand, only the first three vibrational levels
with errors of less than 1% could be generated using the
Manning-Rosen potential. For H, molecule with n =9, the
use of Manning-Rosen potential resulted in a much

higher percentage of error compared to that of the
Morse, Rosen-Morse, and Modified Rosen Morse
potential, with up to 54.81% of error compared to
12.83%, 0.47% and 0.17% for the respective potential
functions. The accuracy of these potential functions
within  the
approximation is discussed further in the following

framework of the semi-classical
section.

It is also clear from Table 2 that for any vibrational
level calculated using any potential function, isotopic
shifts in vibrational energies occurred when other
isotopes substituted one atom or both atoms. The reason
was due to the difference in the reduced mass of the
molecules containing different isotopes, which leads to
the increase or decrease in the corresponding calculated
energy. The substitution of an atom or both atoms with
heavier isotopes led to the lower vibrational energies and
hence results in more chemically stabilized vibrational
states. This stabilization, in addition to some other
factors explained in the next section, led to more
accurate vibrational levels for heavier molecules.

Regarding the dissociation energy, it is clear that
any change to the molecule with heavier isotopes led to
a higher bond dissociation energy of the molecule.
Therefore, the chemical bond of such molecules became
more muscular, which eventually affects the molecules’
behavior in any chemical reaction, which involves bond
cleavage. The stronger the chemical bond between
isotopes, the higher the energy required to break the
chemical bond within the molecule from its first
constituent

vibrational state into its unexcited

atoms/isotopes. As chemical reactions between two atoms

Table 1. Values of § and r; used in the calculation

Molecule 63\4 SEAR SI:M aNf,RM rfj
(A) (A) (A) (A) (A)
H, 0.71715238100 0.97932457700 0.92625240460 0.92405655150 0.01480561
HD 0.71734847950 0.98070005400 0.92634829660 0.92411931120 0.01500609
HT 0.71743336176 0.98123423230 0.92639796470 0.92412744480 0.01527452
D, 0.71765735300 0.98249317680 0.92654899188 0.92426980660 0.01531373
DT 0.71780750840 0.98325158400 0.92666155500 0.92436195030 0.01543833
T, 0.71800402150 0.98415409740 0.92682071850 0.92451846200 0.01544307
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Table 2. Calculated energies with % errorst for first 10 vibrational energies of the molecules using the Morse (M),
Manning-Rosen (MR), Rosen-Morse (RM), and Modified-Rosen-Morse (MRM) potentials. Calculated energies from
ab-initio methods in [42]* are also presented

En(M)/CITf1 Enu\/m)/cn’f1 En(Rm)/Cmfl En(MRm)/Cmfl B
Molecule n E.tl/em™!
(% error) (% error) (% error) (% error)
-36118.070 -36118.070
H, 0 -36118.070 (0.00) -36118.070 (0.00) -36118.074
(0.00) (0.00)
-32085.512 -31940.867
1 -31969.921 (0.04) -31941.486 (0.05) -31956.927
(0.40) (0.05)
-28427.373 -27982.911
2 -28074.723 (0.16) -27984.898 (0.16) -28031.088
(1.41) (0.17)
-25108.677 -24250.572
3 -24432.479 (0.40) -24254.567 (0.33) -24335.689
(3.18) (0.35)
-22098.637 -20750.621
4 -21043.186 (0.84) -20757.141 (0.53) -20867.698
(5.90) (0.56)
-19370.069 -17490.265
5 -17906.847 (1.59) -17499.678 (0.72) -17626.119
(9.89) (0.77)
-16898.893 -14477.179
6 -15023.460 (2.81) -14489.684 (0.84) -14612.257
(15.65) (0.92)
-14663.724 -11719.538
7 -12393.027 (4.76) -11735.138 (0.80) -11830.105
(23.95) (0.93)
-12645.513
8 -10015.546 (7.85) (36.17) -9244.540 (0.46) -9226.068 (0.66) -9286.901
-10827.248
9 -7891.020 (12.83) (54.81) -7026.942 (0.47) -7006.079 (0.17) -6993.907
-36405.784 -36405.784
HD 0 -36405.784 (0.00) -36405.784 (0.00) -36405.778
(0.00) (0.00)
-32873.724 -32763.511
1 -32785.512 (0.04) -32763.984 (0.03) -32773.635
(0.31) (0.03)
-29627.277 -29284.694
2 -29354.790 (0.12) -29286.222 (0.11) -29318.920
(1.05) (0.12)
-26643.017 -25973.402
3 -26113.619 (0.29) -25976.499 (0.24) -26038.161
(2.32) (0.25)
-23899.984 -22833.925
4 -23061.999 (0.58) -22839.027 (0.39) -22928.893
(4.24) (0.41)
-21379.384 -19870.791
5 -20199.930 (1.05) -19878.246 (0.56) -19989.738
(6.95) (0.60)
-19064.321 -17088.776
6 -17527.412 (1.78) -17098.829 (0.71) -17220.515
(10.71) (0.77)
-16939.573 -14492.927
7 -15044.445 (2.89) -14505.710 (0.80) -14622.386
(15.85) (0.89)
-14991.400 -12088.577
8 -12751.029 (4.53) -12104.090 (0.77) -12198.059
(22.90) (0.90)
-13207.369
9 -10647.165 (6.98) (32.71) -9899.461 (0.53) -9881.364 (0.71) -9952.060
-36512.200 -36512.200
HT 0 -36512.200 (0.00) -36512.200 (0.00) -36512.166
(0.00) (0.00)
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Table 2. Calculated energies with % errorst for first 10 vibrational energies of the molecules using the Morse (M),
Manning-Rosen (MR), Rosen-Morse (RM), and Modified-Rosen-Morse (MRM) potentials. Calculated energies from
ab-initio methods in [42]* are also presented (Continued)

En(M)/CITf1 Enu\/m)/cn’f1 En(m\/[)/cn’f1 En(MRM)/cm’l 1
Molecule n E.l/cm
(% error) (% error) (% error) (% error)
-33167.879 -33069.314
1 -33088.949 (0.04) -33069.743 (0.02) -33077.320
(0.27) (0.02)
-30079.091 -29771.425
2 -29834.167 (0.11) -29772.814 (0.09) -29800.557
(0.93) (0.10)
-27225.971 -26621.924
3 -26747.854 (0.26) -26624.747 (0.20) -26678.870
(2.05) (0.21)
-24590.639 -23624.377
4 -23830.010 (0.51) -23629.042 (0.34) -23710.043
(3.71) (0.36)
-22156.968 -20782.532
5 -21080.637 (0.90) -20789.374 (0.49) -20892.705
(6.05) (0.53)
-19910.379 -18100.334
6 -18499.733 (1.50) -18109.606 (0.64) -18226.406
(9.24) (0.69)
-17837.669 -15581.935
7 -16087.298 (2.39) -15593.795 (0.75) -15711.716
(13.53) (0.83)
-15926.855 -13231.709
8 -13843.334 (3.69) -13246.209 (0.78) -13350.363
(19.30) (0.89)
-14167.046 -11054.266
9 -11767.839 (5.58) -11071.339 (0.66) -11145.411
(27.11) (0.82)
-36748.363 -36748.363
D, 0 -36748.363 (0.00) -36748.363 (0.00) -36748.349
(0.00) (0.00)
-33825.769 -33750.915
1 -33765.748 (0.03) -33751.239 (0.01) -33754.742
(0.21) (0.01)
-31097.461 -30861.650
2 -30909.347 (0.09) -30862.703 (0.06) -30880.242
(0.70) (0.06)
-28550.209 -28082.738
3 -28179.160 (0.20) -28084.890 (0.13) -28122.759
(1.52) (0.14)
-26171.943 -25416.448
4 -25575.189 (0.37) -25420.029 (0.24) -25480.643
(2.71) (0.25)
-23951.635 -22865.149
5 -23097.432 (0.63) -22870.443 (0.36) -22952.701
(4.35) (0.38)
-21879.188 -20431.313
6 -20745.889 (1.01) -20438.557 (0.49) -20538.231
(6.53) (0.52)
-19945.349 -18117.528
7 -18520.562 (1.55) -18126.900 (0.60) -18237.066
(9.37) (0.66)
-18141.622 -15926.497
8 -16421.450 (2.32) -15938.116 (0.69) -16049.615
(13.03) (0.77)
-16460.195 -13861.047
9 -14448.553 (3.37) -13874.962 (0.73) -13976.943
(17.77) (0.83)
-36881.281 -36881.281
DT 0 -36881.281 (0.00) -36881.281 (0.00) -36881.271
(0.00) (0.00)
-34199.145 -34136.296
1 -34148.713 (0.03) -34136.568 (0.00) -34137.946
(0.18) (0.00)
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Table 2. Calculated energies with % errorst for first 10 vibrational energies of the molecules using the Morse (M),
Manning-Rosen (MR), Rosen-Morse (RM), and Modified-Rosen-Morse (MRM) potentials. Calculated energies from
ab-initio methods in [42]* are also presented (Continued)

En(M)/CITf1 Enu\/m)/cn’f1 En(Rm)/Cmfl En(MRm)/Cmfl 1
Molecule n E.l/cm
(% error) (% error) (% error) (% error)
-31680.242 -31481.236
2 -31521.306 (0.09) -31482.126 (0.04) -31494.199
(0.59) (0.04)
-29314.359 -28917.744
3 -28999.061 (0.18) -28919.567 (0.10) -28948.381
(1.26) (0.11)
-27092.105 -26447.526
4 -26581.978 (0.31) -26450.569 (0.18) -26499.146
(2.24) (0.19)
-25004.835 -24072.356
5 -24270.057 (0.52) -24076.875 (0.28) -24145.463
(3.56) (0.30)
-23044.578 -21794.084
6 -22063.298 (0.81) -21800.294 (0.39) -21886.630
(5.29) (0.42)
-21203.979 -19614.630
7 -19961.700 (1.21) -19622.710 (0.50) -19722.304
(7.51) (0.55)
-19476.236 -17535.999
8 -17965.265 (1.77) -17546.081 (0.60) -17652.523
(10.33) (0.66)
-17855.059 -15560.275
9 -16073.991 (2.53) -15572.444 (0.67) -15677.744
(13.89) (0.75)
-37028.496 -37028.496
T, 0 -37028.496 (0.00) -37028.496 (0.00) -37028.481
(0.00) (0.00)
-34615.299 -34564.595
1 -34574.579 (0.03) -34564.814 (0.00) -34563.983
(0.15) (0.00)
-32333.895 -32172.445
2 -32204.784 (0.08) -32173.161 (0.02) -32179.461
(0.48) (0.02)
-30176.855 -29853.213
3 -29919.112 (0.15) -29854.684 (0.06) -29873.687
(1.01) (0.07)
-28137.285 -27608.104
4 -27717.562 (0.26) -27610.570 (0.13) -27645.628
(1.78) (0.14)
-26208.789 -25438.369
5 -25600.134 (0.41) -25442.044 (0.21) -25494.449
(2.80) (0.22)
-24385.422 -23345.302
6 -23566.830 (0.63) -23350.378 (0.30) -23419.519
(4.12) (0.32)
-22661.653 -21330.245
7 -21617.648 (0.92) -21336.886 (0.39) -21420.429
(5.79) (0.42)
-21032.333 -19394.591
8 -19752.589 (1.31) -19402.931 (0.48) -19497.002
(7.87) (0.53)
-19492.660 -17539.781
9 -17971.653 (1.83) -17549.922 (0.56) -17649.309
(10.44) (0.62)

Percentage errors in our results were calculated based on ab initio results in [42]

occur when the chemical bond is cleaved, molecules with  with heavier isotopes is more significant than those of
heavier isotopes would undergo slower chemical the lighter isotopes. It can also be inferred from Table 2
reactions. The reason is that the amount of energy  that molecules with heavier isotopes tend to have more
required to cleave the chemical bond in the molecules  dense vibrational states, which can be seen from the
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smaller spacing between their adjacent states compared to
the lighter ones. These findings indicate that the energy
required to excite a molecule with heavier isotopes from a
particular state into its next vibrational level is lower than
that of the molecule with lighter isotopes. This argument
has long been used in spectroscopic studies to infer the
previously unknown heavy isotopes in a mix of diatomic
molecules with different isotopes.

Fig. 1 illustrates the comparison of the first ten
energy levels between our results using the Morse and
Modified Rosen Morse potentials and those obtained
from the ab-initio calculations [42] for the H, molecule.
The forms of the potential functions were also plotted in
the exact figure. It is evident from Fig. 1(a) that the
difference between our results and ab-initio results [42]
became more apparent for higher vibrational states using
the Morse potential. The large discrepancy at higher
vibrational states was significantly reduced by using the
modified Rosen-Morse potential function, as shown in
Fig. 1(b). This finding is a clear indication that the
modified Rosen-Morse potential was a better potential
function than the Morse potential.

Accuracy of the Semi-classical Approximation

Comparison with experimental values and literature
In most of the reported literature, the experimental

data are not fully available for all vibrational energies of

the molecules. The only complete data available for the
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molecules are the first vibrational transition frequencies
(Vi¢o). Therefore, the accuracy of our calculations was
assessed using these experimental values as shown in
Table 3. As can be seen from Table 3, for the first
transition frequencies, our analyses are in good
agreement with the most accurate and recent
corresponding experimental values. The most accurate
results from our calculations came from the use of
Rosen-Morse and the Modified-Rosen-Morse potential.

Based on Table 3, the errors resulted from the
calculation of vibrational frequencies of molecular
hydrogen isotopes using the Morse potential were
significantly lower than those from the Manning-Rosen
potential, indicating that the Morse potential was much
better than the Manning-Rosen potential. This result also
implied that the Morse potential was also better than the
Deng-Fan potential and Schidberg potential in describing
some diatomic molecular interactions as it had been
previously proven in [35] that despite being different in
their initial forms, Manning-Rosen, Deng-Fan, and the
Schidberg potentials were empirically the same. Our
finding agrees with the study by Wang et al. [35] where
the calculations of anharmonicity wex. and vibrational
rotational coupling parameter «. for 16 diatomic
molecules were conducted, and the results were compared
to the experimental values. The authors indicated that
the classic Morse potential was better than the Deng-Fan,

Manning-Rosen, and the Schiéberg potential. This finding
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Fig 1. (a) First 10 vibrational energies of H, molecule using the Morse potential Vi and (b) Modified Rosen-Morse

potential Vyrm. Energies from ab-initio results [42] are also shown
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Table 3. First vibrational frequencies v; ¢ (A]J=0) with % errorst using the Morse (M), Manning-Rosen (MR), Rosen-
Morse (RM), and Modified-Rosen-Morse (MRM) potentials. Exact and accurate corresponding values from the most

recent experiments are also presented

Vieom in cm™

Vicour) in cm™!

Molecule (% error) (% error)
H, 4148.149 (0.31) 4032.557 (3.09)
HD 3620.272 (0.33) 3532.060 (2.76)
HT 3423.251 (0.34) 3344.321 (2.63)
D, 2982.615 (0.37) 2922.593 (2.37)
DT 2732.568 (0.39) 2682.136 (2.23)
T, 2453.917 (0.43) 2413.197 (2.08)

Vicory in cm™! Vicory) in cm™! Vi¢o in cm™!
(% error) (% error) (exp.)
4176.583 (0.37) 4177.203 (0.39) 4161.166*
3641.799 (0.27) 3642.273 (0.28) 3632.161*°
3442.456 (0.22) 3442.885 (0.24) 3434.812°
2997.124 (0.12) 2997.448 (0.13) 2993.617°
2744.713 (0.05) 2744.986 (0.06) 2743.342°
2463.682 (0.03) 2463.901 (0.02) 2464.504°

tPercentage errors in our results were calculated based on the corresponding experimental data shown in column 6

*PExperimental data were obtained from [4]* and [6]®

was also supported by the study of Royappa et al. [43],
functions,
including the Morse, Deng-Fan. The Rosen-Morse

who compared 21 potential empirical
potential functions in fitting experimental data for some
first- and second-row diatomic molecules and suggested
that the Morse potential was significantly better than
Deng-Fan potential in describing diatomic molecular
interaction. Their results also powerfully revealed that the
Rosen-Morse potential was considerably better than the
Morse potential, consistent with our results as shown in
Table 3, particularly for HD, D,, HT, and T, molecules.
Our results are in agreement with the study of Wang et al.
[35], and Royappa et al. [43] strongly suggested that the
Morse potential was better than Manning-Rosen (and
therefore Deng-Fan and Schidberg potential) in
describing the interaction of some diatomic molecules.
This finding was in contrast to the claim that Deng-Fan
potential was better than the Morse potential made by
Deng and Fan [33]. The Morse potential was better than
the Manning-Rosen potential in predicting vibrational
levels of electronic ground states of molecular hydrogen
isotopes obtained here was interesting since it was in
contrast to results obtained by [34] for the Li, molecule.
Thus, it suggests that a further investigation on the
vibrational energies of these two kinds of molecules for
different electronic states is of interest.

The results presented in Table 3 showed that the
Modified Rosen Morse potential function was also more
accurate in obtaining the first vibrational frequency of the
HD, D,, HT, and T, molecules. This finding suggested

that the modified Rosen Morse potential was more
potent than the Morse potential in describing the
interaction of diatomics. This conclusion was supported
by the study of Tang et al. [44], who solved the
Schrodinger equation of some diatomics with some
potential functions and found that the Modified Rosen
Morse potential was better in fitting with experimental
data. It is interesting to note that for the H, molecule (the
lightest molecule considered here), the Morse potential
was somehow better than both Rosen Morse and the
Modified Rosen Morse potential, with errors about
0.31%, 0.37%, and 0.39%, respectively. These errors were
related to the
approximation used in this article which was less

accuracy of the semi-classical
accurate for lighter molecules.

To further evaluate our results, the first vibrational
frequencies for the molecules generated from our
calculations were compared with the most accurate ab-
initio estimates adapted from [7,13-14,45-46]. The
comparison, shown in Table 4, clearly indicates that our
calculations, although having slightly higher % error, are
reasonably comparable to the results generated from the
ab-initio calculations. The fact that the ab-initio
calculations resulted in better accuracy since the ab-
initio analysis involved the Born-Oppenheimer, adiabatic,
non-adiabatic, relativistic, and quantum electrodynamics
effects, which are more comprehensive in comparison to
our calculation that only affects the Born-Oppenheimer
term applied in a semi-classical approach. As can be seen
from Table 4, ab-initio calculations in [45] generated the
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Table 4. First vibrational frequencies vi¢«o (A]J=0) with % errorst using the most accurate potential in this study: Rosen-

Morse (RM) and Modified-Rosen-Morse (MRM) potential functions are compared with most accurate corresponding

values from ab-initio calculations

1

- 5 ; .
Vicorm) in cm VicoMrwy in cm

] I . -1
V1€0(ab-initio) 111 CIML Vi¢o 1IN cm

Molecule (% error) (% error) (% error) (exp.)
H, 4176.583 (0.37) 4177.203 (0.39) 4161.166 (0) [45] 4161.166*
4161.185(0.0005) [46]
HD 3641.799 (0.27) 3642.273 (0.28) 3632.160 (0.00003) [45] 3632.161°
3632.179 (0.0005) [46]
3632.158 (0.00008) [14]
HT 3442.456 (0.22) 3442.885 (0.24) - 3434.812°
D, 2997.124 (0.12) 2997.448 (0.13) 2993.617 (0) [45] 2993.617°
2993.636 (0.0006) [46]
2993.615 (0.00007) [13]
DT 2744.713 (0.05) 2744.986 (0.06) - 2743.342°
T, 2463.682 (0.03) 2463.901 (0.02) 2464.502 (0.00008) [7] 2464.504°

tPercentage errors were calculated based on the corresponding experimental data in column 5

*PExperimental data were obtained from [4]* and [6]®

exact experimental values for the first vibrational
frequency of H; and D,. They were in excellent agreement
with experimental ones for HD (with % error of order
107).

Similarly, the first vibrational frequencies reported
in [7,13-14,46] were very accurate with % errors in the
order of 10°-10"* compared to ours with % errors in
102-10"!. However, it can be inferred that the Born-
Oppenheimer term made the most significant
contribution to the vibrational energies of the molecules.
The contribution of the Born-Oppenheimer term can
reach about 99.9% from the most accurate ab-initio
results for the first vibrational frequency vi¢o of the
molecules [45]. Therefore, despite involving only Born-
Oppenheimer approximation in a semi-classical
approximation, our products can generate reasonably
accurate results with an error below 0.4% for the first

vibrational frequencies of the molecules.

Accuracy as a function of the vibrational quantum
number and molecular mass

To further clarify the accuracy of the potentials used,
the percentage errors provided in Table 2 are plotted
against the vibrational levels. The plot for the Morse
potential is shown in Fig. 2(a). The pattern for other
potentials is similar and hence is not shown.

The results obtained in Fig. 2(a) indicated that at
higher vibrational levels, the accuracy of our calculations
decreased, as indicated by the increase in the percentage
of errors for higher vibrational energies for all molecules
considered. This trend was also observed for other
isotopes used in this study, as can be seen from Table 2.
This finding was interesting since semi-classical
approximation should work better for higher energies as
for much higher energies, wave functions of the systems
should approach the classical free particle wave
functions. The more significant errors observed for
higher vibrational states in this research were because
the values of § used for a particular molecule using a
particular potential were fitted only once for the ground
vibrational state energy and used to calculate other
higher vibrational energies of the molecules.

Additionally, the use of the Rosen-Morse and the
Modified-Rosen-Morse potentials have significantly
reduced the errors obtained using the Morse potential,
especially for higher vibrational states of the H,
molecule. This finding can be seen in Fig. 2(b) and Table
2, where the % errors resulted from the use of Rosen-
Morse and the Modified-Rosen-Morse potentials were
below 1%. These percentage errors were significantly
lower than those calculated using the Morse potential,
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Fig 2. (a) % Errors in our vibrational energies are plotted against the vibrational energy levels for all molecules using

the Morse potential and (b) Rosen-Morse potential

with the highest % errors of 12.83%. It was also important
to note from Fig. 2(a) that better accuracy was obtained
for heavier isotopes. This result was indicated by the more
minor errors for heavier isotopes. The argument can
explain that the heavier the molecules, the more
“classical” they become (the larger y values they have).
This discrepancy was mainly due to the semi-classical
approximation is based on the assumption that the nuclei
move in classical potential wells. Therefore they have
continuous energy like any classical object before their
subsequent quantization using the Bohr-Sommerfeld
quantization rule.

Consequently, less accurate results generated from
this approximation in comparison to the ab-initio
calculations would be anticipated. However, better
accuracy using this approximation was expected
following the substitution of the lighter isotopes with their
heavier counterparts within the molecules. As previously
described, this change was due to the more classical
dynamics of the molecules as the mass of the isotopes
increases. This was described as the y value in Eq. (4).
Larger y values correspond to more ‘classical’ molecules
the

approximation. Chemically, this can be attributed to the

and more accurate results for semi-classical
fact that heavier isotopes have more stable vibrational
states than lighter ones, as previously described.

With  these

investigations of the accuracy of this method on the

two  essential  observations,

calculation of vibrational energies of more ‘classical’
diatomic molecules are therefore attractive. A more
comprehensive study on this topic is the subject of our
following paper which is in preparation.

Improved Vibrational Energies from the

(Modified) Rosen Morse Potential

In our previous study [28], the semi-classical
method using the Morse potential has been successfully
applied to calculate low-lying vibrational energies of the
molecular hydrogen H,. However, as can be seen from
Fig. 2(a), a declining trend in the accuracy was observed
for higher vibrational states. This decreasing trend,
particularly for higher vibrational states and lighter
molecules, was fixed by Rosen-Morse and the Modified-
Rosen-Morse potential. This can be seen in Fig. 2(b).

Fig. 2(b) demonstrates that the increase in the
errors when using the Morse potential for higher
vibrational states of the molecules could be fixed by
using the Rosen-Morse potential function. This result
was shown by a significant decreasing trend of the %
errors for the H, molecule, particularly from n = 7
onwards. A similar pattern can also be seen for the HD
molecule starting at n = 8. For heavier molecules: HT,
D,, DT, and T, the practice is not seen, but a decrease of
errors for higher vibrational states (n > 9) is highly
expected from the pattern shown in Fig. 2(b). This
finding implies that the use of the Rosen-Morse and the
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Modified-Rosen-Morse potential function within the
framework of the semi-classical approximation has
significantly improved the accuracy of the calculation of
vibrational energies from the Morse potential, especially
for higher vibrational states. This finding was also
reported by Tang et al. [44]. They fitted the potentials to
the well-known Rydberg-Klein-Rees (RKR) data points of
the Li, molecule. They found that the modified Rosen
Morse potential showed a much better fit with the
experimental data than Morse potential, especially for
high vibrational states. Zhang et al. [32] also reported the
same finding when examining some other diatomic
molecules in their study, including ICl, I, Cs,, MgH, and
Li, molecules. This argument was also valid for other
diatomic molecules, including SiC, SCl, Cs,;, and Na,
molecules, as reported in [47-49]. These observations
strongly indicated that the Rosen Morse and the modified
Rosen Morse potential were better than the Morse
potential (and therefore the Manning-Rosen, Deng-Fan,
and the Schidberg potential) in describing the interaction
of some diatomic molecules. More comprehensive studies
on other physical and chemical properties of other
diatomic molecules in different electronic, vibrational,
and rotational states are therefore essential to further
evaluate and compare the accuracy of the potential
functions in describing the interaction of the molecules.

m CONCLUSION

The semi-classical method has been successfully
applied to obtain the first ten vibrational energies of all
isotopes of the molecular hydrogen in their ground

electronic state XZg . The results showed that the Rosen-

Morse and the Modified Rosen Morse potential were the
most accurate potentials used in this study, with errors
below 1%. It was also found that the Morse potential was
better than the Manning-Rosen potential function in
calculating vibrational energy levels of all isotopes of the
diatomic  hydrogen, using the  semi-classical
Finally, the

approximation becomes better for heavier isotopes. The

approximation. accuracy of the

semi-classical approximation could be applied to study
vibrational energies of diatomic molecules, especially
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those with larger reduced mass using various classical
potential functions.
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Abstract: This study aims to develop a green method to load silver nanoparticles
(AgNPs) into the diatomite (D) pores to produce AgNPs-D composite material. The
AgNPs were synthesized by pineapple leaf extract at the temperature of 70 °C for 30 min.
The composite formation was characterized by UV-Vis, FTIR, TGA, particle sizes
analysis, gravimetric, and color observation. The appearance of surface plasmon bands
in 440-460 nm confirms the AgNPs formation. The percentage of the AgNO; which
converted to AgNPs was 99.8%. The smallest particle size of AQNPs was 30 nm, obtained
in an AgNO; concentration of 1 mM with a stirring time of 24 h at 70 °C. The colloidal
AgNPs were stable for up to 7 days. The adsorption process of AgNPs was marked by the
appearance of -C=0 and -C-O- groups peak at 1740 and 1366 cm™ on the FTIR
spectrum. By adsorption and gravimetric technique, as much as 1 wt.% of AgNPs were
loaded into D pores. The color of diatomite material changes from white to reddish-
brown. The TGA analysis showed that the remaining D and AgNPs-D at 580 °C are
98.22% and 95.74%, respectively. The AgNPs loading through the green technology
technique was expected to increase diatomite application in the biomedical field.

Keywords: pineapple leaf extract; diatomite; silver nanoparticles; green method

m INTRODUCTION

Diatomite is an inorganic material naturally formed

biomedical field, diatomite is applied as a drug delivery
material [11], biosensing [12], a filler for making scaffold
and bone tissue regeneration [13]. As a filler for scaffold

from fossilized single-celled aquatic algae called diatomite
[1]. The main diatomite composition is SiO,; other
components include ALOs, Fe;O, CaO, MgO, and other
organics [2]. The material’'s physical properties are
lightweight, low density, thermal conductivity, high
porosity, and surface area, inertness, and high absorption
capacity [3-4]. The composition and excellent physical
properties make diatomite potential for application as a
filler of composite material in industrial and biomedical
applications [5].

In the industrial field, diatomite is applied as a filler
in many applications such as for the adsorption of dye
materials [6], separation of oil from crude oil [7], sensors
[8], catalyst support, thermal storage [9], and pollution
prevention of heavy metals in drinking water [10]. In the

and bone tissue regeneration, diatomite is used for
reinforced porous polyurethane foam (PUF) [14] and
chitosan composite membrane [15]. The addition of
diatomite increases the mechanical strength and water
uptake capacity of the polymer. Another biomedical
application for diatomite is a precursor for leusite
synthesis. Leusite is an essential material in Porcelain-
Fused-to-Metal (PFM) and all-ceramic restoration
systems. This material produces transparency, depth of
color, and texture of natural teeth [16]. However, the use
of diatomite in the biomedical field is limited because it
does not contain antibacterial properties. The large
porosity of diatomite makes antibacterial substrate easy
to load into the diatomite pores. Diatomite, as matrix
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minerals for antibacterial carrier agents, is a promising
economic material.

One of the elements that possessed excellent
antibacterial properties is silver nanoparticles (AgNPs).
The substances are not toxic to humans but have high
toxicity to microorganisms such as bacteria, viruses, and
fungi [17-19]. The resulting silver nanoparticles (AgNPs)
will be loaded into the diatomite (D) pores to obtain
silver-nanoparticle diatomite (AgNPs-D) composite
material. Several methods were used to load silver
nanoparticles into the diatomite pores. Chen et al. (2020)
have used the Ag* adsorption method from an electrolytic
cell and calcination in high temperatures of 500 and 800 °C
[20]. Qi (2020) fabricated
nanocomposite ceramic with silver nitrate adsorption by

et al silver-diatomite
diatomite. The composite was then added with a
carboxymethyl cellulose solution followed by calcination
at 400 °C [21]. Besides, the researchers used chemicals
such as sodium borohydride solution [22], hydrogen
peroxide [23], and Tollens” reagent [24-25] to produce
AgNPs. However, some of these methods are not
environmentally friendly and expensive because they use
high calcination temperatures and toxic reducing agents.

The environmentally friendly, non-toxic, safe, and
low-cost method to produce AgNPs-D composites is
necessary to develop. The method used is synthesized
silver nanoparticles using the leaf extract from
agricultural waste [26-27]. One of the ample abundances
of agricultural waste in Taiwan is pineapple (Ananas
comosus L) leaf. Every year, more than 5 million tons of
[28]. The

phytochemical content in the leaf extract acts both as a

pineapple leaf trash are produced
reducing and capping agent for the formation of AgNPs
[29-30]. The phytochemical compound in the pineapple
leaf extract includes terpenoids, flavonoids, cardiac
glycosides, phytosterols, alkaloids, and saponins [31],
causing the reduction process of Ag" to Ag’. The
reduction process is then followed by stabilization to form
stable oligomeric clusters of silver nanoparticles. The
AgNPs are loaded into the diatomite pores by the
adsorption process. Adsorption is an effective and
efficient method for loading metal nanoparticles into the
pores of porous materials [32]. The resulting silver

nanoparticle-diatomite (AgNPs-D)

potentially be applied as a filler in the biomedical field.

composite will

m EXPERIMENTAL SECTION
Materials

Pineapple leaf was collected from the pineapple
plantation area in Wufeng District, Taiwan, AgNO;
(Sigma-Aldrich chemicals), and diatomite (Cellite® 577;
density = 0.47 g/cm’, content: 80~90% SiO,, 2~4%
ALOs, and 0.5~2% Fe,Os) was supplied by Imerys
Filtration Minerals Inc.

Instrumentation

FTIR (Perkin Elmer Two Spectrum, USA), UV-
Visible Spectrophotometer (Perkin Elmer PDA UV-Vis,
Lambda 265, USA), Laser particle sizer (Fritsch
Analysette 22), and TA Instruments TGA Q50
thermogravimetric analyzer.

Procedure

Preparation of leaf extract

Fresh pineapple leaf was washed and chopped. The
leaf was then dried at room temperature and extracted
with distilled water. Next, 10 g of the dried leaf was
added with 200 mL of distilled water and boiled at 60 °C
for 1 h. The mixture was then filtered with no.l
Whatman filter paper. The filtrate was collected and
kept at 4 °C and was further used to synthesize the silver
nanoparticles.

Synthesis of silver nanoparticles using the pineapple
leaf extract

The filtrate (5 mL) of pineapple leaf extract was
added to 50 mL of 1 mM, 2 mM, and 3 mM aqueous
solution of AgNO:s. The solution was heated at 70 °C for
30 min, and the color change was observed. Afterward,
the solution was stirred for 4, 8, 24, 28, and 30 h,
respectively, at a speed of 800 rpm to complete the
nanoparticle formation. The sample was taken for UV-
Visible and particle size analysis.

Stability of particle size distribution in silver
nanoparticles (AgNPs) solution

Stability of Particle Size Distribution in Silver
Nanoparticles (AgNPs) solution: The 1 mM solution of
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synthesized AgNPs was stored at the period of 3, 7, 9, 14,
21, and 30 days. At the range of the periods, the
distribution of particle size was measured by particle size
analysis equipment.

Preparation of AgNPs-D (diatomite, which loaded by
AgNPs)

Diatomite was processed to enhance the surface area
and total pore volume by the calcination process at 400 °C
for 2 h. The diatomite was added to the silver nanoparticles
solution at room temperature. It stirred continuously for
8 h to complete the adsorption of AgNPs into the diatomite
pores. The mixture was heated at 60 °C for 24 h to remove
the solvents, and AgNPs-D powder was obtained.

m  RESULTS AND DISCUSSION

The Phytochemical Compound in Pineapple Leaf
Extracts for AgNPs Formation

Collecting the phytochemical compound, such as
secondary metabolite in pineapple leaf extract, is carried
out by the extraction process in distilled water. Before
processing, the pineapple leaves were dried at room
temperature. The drying process aims to reduce the
presence of water. The reduced water content will create
more space for the solvent to penetrate the cells and
increase the secondary metabolites extracted from the
leaves [33]. Pineapple leaf extract contains secondary
metabolites include 13 types of phenolic constituents.
There are five major phenolic compounds: cafeic acid, p-
1-O-
1,3-O-dicaffeoylglycerol

coumaric acid, 1-O-caffeoylgycerol,
coumaroylglycerol, and
(ananasate) [34-36]. The secondary metabolites of leaf
extract play an essential role in reducing and capping
silver nanoparticle formation. Carbonyl and hydroxyl
functional groups found in the pineapple leaf extract
forces the reduction process. The groups as a reduction
agent and stabilize the nanoparticles by preventing
aggregation [37]. The reduction and stabilization process
occurs in one single step:
AgNO; —> Ag" +NO3
Ag" +Leaf extracts — Ag0

Mlustration of reduction and stabilization of silver

Indones. I. Chem., 2021, 21 (3), 740 - 752

nanoparticles by the phytochemical compound in
pineapple leaf extract shown in Fig. 1. The nanoparticle
formation occurred in 3 steps. The steps are reduction,
nucleation, and crystal growth. Reduction occurs
because the carbonyl and hydroxyl groups have a higher
redox potential than other groups and become the
electron source that transfers to metal [38]. The
reduction process causes the beginning of crystal
nanoparticle formation (nucleation). During the process
of crystal formation completed, the carbonyl and
hydroxyl will stabilize the nanoparticle crystals formed.

UV-Visible Spectroscopy

The formation of silver nanoparticles was detected
by UV-Visible Spectroscopy analysis shown in Fig. 2.
The characteristic plasmon band for silver nanoparticle
formation was ranging between 440-460 nm (a). The
peak appears due to the reduction of Ag" to Ag’, the
nucleation process, and the complete crystal growth
process. Completing the crystal growth process is
characterized by a change in the AgNOs; solution color
of the reddish-brown [39]. The color change is caused by
the excitation process and changes in electronic energy
on the surface plasmon band vibrations due to silver
nanoparticle formation. In general, free electrons in
metals vibrate after being exposed to UV light. Electron
vibrations resonate with light waves, resulting in the
highest absorption characteristic at the peak of 425 nm.

Particle Size Analysis

In this study, the synthesis of AgNPs involves the
heating process at a temperature of 70 °C for 30 min. The
heat treatment affects the formation and average diameter
of AgNPs. According to research conducted by Hongyu
Liu et al. (2020), the particle size of AgNPs is smaller at
the temperature of 70 °C than between 75-90 °C [40]. A
static laser light scattering technique conducted
distribution and particle size measurement. The method
can cover a particle measuring range from approximately
ten nanometers up to a few millimeters. The particle size
distribution of the AgNPs in the variation of
concentration and stirring time is shown in Table 1.
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Fig 1. Illustration of silver nanoparticle formation and stabilization by the phytochemical compounds in the pineapple
leaf extract

Table 1 shown that heat treatment and stirring time mean, and median values of AgNPs. At 16 and 24 h, the
also affect the particle size and distribution of nanoparticle formation percentages were 99.5% and
nanoparticles [41]. For AgNPs 1 mM, the variation of = 99.8%. The smallest mean and median values were
stirring time of 4, 8, 16, and 24 h affected the percentage,  obtained during the stirring process for 24 h. At the
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higher AgNPs concentrations (2 and 3 mM), the longer
stirring times of 28 and 30 h were required for AgNPs
formation. The histogram of the particle size distribution
is shown in Fig. 3.

Stability of Particle Size Distribution of AgNPs
Solution

The stability of AgNPs in the solution was
determined by measuring changes in particle size with
different storage times. The stabilities of the AgNPs in the
leaf extract lasted in 7 days. At the storage time of 9, 14,
21, and 30 days, the particle sizes of AgNPs became more
than 100 nm. The increase of nanoparticle sizes in
solution, influenced by pH, ionic strength, the formation
of Ag,O, and electrolyte type [42]. In the synthesis of
nanoparticles using leaf extracts, a longer storage time will
increase the amount of Ag* species. The Ag* ion released
then forms a black precipitate which is most likely Ag,O.
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This can be seen from the darker color of the solution and
the formation of black deposits in the AgNPs solution
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Fig 2. UV-Visible spectra of: (a) AgNPs, (b) Pineapple
leaf extract, (c) AgNOs solution

Table 1. The particle size distribution of silver nanoparticle in variation AgNO; concentration and stirring time

[AgNO:s] T (°C) Total stirring Particle size % Mean Median
(mM) time (h) (nm) (nm) (nm)

1 70 4 <100 89.1 350 50
101-200 7.2
> 300 3.7

1 70 8 <100 934 300 30
101-200 43
> 300 2.3

1 70 16 <100 99.5 100 20
101-200 0.2
> 300 0.3

1 70 24 <100 99.8 30 20
101-200 0.2

300 0

2 70 4 <100 83.6 92 50
101-200 9.0
>300 7.4

2 70 28 <100 98.3 70 30
101-200 1.1
> 300 0.6

3 70 4 <100 0.3 11730 641
101-200 17.8
> 300 81.9

3 70 30 <100 99.4 50 20
101-200 0.4
> 300 0.2
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Fig 3. Histogram of the particle size distribution in (a) 1 mM AgNPs, stirred for 4 h and (b) 24 h, (c) 2 mM AgNPs,
stirred for 4 h and (d) 28 h, (e) 3 mM AgNPs, stirred for 4 h and (f) 30 h

stored for more than 7 days. The formation of Ag;O  formation of the darker color of the solution is shown in
increases the particle sizes of nanoparticles [43]. The  Fig. 4. The particle size distribution of the AgNPs 1 mM
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Fig 4. AgNPs solution after (a) 24 h and (b) 30 days

with variations in storage time is shown in Table 2 and
Fig. 5.

FTIR Spectroscopy for AgNPs

Fig. 6. exhibits FTIR spectra of pineapple leaf extract
(a) shows the broad peak at 3369 cm™ could be assigned
to O-H stretch, while the peaks at 2972, 1375, and 1218
cm™ could be attributed to C-H stretching vibration. The
peak at 1375 and 1218 cm™" could be identified as -C-O
single bond absorption. The adsorption band at 1722 and
1641 cm™ could be identified as -C=O carbonyl and -
C=C stretching of the cyclic aromatic ring. These peaks

correspond to the functional groups of five major
compounds found in the pineapple leaf extract. Fig. 6(b)
showed the spectra of the AgNPs. The shift in
wavenumbers for the functional groups -OH, -C=0
and the increase in the -C-O groups transmittance
because these functional groups affect the reduction and
stabilization processes in forming AgNPs. The presence
of the AgNPs influenced the additional peaks at 1596,
1039, and 770 cm™' [44-46]. A few characteristic peaks of
pineapple leaf extract were exhibited in AgNPs. The
work observed that AgNPs still contain organic material
from pineapple leaf extract.

Silver Nanoparticles Loaded on Diatomite (AgNPs-
D)

An adsorption process carried out the loaded
process of AgNPs into the diatomite pore. Diatomite was
heated at 400 °C for 2 h to maximize the adsorption of
AgNPs. According to research by Shih et al. (2020), the
heating process to diatomite waste at 400 °C increases
the surface area and pore volume [47]. The percentage of
AgNPs loaded into the diatomite pore was measured using
a gravimetric technique. The technique is based on the
weighing process before and after adsorption to determine

Table 2. The particle size of 1 mM of AgNPs in the storage time variation

No. Storage time (day) Particle size (nm) % Mean Median
1 3 <100 99.8 30.0 nm 20.0 nm
101-200 0.2
> 100 -

2 7 <100 99.8 30.0 nm 20.0 nm
101-200 0.2
> 100 -
3 9 <100 - 5.36 um 5.34 um
101-200 -
> 100 100
4 14 <100 - 377.4 ym 373.4 um
101-200 -
> 100 100
5 21 <100 - 534.3 ym 532.5 um
101-200 -
> 100 100
6 30 <100 - 754.8 ym 746.69 pm
101-200 -
> 100 100
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Fig 5. Histogram of the particle size distribution of 1 mM AgNPs stored for (a) 3, (b) 7, (c) 9, (d) 14, (e) 21, and (f) 30

days

the amount of AgNPs loaded into the diatomite pores.

In this study, as much as 1 wt% of silver
nanoparticles were loaded into the diatomite pores. Based
on the gravimetric analysis, the initial weight of diatomite
(w,) was 0.8692 g. The adsorption of AgNPs into
diatomite pores produces AgNPs-D. The AgNPs-D
composite was then dried and heated at 200 °C. The
drying and heating process of AgNPs-D composites

resulted in the final weight (wg) = 0.8792 g. The weight
increased of AgNPs-D was 1 wt.%, indicating that 1% of
AgNPs was successfully loaded in the diatomite pores.
The loading of AgNPs into the diatomite pores was also
evidenced by the change in the diatomite color from
white to reddish-brown (the characteristic color of
AgNPs), as shown in Fig. 7. FTIR spectra of diatomite
and AgNPs-D are demonstrated in Fig.8.
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Fig 6. FTIR spectra of (a) pineapple leaf extract and (b) AgNPs

Fig 7. (a) Diatomite, (b) AgNPs-D composite

Fig. 8(b) shows the FTIR spectra for AgNPs-D. The
characteristic peaks indicated the loaded AgNPs into the
diatomite pores are observed at 1740 and 1366 cm™,
attributable to the -C=O groups and C-H stretching
vibration. This absorption indicates that the AgNPs
loaded into the diatomite pores still contain organic
compounds from pineapple leaf extract. The wavenumber
shifts for the Si-O-Si and Si-O groups from 1088 to 1090
cm™ and 803 to 799 cm™ caused by the entry of AgNPs
into the diatomite pores.

Thermal Analysis of Diatomite and AgNPs-D

Diatomite is a potential filler to enhance the thermal
properties of the composite material. Thermal analysis
(TGA) was performed to determine the effect of AgNPs

resistance

on the thermal of AgNPs-D. TGA
thermogram of D and AgNPs-D are shown in Fig. 9. The
remaining material measured by thermal analysis for D
and AgNPs-D were 98.22 and 95.74%, respectively. The
organic compounds in AgNPs cause the remaining
material to be reduced compared to D. The insertion of
AgNPs to D was successfully proved by the organic
compound found in AgNPs-D. In D and AgNPs-D
material, weight loss occurs in the range of 100-580 °C.
At a temperature of 100-200 °C, the decrease in weight
due to the loss of water molecules. In the next phase, the
reduction in the weight percentage of D and AgNPs-D
occurred at temperatures of 141-430 °C and 142-450 °C.
The decrease was caused by the decomposition of

organic matter. Based on Kristl (2015), organic matter
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decomposition will begin at a temperature of 180-450 °C
[48]. Besides, the weight loss percentage is not caused by
the breakdown of diatomites minerals because the process
takes place at temperatures above 650 °C [49].

m CONCLUSION

Research has been conducted on developing a green
method to prepare AgNPs from pineapple leaf extract
loaded on diatomite pores. The results showed that the
pineapple leaf extract plays an essential role in converting

the 99.8% AgNO; solution into AgNPs. The size
distribution of the AgNPs was affected by the
temperature and the total stirring time. The smallest
mean and median values for AgNPs 1 mM were 30 and
20 nm, obtained after the stirring time for 24 h. The
stability of the AgNPs solution lasts for seven days. The
particle size was more than 100 nm after seven days of
storage. After one month of storage, the particle size was
recorded as 754.8 um (mean) and 746.69 um (median).
The successful loading of AgNPs into D exhibited by
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gravimetric techniques, as much as 1 wt.% of AgNPs, was
loaded into diatomite pores. The diatomite changes color
to reddish-brown. The appearance of the peak for -C=0
and -C-O- groups at 1719 and 1375 cm™ indicates that
AgNPs still contain organic compounds from pineapple leaf
extract. The TGA analysis showed that the residual material
D and AgNPs-D were 98.22% and 95.74% at 580 °C. The
AgNPs loaded to diatomite pores will improve the
performance of the material as an antibacterial agent. The
properties will expand the applications of AgNPs-D
composites in the biomedical and industrial fields.
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and concentration that directly cause the plant's efficacies. This research aimed to

Received: October 3, 2020 distinguish A. paniculata based on cultivation ages and solvent extraction using data
Accepted: March 15, 2021 fusion of UV-Vis and FTIR spectra combined with principal component analysis (PCA).
DOI: 10.22146/ijc.60321 A. paniculata with 2, 3, and 4 months post-planting were extracted by water, 50%

ethanol, 70% ethanol, and ethanol. In each extract, we measured UV-Vis and FTIR
spectra. Then, we used the data fusion from both spectra. We used UV-Vis and FTIR
absorbance from 200-400 nm and 1800-400 cm™, respectively. Each extract gives a
similar pattern of UV-Vis and FTIR spectra, only differ in their intensities. PCA score plot
in two and three-dimensional showed A. paniculata extracts could be distinguished based
on cultivation ages and solvent extraction with a total variance of 86 and 92%,
respectively. Furthermore, this study confirms the data fusion of UV-Vis and FTIR spectra
could distinguished A. paniculata extracts combined with chemometrics based on
cultivation ages and solvent extraction.
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m INTRODUCTION Lanka [1]. In Indonesia, it is known as sambiloto. A.

Andrographis paniculata is a medicinal plant paniculata is mostly used as a traditional medicine in
commonly found in South and Southeast Asian countries some countries. It has several biological activities, such
such as Indonesia, India, Malaysia, Pakistan, and Sri as  antibacterial, antimalarial, antipyretic, anti-
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inflammatory, and antidiabetic [2-4]. It is well known that
bioactive compounds from medicinal plants are responsible
for their biological activity. The main compounds in A.
paniculata are included in the diterpene lactone class,
such as andrographolide, neoandrographolide, and 14-
deoxyandrographolide [5]. Yusuf et al. [6] reported that
A. paniculata has a different accumulation of active
components in the early generative stages. The highest
andrographolide content is in the leaves, while the
smallest content is in the seeds. Biological activities in
plants are influenced by several factors, such as growing
conditions, cultivation ages, and post-harvest processes
[7]. Furthermore, the type and concentration of
extracting solvents can affect the extracted metabolite's
composition and concentration [8].

Data fusion is a new branch in chemometrics
analysis. It has been widely used in recent years because it
can combine several different analytical techniques to
improve the quality and quantity of information obtained
[9]. The resulting data has a large dimension and matrix
of several instruments used, so it requires a combination
of multivariate analysis in understanding the data as a
whole. In general, data fusion is divided into three levels:
low, medium, and high. Low-level data fusion consists of
a series of simple data with different origins, while
medium-level data fusion is a combination of data
extracted from original data with data reduction. High-
level data fusion is built from several data fusion models
separately in each data, and then the model produces a
final fusion of the data. Data fusion has been widely used
in food analysis, bioinformatics, soil mapping, business,
herbal medicine, etc. [10].

FTIR and UV-Vis spectroscopies have been widely
used for quality control in food and herbal medicinal
products because of their advantages, such as fast, cheap,
and easy. FTIR provides spectrum information of
functional groups with different and complex fingerprint
patterns. UV-Vis produces a spectrum with visual
parameters from the variation of UV-Vis light absorption
in the sample but has limitations for characterization and
authentication [11]. The combination of FTIR and UV-
Vis can produce information that is more accurate and
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useful in interpreting data than it is used separately in
multivariate analysis.

Application of data fusion has been extensively
used in improving the quality of herbal medicines with a
lot of data fusion research that leads to the discrimination
of origin and types of medicinal plants. There are several
papers that have reported using data fusion of UV-Vis
and FTIR spectra, such as discrimination of porcini
mushrooms [12], traceability of Boletaceae mushrooms
[13], differentiation and comparison of Wolfiporia cocos
raw materials [14], discrimination of wild Paris
Polyphylla Smith var. yunnanensis [15], discrimination
of species in Ganodermataceae mushrooms [16], and
geographical traceability of Eucommia ulmoides leaves
[17]. However, improving herbal medicines' quality at
the specific age of harvest and solvent extraction for A.
paniculata is still limited. This study aims to distinguish
A. paniculata with differences in harvest age and solvent
extraction using UV-Vis and FTIR spectra fusion data
combined with multivariate analysis, such as principal
component analysis.

m EXPERIMENTAL SECTION
Materials

A. paniculata was collected as 2, 3, 4-month post-
planting (MPP) from Pusat Studi Biofarmaka Tropika
medicinal plant garden (IPB University, Bogor,
Indonesia) in 2019. Ethanol p.a. (Merck, Darmstadt
Germany), potassium bromide spectroscopy grade
(Sigma Aldrich, Missouri, USA), Whatman filter paper
No.40 (Merck, Darmstadt, Germany) and distilled water
(Hydro, Jakarta, Indonesia) was used in this work.

Instrumentation

Rotary evaporator-114 (Buchi, Flawil, Switzerland)
was used for the evaporation of solvent extraction, and
freeze-dryer ALPHA 1-2 LDPlus (Christ, Osterodeam
Harz, Germany) was used for drying the extract. UV-Vis
spectra were performed in UV-Vis spectrophotometer
U-2000 (Hitachi, Tokyo, Japan). FTIR spectra were
measured in Bruker Tensor 37 FTIR spectrophotometer
(Bruker Optik GmbH, Karlsruhe, Germany).
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Procedure

Sample preparation and extraction

Samples were sorted then cleaned by washing with
water. Afterward, samples were dried and pulverized into
a powder. About 2.5 g of powder was added to 25 mL of
extraction solvent then sonicated for 30 min at room
temperature. The solvents used for extraction were water,
and 50% ethanol, 70% ethanol, and ethanol p.a. with four
replication. The filtrate was collected, then concentrated
by rotary evaporator R-100 (Buchi, Flawil, Switzerland),
then dried using a freeze-dryer ALPHA 1-2 LDPlus
(Christ, Osterodeam Harz, Germany).

UV-Vis spectra measurement

About 7.5 mg of extract was added into 100 mL of
each solvent that was used for extraction. Each solution
was analyzed by a UV-Vis spectrophotometer U-2000
(Hitachi, Tokyo, Japan) in a range of 200-800 nm with an
interval of 0.5 nm. Afterward, all of the spectra were
recorded and converted in MS. Excel.

FTIR spectra measurement

About 2.0 mg of extract was mixed with potassium
bromide into a pellet. Furthermore, the pellet was
analyzed by FTIR spectrophotometer Tensor 37 (Bruker,
Ettlingen, Germany) with deuterated triglycine sulfate
(DTGS) detector. FTIR spectra were recorded in the
region of 4000-400 cm™" with a resolution of 4 cm™ and
32 scans/min controlled by OPUS 4.2 software (Bruker,
Ettlingen, Germany). All of the spectra were collected and
converted into MS. Excel.

Chemometrics analysis

Significant differences in the extraction yield results
were determined using analysis of variance (ANOVA)
followed by the Duncan test. PCA was used to

discriminate A. paniculata extracts based on cultivation
ages and solvents extraction. UV-Vis and FTIR spectra
data (absorbance) were used as variables for data fusion.
PCA was performed with the Unscrambler X version
10.4 (CAMO, Oslo, Norwegia).

m RESULTS AND DISCUSSION
Extraction Yield of A. paniculata

A. paniculata metabolites were extracted using
sonication at room temperature with different solvent
extraction. We found that the percentage yield of
extraction using various solvents and cultivation ages
have slight differences (Table 1). According to Cui et al.
[18], the composition and concentration of chemicals
present in the plant are affected by solvent extraction
used and cultivation ages. In this study, we got that
cultivation ages and solvent extraction give a different
level of metabolites extracted in A. paniculata.

The highest percentage of yield was obtained using
70% ethanol extract from 4 MPP, and the lowest is water
extract from 2 MPP of A. paniculata. The trend in the
percentage of yield showed that the pattern was
increased except on 50% ethanol and ethanol. When
extracted using different solvent extraction, A.
paniculata from different cultivation ages showed that
50% ethanol extract has the highest yield in 2 and 3 MPP
of A. paniculata. Whereas for the 4 MPP of A. paniculata,
70% ethanol extract gave the highest yield value. From
the results obtained, at the age of 4 MPP, the more polar
metabolites are extracted more in A. paniculata.

UV-Vis Spectra of A. paniculata

Fig. 1 shows the UV-Vis spectra of all sample
extract solutions. As shown in Fig. 1, a similar pattern was

Table 1. Yield of A. paniculata extracts

) Yield (%)
Extraction solvents
2 MPP 3 MPP 4 MPP
Water 16.24 +1.83* 16.99 + 0.96* 21.90 + 0.83°
50 % ethanol 22.97 +2.35° 23.80 + 1.57° 18.76 + 1.16*
70 % ethanol 22.06 + 0.41° 22.24 +1.58° 23.37 +2.80°
Ethanol 18.58 + 2.90° 18.31 + 0.49* 16.62 + 1.46*

The reported values are mean + SD of the quadruplicate for each sample. The mean + SD within each extract in the same column followed with

different superscript letters represent significant differences at p < 0.05
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Fig 1. UV-Vis spectra of A. paniculata extracts: 2 MPP: water (2A), 50% ethanol (2B), 70% ethanol (2C), ethanol (2D);
3 MPP: water (3A), 50% ethanol (3B), 70% ethanol (3C), ethanol (3D); 4 MPP: water (4A), 50% ethanol (4B), 70%

ethanol (4C), ethanol (4D)

obtained from all UV-Vis spectra of the samples.
Differences were only found for their intensity. It means
no differences in the composition of metabolites extracted
only differ for their level of concentration. About two
regions with a maximum absorption appeared in the
range of 270-290 nm and 310-330 nm. Both of the peaks
resulted from the absorption of carbonyl chromophore
with an electron transition from n->m*.

FTIR Spectra of A. paniculata

FTIR spectra of A. paniculata extracts (Fig. 2) also
showed a similar pattern and differences only in each
peak's absorbance intensities. This confirms the UV-Vis
spectra measurement results, which also produce the
same thing, which is different for the extracted
metabolites' concentration level. The difference can be
seen on the peak at wavenumber 3400, 2930, 2852, 1728,
1620, 1386, and 1076 cm™'. Each peak is representing a
functional group from metabolites present in the A.
paniculata. The peak at 3400 cm™ is from the stretching
vibration of hydroxyl (-OH). Meanwhile, peaks at 2930,
2852, and 1386 cm™ are from the stretching vibration of
methyl (C-H). Other peaks on 1728 and 1620 correspond
to the stretching vibration of the carbonyl (C=0)
functional group, and the peak at 1076 cm™ is from the
stretching vibration of aliphatic amine (C-N).

Absorbance intensity showed a variation value on
each sample. A peak at 1728 cm™ in water extract has
low intensity than other extracts used in this study.
However, a peak at 1620 cm™ showed that the
absorbance intensity is higher than the other extracts.
Pandey and Mandal [19] reported that the type of
solvents could affect the distribution and concentration
of composition extracted, while part of the plants can
also impact the extraction.

Discrimination of A. paniculata Extracts

We used a combination of data fusion from
absorbance data of UV-Vis and FTIR spectra in the
range of 200-400 nm and 1800-400 cm™', respectively.
Preprocessing of spectra was performed before we used
it for the PCA. Preprocessing aims to enhance the
quality of data, for example, reducing noise to give better
result output of the grouping sample [20]. We used
multiple preprocessing for UV-Vis, such as baseline,
normalize, and smoothing, while for FTIR spectra, we
used baseline, standard normal variate, and smoothing.

PCA works by simplifying variables by reducing
their dimension into principal components. Two and
three-dimensional (2D and 3D) PCA score plots of A.
paniculata (Fig. 3) showed that all extracts were grouped
according to the cultivation ages and solvent extraction
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Fig 2. FTIR spectra A. paniculata extracts: 2 MPP: water (2A), 50% ethanol (2B), 70% ethanol (2C), ethanol (2D); 3
MPP: water (3A), 50% ethanol (3B), 70% ethanol (3C), ethanol (3D); 4 MPP: water (4A), 50% ethanol (4B), 70%

ethanol (4C), ethanol (4D)

with a good separation of group. Only water extract of 2
MPP and 3 MPP is very close to each other in the two PCA
score plots because the level concentration of extracted
metabolites is not different in the two samples. According
to Table 1, it can be seen that water extract of 2 MPP and
3 MPP are not significantly different from the Duncan

test. The cumulative percentage of principal
components is 86% and 92% using 2D and 3D PCA
score plots, respectively. The cumulative percentage of
all PC used in the 2D and 3D score plot is higher than
70%, giving good 2D and 3D visualization.
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PC-1 (71%)

(b) Scores

m CONCLUSION

UV-Vis and FTIR spectra of A. paniculata extracts
with different cultivation ages and solvent extraction have
similar profiles. The differences only in their absorbance
intensity. The four months post-planting of A. paniculata
extracted with 70% ethanol provide a higher yield
percentage than other extracts. A combination of UV-Vis

PC-2 (rang)
@

LB 132, 28
Fig 3. (a) 2 dimension PCA score plot, (b) 3 dimension PCA score plot, and (c) 3 dimension PCA score plot rotated

270 degrees to Z axis. 2 MPP: water (=), 50% ethanol (®), 70% ethanol (A ), and pure ethanol (*); 3 MPP: water (V),

50% ethanol (*), 70% ethanol (|), and pure ethanol (—); 4 MPP: water (+), 50% ethanol (), 70% ethanol (0), and pure
ethanol (o)

and FTIR data with PCA enabled clustering A.
paniculata extracts according to their cultivation ages
and extraction solvents.
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in a petri dish containing liquid mediums for 120 min to produce colloidal silver
nanoparticles. The results certified that All AgNPs have a spherical shape with
polydisperse size in all media, including PVP, PEG, and chitosan. The smallest AgNPs
have been produced in PVP medium with an averaged smallest size of 11.62 nm. Based
on this result, PVP is the preferred medium to produce AgNPs with the smallest size and
good stability. The produced silver nanoparticles have been successfully employed as an
antibacterial agent, which is experimentally demonstrated by using Escherichia coli and
Staphylococcus aureus. The result certified that the produced silver nanoparticles could
effectively kill the bacteria with a killing percentage of 99.6 to 100%.
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m INTRODUCTION reduction, ion sputtering techniques ([7-8]. The
techniques can successfully produce silver nanoparticles

Silver nanoparticles (AgNPs) have been well known

- . . . ith qui ility. H , th hni
as commercialized nano-material, having many beneficial with quite good stability. However, the techniques

applications. Due to their unique chemical and physical involve high ~energy requirements and hazardous
characteristics, including electrical, optical, thermal
properties, the AgNPs have been employed in broad
subjects including health care, medical, and industrial
fields [1-3]. The AgNPs have been applied as an
antibacterial agent in consumer products, cosmetics,
medical tool coatings, and food industries [4-6]. In
medical applications, the AgNPs have been used as

anticancer agents in medical therapy, contrast agents in

chemicals, which need further purification and are
complicated in the synthesis process due to the fact the
chemical contamination. Hence, the AgNPs cannot be
employed readily for medical purposes or human-
related products. Therefore, alternative techniques to
produce high-purity AgNPs with good stability without
involving dangerous chemical agents are necessary for
specific applications in medical purposes and human-
diagnostics, drug delivery, and agent of anticancer drugs. related products.

The other technique for the synthesis of AgNPs is
the pulse laser ablation (PLA) technique [9]. In this

technique, a pulse laser is used to ablate the metal

Thus, the synthesis of AgNPs has recently become an
interesting subject.
Various techniques are suggested for the synthesis

of AgNPs, such as sol-gel, precipitation, chemical material samples from their surface to induce a
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luminous plume. The plume then expands with time to
disperse in a medium environment around the sample.
When the medium is liquid, the ablated material disperses
in the liquid medium, and finally, new material in the
form of nanoparticles is produced. Compared to other
chemical techniques, pulse laser ablation has several
strong points. Namely, the produced nanoparticles have
high purity because it does not involve chemical agents
during the synthesis process and only needs pure metal
and liquid medium such as deionized water. Furthermore,
the pulse laser ablation technique has a much simple
experimental setup than the case chemical technique.
Many reports have been published on the synthesis of
AgNPs using the PLA technique [10-15]. Tsuji et al. used
the pulsed laser ablation technique to produce AgNPs in
a water medium under the various wavelength of pulse
laser, including 1064 nm, 532 nm, and 355 nm [15].
However, AgNPs cannot disperse well and is not quite
stable because the particles will agglomerate and
precipitate. To solve the problem, Bae et al. synthesized
AgNPs by the laser pulse ablation method in NaCl
solution, which resulted in an average nanoparticle size of
26.4 nm and very low stability compared to distilled water
[10]. Then, in a dilute solution of sodium dodecyl sulfate
(SDS) using the same method, the size of the AgNPs
produced an average of 14 nm [13].

Valverde-Alva et al. used an ethanol medium to
avoid agglomeration and precipitation [9]. Darroudi et al.
employed gelatin solution to produce AgNPs having an
average diameter ranging from 9 nm to 15 nm [12]. Al-
Azawi et al. studied the effect of various liquid mediums,
including deionized water, ethanol, and
polyvinylpyrrolidone (PVP), on the particle size, resulting
in the finer particle size for PVP liquid medium compared
to the case of deionized water and ethanol [16]. It should
be mentioned that the above reports are mainly used
high-energy pulse laser, namely more than 50 m].
Furthermore, they only studied the synthesis of silver
nanoparticles and their characterization, including pulse
laser energy dependence and liquid medium dependence.
They did not report simultaneously the application of the
produced silver nanoparticles for an antibacterial agent.

In this present work, we conducted a study on the
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synthesis of AgNPs in various mediums of
polyvinylpyrrolidone (PVP), polyethylene glycol (PEG),
and chitosan using the pulse laser ablation synthesis
method. The laser energy used was only 30 m]. As
mentioned above, the use of the pulsed laser ablation
technique for the preparation of AgNPs in this study is
because this technique can produce high-purity
nanoparticles without additional hazardous chemical
agents for medical applications and human-related
products. The liquid medium has a role in regulating the
size of a nanoparticle, where the addition of a polymer
medium can produce a smaller and more uniform
nanoparticle size. The effect of the liquid medium on the
averaged sizes of produced AgNPs was studied.
Characterization of AGNPs was carried out using the
Ultraviolet-Visible Spectroscopy (UV-Vis) method,
Particle Size Analyzer (PSA), Transmission Electron
Microscope (TEM), and Fourier Transform Infrared
spectroscopy (FTIR). Furthermore, produced silver
nanoparticles are then applied as antibacterial agents,
which are experimentally demonstrated by using
Escherichia coli and Staphylococcus aureus. The result
certified that the produced silver nanoparticles could
effectively kill the bacteria with a killing percentage of

99.6 to 100%.
m  EXPERIMENTAL SECTION

Materials

A silver metal plate with a purity of 99.9% and a
dimension of 5 x 10 x 20 mm’ was used as a material
target to produce AgNPs. The liquid medium for
making colloidal AgNPs used were PVP, PEG, and
Chitosan.

Instrumentation

The experimental setup used in this work is shown
in Fig. 1. The radiation source used was Nd:YAG laser
(New Wave Research, Polaris II, 20 Hz) with a
wavelength of 1064 nm and pulse width of 7 ns. Laser
Exec IT software was used to set laser parameters (energy,
repetition rate). The laser energy was set at 30 m] with a
repetition rate of 10 Hz. The other instruments used in
this work include a transmission electron microscope
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(TEM, JEOL) equipped with an energy dispersive X-ray
spectrometer (EDX) and ultraviolet-visible (UV-Vis)
absorption spectrometer (Shimadzu 1240 SA).

Procedure

Synthesis of silver nanoparticles

Experimentally, a pulse laser beam was directed
using a silver mirror and focused using a quartz lens with
a focal length of 30 mm on a silver metal plate placed in a
petri dish containing liquid mediums for 11 h. With
increasing the number of laser bombardment, the color of
the liquid medium changes from transparent to light
yellow and finally become brownies yellow. The
experimental setup used in this work is shown in Fig. 1.

Characterization of silver nanoparticles

The produced colloidal AgNPs were characterized
using various techniques, including transmission electron
(TEM), (PSA),
ultraviolet-visible (UV-Vis) spectroscopy, and Fourier

microscope particle size analyzer
Transform Infra-red (FTIR) spectroscopy to obtain a
morphological view, average size, optical plasmon
resonance, and molecular ingredient of colloidal AgNPs,
respectively. The morphology of the nanoparticles
produced was analyzed using a transmission electron
microscope (TEM, JEOL) equipped with an energy
dispersive X-ray spectrometer (EDX). The optical
properties and surface plasma resonance of the product
were characterized by an ultraviolet-visible (UV-Vis)
absorption spectrometer (Shimadzu 1240 SA).

Antibacterial testing

The antibacterial test was made using AOAC 960.09
the year 2013 with slight modification [17]. The bacteria
used were Escherichia coli (ATCC 8739) and Staphylococcus

Md:%AG Laser = Mirror
I
: " ' _~Focus Lens
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Fig 1. Experimental setup
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aureus (ATCC 6538). The temperature of incubation
was 35 °C, and the temperature of the examination was
24 °C. A sample of 10 ppm AgNPs was inoculated with
microorganisms tests including E. coli and S. aureus with
a concentration of 1.3 x 10° CFU/mL and 1.1 x 10°
CFU/mL, respectively, at a contact time of 10 min. One
mL of AgNPs was poured with 1 m: of test suspension.
This mixture was then striated in the solid medium of
TSA in four quadrants with 4 striae each on the surface
of the agar. Each quadrant was incubated for 48 h at
35 °C. After incubation, the growth of the inoculated
microorganism in each quadrant was counted.

m  RESULTS AND DISCUSSION

Effect of Liquid Medium on Silver Nanoparticles
(AgNPs)

First, we examined the physical characteristics of
colloidal silver nanoparticles produced in various liquid
media. Fig. 2 shows photographs of colloidal AgNPs
produced in (a) PEG, (b) PVP, and (c) chitosan using the
pulse laser ablation method. For producing these
colloidal AgNPs, the Nd:YAG laser beam with a pulse
repetition rate of 10 Hz was bombarded and focused on
a high-purity Ag metal plate for 11 h. It can be seen in
the figure that the formation of colloidal AgNPs in the
three liquid mediums is identified by the color changing
of the liquid medium that was previously colorless or
clear to golden yellow. The golden yellow color of
colloidal silver nanoparticles indicates the formation of
silver nanoparticles as reported elsewhere [18].

The darker color of the colloid indicates a higher
concentration of AgNPs [19]. The distinctive color of
AgNPs is the result of the localized surface plasmon

Fig 2. Colloidal AgNPs synthesized by pulsed laser
ablation technique in liquid medium (a) PEG, (b) PVP,
and (c¢) Chitosan
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resonance (LSPR) phenomenon where silver material
absorbs. The LSPR of AgNPs ranges from 380 to 425 nm,
which means that they absorb blue or red light, so it will
reflect the yellow color [18,20-22]. For further information,
it will be discussed in the characterization section.

The colloidal AgNPs were subsequently stored in
transparent bottles at room temperature for several weeks.
The results showed that AgNPs were the most stable in
the chitosan medium because they managed to survive
without precipitation for 6 weeks, whereas in the PEG
medium, nanoparticles were stable for 5 weeks. Also, in
the PVP medium, the nanoparticles lasted for 4 weeks until
black sedimentation appeared at the bottom of the bottle.

Analysis of Morphology and Size of Silver
Nanoparticles

To determine the morphology and size of the

nanoparticles, measurements were made using a
transmission electron microscope (TEM) and a particle
size analyzer (PSA), respectively. The PSA uses a dynamic
light scattering (DLS) principle that takes advantage of the
properties of particles, which experience Brownian
motion. Brownian motion of the liquid particles collides
with each other so that when a laser beam is fired, it will
cause scattering of light with various frequencies. This
frequency will later be converted into a light signal form,
which is then converted again into a digital signal, which
is then processed into a counting series [23]. Fig. 3 shows
the histogram of the size distribution and morphology of
AgNPs in liquid media of PVP, PEG, and chitosan. Fig.
3(a) shows the size distribution of AgNPs in PVP, which
consists of two peaks. For the large group average size,
which is above 100 nm, it has an average particle size of
275.80 + 38.96 nm, then for the small size group, itis 11.62
+ 5.03 nm. Fig. 3(b) shows a histogram of the size
distribution of AgNPs in PEG, which also consists of two
peaks. Namely, the peaks of the large particle groups had
an average particle size of 146.60 + 28.02 nm and the
peaks of the small particle groups had an average particle
size of 21.02 + 3.38 nm. Then, Fig. 3(c) shows the average
histogram size distribution of AgNPs in chitosan liquid
medium, which is also divided into two peaks, that is a

large particle group with an average particle size of 480.60
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+ 163.40 nm and a small particle group with an average
particle size of 71.60 £ 19.43 nm.

From the size distribution data above, it is known
that the colloidal AgNPs formed to have two
nanoparticle size distributions. This certified that the
AgNPs colloids consist of polydisperse colloids composed
of more than one peak or have different sizes that are
quite far apart from each other [24]. The non-uniform
size of the nanoparticles produced in each sample is due
to the Brownian motion that occurs due to the pulse
laser ablation method, as also reported in a paper here
[25]. In addition, the type of colloid medium affects the
uniformity of the size of the produced AgNPs. PVP
polymers have a smaller aggregate ability than others,
resulting in more small particle sizes. If the particles are
agglomerated, they will produce large size nanoparticles
[26], such as in PEG and chitosan, which have a size
larger than PVP. The results of the size distribution of the
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three colloids indicate that AgNPs have been successfully
synthesized according to the literature, which is between
1-1000 nm in size [26-27].

Optical Properties
Spectrometer

of AgNPs Using UV-Vis

To study the optical characteristics of produced
AgNPs, the UV-Vis spectrometer was used. Based on the
image shown in Fig. 4, all three graphs have absorbance
peaks around the 400 nm wavelength. This peak is defined
as the peak of localized surface plasmon resonance. Light
single Plasmon resonance (LSPR) is an important
parameter to identify the type of particles contained in a
solution. LSPR is a resonance phenomenon between light
waves and electrons on the metal surface, which oscillate
with each other. LSPR occurs when the frequency of the
photons matches the collective oscillations of the metal
nanoparticles. The frequency and intensity of LSPR
absorption depend on the type of material (metal), size,
shape of the nanostructures, and the environment [28].

LSPR occurs when the frequency of the photons
of the metal
nanoparticles. The frequency and intensity of LSPR

matches the collective oscillations
absorption depend on the type of material (metal), size,
shape of the nanostructures, and the environment [21].
The LSPR peak of silver nanoparticles in the PVP medium
is at a wavelength of 408 nm with an absorbance of 1.118.
Then, in the PEG medium, the peak is at a wavelength of
422 nm with an absorbance of 0.648. Whereas, in the
chitosan medium, the SPR was at a wavelength of 408 nm
with an absorbance of 1.012. According to literature,
silver has an LSPR peak of around 380-425 nm [21-22].
The peak shift of 14 nm, as shown in the PEG graph,
shows a larger size of the nanoparticles. Also, the
absorbance amount can also indicate the size because the
larger the nanoparticle size also provides a high
absorbance. This is because the higher the absorbance
High
concentrations tend to give larger nanoparticles size [29].

usually indicates a higher concentration.

Compound Composition of AgNPs Colloidal

Fourier transform infrared (FTIR) was used to
determine the compounds contained in colloids. The
colloidal infrared transmittance spectrum of AgNPs can
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be seen in Fig. 5. It shows a graph of the wavenumber
(cm™) against the percent transmittance passing
through the material (% T). The absorption band of
AgNPs at a wavenumber of 3359 cm™ showed a
vibration of O-H stretching with a transmittance of
86%.

Then, the wavenumber 1739 cm™ indicates the
presence of a carbonyl group C=0 with a transmittance of
92%. The absorption bands at wavenumbers 3359 cm™
and 1739 cm™ indicate the presence of other molecules
absorbed from the chitosan medium associated with
AgNPs. The wavenumber of 528 cm™ shows a stretching
vibration of the Ag—O bond with a transmittance of 80%.
This is evidence of the existence of AgO and Ag,O [30].

Application of AgNPs as an Antibacterial Agent

Finally, the application of AgNPs was
demonstrated as an antibacterial agent. To this end,
colloidal AgNPs produced in PVP medium with a
concentration of 10 mg/kg AgNPs were examined as an
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Table 1. AgNPs as an antibacterial agent in gram-negative Escherichia coli and gram-positive Staphylococcus aureus

Contamination Number of initial ~ Number of remaining Number of dead
time (sec) bacteria (CFU/mL) bacteria (CFU/mL) bacteria (%)

Escherichia coli

30 1.3 x10° 0 100

60 1.3 x 10° 0 100
Staphylococcus aureus

30 1.1 x 10° 3.9 x 10° 99.64

60 1.1 x 10° 1.1 x 10? 99.99

antibacterial agent. The produced AgNPs used in this
antibacterial agent has a spherical shape with an average
small diameter of 11.62 nm.

Table 1 shows the examination results of AgNPs as
an antibacterial agent in gram-negative Escherichia coli
and gram-positive Staphylococcus aureus. For this
experiment, the number of initial bacteria is 1.3 x 10°
CFU/mL and 1.1 x 10° CFU/mL, respectively. It can be
seen that after 30 sec of AgNPs treatment to E. coli
bacteria, 100% of bacteria are dead, and completely no
bacteria remain. For S. aureus, 99.64% of S. aureus
bacteria are dead. The dead bacteria increased up to
99.99% when the interaction time of bacteria with AgNPs
was much longer, up to 60 sec. This result certified that
the produced colloidal AgNPs in PVP medium with a
concentration of 10 mg/kg could effectively be used as an
antibacterial agent. As reported here [31], the interaction
mechanism between AgNPs and bacteria is as follows: the
AgNPs attach to the surface of the cell wall and
membrane. After that, the AgNPs penetrates inside the
cell and inducing cellular toxicity and oxidative stress by
generating reactive oxygen species and free radicals,
damaging intracellular structures, and biomolecules.

m CONCLUSION

We demonstrated in this work that colloidal
nanosilver particles have been successfully produced by
using the pulse laser ablation method in various liquid
media, including PVP, PEG, and chitosan. In this work, a
pulse Nd:YAG laser with a laser wavelength of 1064 nm,
laser energy of 30 mJ, and a pulse repetition rate of 10 Hz
was employed as an energy source. The results certified
that All AgNPs have a spherical shape with polydisperse
size in all media, including PVP, PEG, and chitosan. The

smallest AgNPs have been produced in PVP medium
with an average smallest size of 11.62 nm. Furthermore,
AgO compounds were also produced during the
synthesis process. Based on this result, PVP is the
preferred medium to produce AgNPs with the smallest
size and good stability. In this present work, AgNPs have
been successfully applied as antibacterial agents in
Escherichia coli and Staphylococcus aureus bacteria.
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