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Abstract: Moringa oleifera leaves contain secondary metabolites in flavonoid
compounds known to prevent several diseases. Therefore, appropriate extraction methods
are required to produce extracts with a high yield of flavonoids from Moringa. In this
study, the extraction from Moringa leaves was carried out using the sequential
microwave/ultrasound-assisted extraction (MUAE) method compared with sequential
ultrasound/microwave (UMAE), microwave (MAE), ultrasound (UAE), and maceration
(ME). The effects of the time, temperature, and percentage of ethanol were studied on
total flavonoid content using AICI; colorimetric assay. The extracts were analyzed by
Scanning Electron Microscopy (SEM), Fourier Transforms Infrared Spectrophotometry
(FTIR), and High-Performance Liquid Chromatography (HPLC). The antioxidant and
antibacterial activities were tested using DPPH-scavenging and disc diffusion methods.
The results of SEM surface analysis on various extraction methods show differences on
each surface. The FTIR spectrum showed the presence of flavonoid O-H at 3200 cm™,
C=0at 1621 cm™", and C-0O at 1019 cm™. In the results of HPLC, MUAE extracts 16.70
mg/100 g flavonoid quercetin at the retention time of 4.5 min, with the highest total
flavonoids (2.89 mg QE/g), the highest antioxidant activity (ICs, 72.31 ug/mL), and
highest antibacterial activity (S. aureus 7 mm, E. coli 2 mm).
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= INTRODUCTION

Moringa oleifera is a tropical and subtropical plant
belonging to the Moringaceae family. Moringa is one of
the most vital medicinal and pharmaceutical plants,
containing various useful nutrients such as potassium,
iron, phosphorus, calcium, vitamin A, vitamin D, and
essential amino acids [1]. In addition, Moringa leaves
extracts exhibit antioxidant, anti-hypertensive, and anti-
cancer effects [2]. Tannins, steroids, triterpenoids,
flavonoids, saponins, interquinones, and alkaloids are
antioxidant agents found in Moringa leaves [3]. In
addition, biologically active compounds such as
flavonoids (myricetin, quercetin, kaempferol, 3-O-
glucoside kaempferol) were also found in Moringa [4].

Conventional  extraction
maceration are popular for

methods such as
bioactive compound

extraction. However, a large amount of solvent and a
long extraction time are required [5]. In recent years,
several advanced extraction techniques have been
developed. In order to extract flavonoids from natural
sources, microwave, ultrasound, pulsed-electric field,
pressured liquid, and supercritical fluid have been used
[6-7]. Ultrasound-assisted extraction (UAE) is
preferable for the extraction of natural products. UAE
can increase the extraction mass transfer rate caused by
the resulting cavitation in the material. The short
extraction process is achieved as the solubility of the
analyte in the extraction media increases as surface
tension and solvent viscosity decrease, boosting
extraction efficiency. The polymeric structure of the cell
wall is destroyed, allowing more bioactive chemicals
from plant material to enter the liquid extraction phase
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[5]. Microwave-assisted extraction (MAE) has been
widely used to extract secondary metabolites from plants
due to the shorter extraction time, less solvent required,
and high extraction yield. MAE is equivalent to other
current extraction techniques, such as supercritical fluid
extraction from a technical standpoint; however, it has
economic and practical advantages because it is easy to
operate and requires simple sample preparation techniques
[8]. MAE can reduce solvent use and extraction time
while increasing extract yield. Microwaves are used in
MAE to heat and evaporate water from the cell. As a
result, the cell swells, stretches, and ruptures, allowing the
metabolic component to leave and be extracted by the
solvent [9]. UAE and MAE can be considered as one of
the most effective extraction strategies for extracting
bioactive chemicals from plant materials, such as flowers,
due to their high extraction efficiency [10], fruits [11],
leaves [5], bark [12], seeds [13], and pods [14].
Combining two or more extraction techniques, such
as microwave extraction (MAE) and ultrasound (UAE),
can speed up processing time and be more efficient than
single extraction [15]. In order to speed up the extraction
process and liberate the targets from the matrix in a short
amount of time, simultaneous irradiation with ultrasound
and microwave energy can be used [16]. Ultrasound and
microwave radiations could speed up the extraction
procedure and enhance the extraction of bioactive
compounds [17]. When the mass transfer mechanism is
improved, the extraction time is reduced indeed [18].
Ultrasound/microwave-assisted extraction (UMAE) uses
UAE as pre-treatment and is continued by MAE for
simultaneous irradiation as an essential upgrade of UAE
[19]. The acoustic cavitation effect of ultrasonic causes a
higher content of bioactive compounds, followed by
internal heating in plant cells with microwave irradiation
[20]. The reverse version with MAE as pre-treatment and
continued with UAE approach resulted in greater levels of
extractable bioactive chemicals due to the effect of
internal heating within the plant cells caused by
microwave irradiation followed by sonic cavitation [21].
Microwave-ultrasound-assisted extraction (MUAE) is a
cost-effective and time-saving extraction method that
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employs ultrasound and microwave technology
compared to other new extraction technologies such as
fluid
extraction, enzyme-assisted extraction, and pulsed
electric field extraction [22]. MUAE can provide the

high activation energy or impact energy required for the

pressurized liquid extraction, supercritical

extraction process while also limiting or preventing the
degradation of the bioactive compounds in the extract
[19].

To the best of our knowledge, no comprehensive
effects of
microwaves/ultrasound on the quality and quantitative

study reported on the sequential
properties of flavonoids extracted from Moringa leaves.
Therefore, this study aims to determine the effect of
various extraction methods such as UAE, MAE, UMAE,
and MUAE on variations in extraction time,
temperature, and percent solvent on the quantification
of total flavonoids and quercetin in Moringa leaves. In
addition, the effects of different extraction methods were

studied on antibacterial and antioxidant activities.

m EXPERIMENTAL SECTION
Materials

The leaves of Moringa leaf powder bought from
Herbology (Bogor, Indonesia), The chemical such as
ethanol (96% purity, CAS 64-17-5 Merck, Germany),
AICl; (CAS 7446-70-0 Merck, Germany), potassium
acetate (CAS 127-08-2 Merck, Germany), DPPH (2,2-
Diphenyl-1-picrylhydrazyl) (CAS 1898-66-4 Merck,
Germany), quercetin (CAS 117-39-5 Merck, Germany),
kaempferol (CAS 520-18-3 Merck, Germany), myricetin
(CAS 529-44-2 Merck, Germany), rutin (CAS 153-18-4
Merck, Germany), apigenin (CAS 520-36-5 Merck,
Germany), rhamnetin (CAS 90-19-7 Merck, Germany),
luteolin (CAS 491-70-3 Merck, Germany), metylluteolin
(20243-59-8 Merck, Germany), gallocatechin (CAS
3371-27-5 Merck, Germany), gallic acid (CAS 149-91-7
Merck, Germany), nutrient agar (SKU: 70148-100G,
Sigma-Aldrich, USA), Escherichia coli (FNCC media
agar E. coli, Nanobio Laboratory, Indonesia), and
Staphylococcus aureus (FNCC media agar S. aureus,
Nanobio Laboratory, Indonesia).
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Instrumentation

The equipment used in this study included a glass
funnel, measuring cup, beaker, Erlenmeyer, test tube, vial
bottle, glass stirrer, dropper pipette, 5 mL measuring
pipette, measuring flask, separating funnel, ose needles,
condenser, round bottom flask, vial bottles, analytical
scales (OHAUS PA224), Microwave (MGC20100S, Beko,
Polish), Ultrasound (JP-010S, Skymen, USA), SEM (JSM-
6510 LA, JEOL, Japan). The characterization was used
FTIR spectrophotometer (Spectrum Two L160000A,
PerkinElmer, USA), UV-Vis spectrophotometer (Model
ENF-24/F, Shimadzu, Japan), and HPLC (Prominence
LC-20, Shimadzu, Japan). The experimental setup of
microwave and ultrasound is depicted in Fig. 1.

Procedure

Extraction of Moringa leaf

Moringa powder was extracted at a solid/liquid ratio
of 1:25 (g/mL). This study used a modified microwave
extractor (MGC201000S, Beko, Poland) with a digital
timer, temperature control, and a power of 200 W. The
ultrasound extractor (model JP-010S, Skymen, USA), a
timer (0-30 min), an ultrasonic with an output of 80 Watts,
and a frequency of 40 kHz. UAE and MAE applied are
guided by Jitan et al. [23] with minor modifications.
Sequential MUAE and UMAE are guided by the research
of Yu et al. [10] by alternating microwave first pre-
treatment and then continued with ultrasound and vice
versa. Extraction variable such as time (0, 5, 10, 20, 25,
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30 min), temperature (30, 40, 50, 60, 70, 80 °C), and the
solvent concentration of ethanol (0, 10, 20, 30, 40, 50, 60,
70, 80, 90%). Immediately after treatment, the mixture
of Moringa was cool at room temperature. Furthermore,
the extract was then filtered using Whatman 42 filter
paper. The extract was collected in amber glass bottles
and stored at refrigeration temperature.

Scanning electron microscopy (SEM) analysis

A scanning electron microscope was utilized to
examine the morphology of Moringa extract extracted
from UAE, MAE, UMAE, and MUAE. At a
magnification of 1000 times, the surface and cross-
section of the Moringa extract were photographed for
morphological purposes.

Fourier transform infrared spectroscopy (FTIR)
analysis

FTIR was used to examine the functional groups of
Moringa extract extracted from UAE, MAE, UMAE, and
MUAE. The extract samples were ground, and KBr was
used to press the highly dispersed powders. The formed
pellets FTIR
measurements at 4000-500 cm™.

were then wused for spectroscopy

Total flavonoids determination
Total flavonoids were
aluminum chloride colorimetric method with slight

analyzed wusing the

modification, according to Mukhriani et al. [24].
Quercetin was used to make the calibration curve. First,
10 mg of quercetin was dissolved in ethanol 96% and

Ultrasound generator

Power adjust

Temperature control Heater

Fig 1. The schematic device of (a) Microwave extraction and (b) Ultrasound extraction
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diluted to 100, 200, 300, 400, and 500 pg/mL. Next, 1 mL
of each concentration of standard solutions, as well as 1
mL of UAE, MAE, UMAE, and MUAE extracts, were
mixed with 1 mL of 2% aluminum chloride (AICI;) and
1 mL of 120 mM potassium acetate (CH;COOK). The
mixture was incubated at room temperature for 30 min.
The absorbance was measured at 430 nm against a blank
without AICl; using UV-vis spectrophotometer. Total
flavonoid content was calculated and expressed in quercetin
equivalent (mg QE/g). Total flavonoid content = (x x v x
fp)/g. Where x is the quercetin concentration from the
standard curve (ug/mL), fp is the dilution factor, v is the
extract volume (mL), and g is the extract weight (mg).

High-performance liquid chromatography (HPLC)
analysis

Prominence LC-20 was used for the HPLC analyses.
Shim-pack XR-ODSII column (150 mm x 3 mm ID) was
used to separate the compounds at room temperature.
Moringa extracts were injected into the HPLC column
with a concentration of 0.10 g/L. The relative area was
estimated using quercetin, kaempferol, myricetin, rutin,
apigenin, rhamnetin, luteolin, metylluteolin, gallocatechin,
and gallic acid (0.20 g/L) as the internal standard to
explain probable changes in the instrument’s analysis to
the results of UAE, MAE, UMAE, and MUAE extracts.

Assays of antioxidant activity using the DPPH method

The antioxidant activity was determined using the
DPPH scavenging technique modified from Tristantini et
al. [25]. Initially, a 1 mM DPPH solution was prepared by
dissolving 3.80 mg in 100 mL of ethanol. Next, 2 mL of
UAE, MAE, UMAE, and MUAE extracts were added to
2 mL of 1 mM DPPH. The absorbance level was
determined at 517 nm after 30 min of incubation in
darkness. A UV-Vis spectrophotometer was used for
analysis. A DPPH solution without adding the sample
extract was utilized as a control. The results were
expressed in percentage. The following formula was used
to calculate the DPPH free radical scavenging assay: %
DPPH scavenging activity = (absorbance of control -
absorbance of sample) / (absorbance of control) x 100. A
calibration curve was used to determine the amount of
DPPH in each well. The proportion of DPPH that remains
is compared to the extract concentration to determine the
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number of samples needed to achieve a 50% reduction
in DPPH or inhibition concentration of 50% (ICs). The
ICso value of a very strong antioxidant activity is less than
50 g/mL [26].

Antibacterial test using disc-diffusion method

The antibacterial test was carried out by the disk
diffusion method by calculating the inhibition zone
produced from the extract against bacteria growing in a
petri dish. In this test, E. coli as Gram-negative bacteria
and S. aureus as Gram-positive bacteria were used. One
loop of bacterial colonies (E. coli and S. aureus) from
nutrient agar (NA) was diluted using sterile 0.9% NaCl
solution to have turbidity, according to Mc. Farland
(107-108 CFU/mL). A sterile cotton swab is inserted
into a tube containing a bacterial suspension, then
streaked evenly on the agar medium (in a petri dish). A
total of 20 pL of Moringa sample solution (UAE, MAE,
UMAE, and MUAE extract) was injected into blank disk
paper using a micropipette. After the solution was
completely absorbed, the sample’s disc paper was placed
on media nutrient agar (MNA) 1 containing E. coli and
MNA 2 containing S. aureus test bacteria, and then
incubated at 37 °C for 24 h. The clear zone formed
around the disc indicates that the sample can inhibit
bacterial growth, and its diameter can be known.

m  RESULTS AND DISCUSSION
Morphological Activity

The SEM results are shown in Fig. 2, which reveals
the surface changes in the samples. Analysis of the solid
characteristics of the extract from Moringa begins with
surface analysis with SEM. SEM is used to see the effect
of extraction technology on the surface of Moringa. The
Moringa had distinct physical alterations due to the
various extraction procedures. Moringa cell walls were
slightly perforated after extraction by UAE, as shown in
Fig. 2(a). UAE extract showed wrinkled surfaces and
observable plant cell perforations. UAE can enhance
extraction by using sonic cavitation, which breaks down
cell walls, allowing solvents to penetrate plant material
and release intracellular compounds. Fig. 2(b) shows the
situation of more extensive cell wall rupture obtained
from MAE.

Aji Prasetyaningrum et al.



Indones. J. Chem., 2022, 22 (2), 303 - 316

A
SEI 10KV

WOD10mm

Microwaves have a greater effect on cell wall rupture than
the non-ionizing
electromagnetic energy is applied directly to the raw
material allowing rapid heating of solvents and
the energy delivery
transformation. Ion conduction and dipole rotation cause

ultrasound. In MAE process,

suspensions due to rapid
dissolved ions to migrate due to this heating enhancing
the solvent’s penetration into the matrix, making it easier
to retrieve the target chemical [7]. The microstructure of
the ruptured tissue in the treatment using sequential

UMAE and MUAE, as shown in Fig. 2(c, d), showed more
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extensive damage or rupture of the cell wall indicated by
a rougher surface. The diffusion rate of flavonoid
compounds in cells increases on a rougher surface, and
the solvent
compounds [27].

could completely extract flavonoid

FTIR Analysis

The functional group transformation of the
functional groups in the UAE, MAE, UMAE, and
MUAE, was also observed using FTIR spectra on the
Moringa extract (Fig. 3). Table 1 and Fig. 3 show the FTIR

Table 1. Moringa FTIR wavenumber results compared with standard quercetin

Functional Wavenumber (cm™)

group Quercetin Fresh Moringa UAE MAE UMAE MUAE
-OH (alcohol) 3340 3314 3278 3271 3314 3282

C=0 1711, 1666 1738 1737 1745 1738 1735

C=C 1656, 1510 1616 1648, 1605 1630 1652; 1625 1621

-OH (bend) 1379 1433 1413 1416 1427 1409
C-0C 1310, 1242, 1160 1319,1113 1316, 1147 1325,1158 1315,1160 1317,1162
C-H (aromatics) 938, 820, 600 628 594 595 614 595

C-H (stretch) 2924, 2880 2942, 2831 2917,2849 2917 2940; 2834  2918; 2835
C-O (stretch) 1110, 1057 1021 1027 1022 1019 1019
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Fig 3. FTIR spectra on fresh Moringa, UAE, MAE, UMAE, and MUAE extract

result of Moringa extract. From the FTIR results in all
extraction methods found the absorption of aryl ketonic
strain (C=0) at 1735-1845 cm™', aromatic ring stretching
(C=C) was found at 1605-1652 cm™, bending of the
phenol (C-OH) at 1409-1433 cm ™', and stretching in the
aryl ether ring (C-OC) at 1113-1325 cm ™.

For the flavonoid group, the presence of carboxylic
acids (O-H) is indicated by peaks at 3000-2700 cm™', and
the presence of an ester functional group (C=0) is
indicated by one peak in the region 1770-1668 cm™ [28].
The flavonoid structure of quercetin is shown in Fig. 4.

Moringa had phenolic O-H peaks at 3321.96 cm™,
C=C alkene peaks at 1657.50 c¢cm™, phenol C-OH
stretching at 1237.05 cm™', and C-OC bending vibrations
at 1057.68 cm™ [9]. The stretching of the OH group was
identified in the FTIR spectra of pure quercetin in its
characteristic band at 3406 and 3283 cm™!, while the
phenol function’s OH bending was detected at 1379 cm™'.
Aromatic ring stretching C=C was detected at 1610, 1560,
and 1510 cm™'. Absorption of aryl ketonic strain C=0 was
clearly visible at 1666 cm™. In-plane C-H flexural bands
in aromatic hydrocarbons were detected at 1317 cm™. The
bands at 1263, 1200, and 1165 cm™ are caused by C-O
stretching (the aryl ether ring, C-O in phenols, and
C-0C). Out-of-plane flexural bands (C-H aromatics)
were seen at 933, 820, 679, and 600 cm™, respectively [29].

Sinamoyl
Peak |

Benzoyl
Peak 1|

3,5, 7-tihydroxy-2-(3 4-dihydroxyphenyl)-4H-chromen-4-cne
Quercetin (Cy5H,407) = 302.2 gfmal

Fig 4. Functional groups in the flavonoid quercetin

It can be concluded that the difference in the extraction
method has no significant effect on the flavonoid
functional groups of Moringa plants. Functional group
results from FTIR results show quercetin compounds in
all Moringa leaf extraction methods

Effect of Extraction Time on Total Flavonoids

The time for extraction has an impact on the
flavonoid content. Therefore, the extraction period is
extended to allow the solvent to permeate more deeply
into plant cells and extract more flavonoids. The results
of the total flavonoids with variation extraction time are
shown in Fig. 5.

The total flavonoids with variation extraction time
are shown in Fig. 5. The longer the extraction takes, the
extraction content will increase gradually and reach the
highest value total flavonoids (for UAE of 2.26 mg QE/g,
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Fig 5. Extraction time effect on total flavonoids of UAE,
MAE, UMAE, and MUAE extract

MAE of 2.71 mg QE/g, UMAE of 2.72 mg QE/g, and
MUAE of 2.89 mg QE/g). According to total flavonoids
results using the microwave, this technique can get
extraction yield faster and more efficiently than
ultrasound.

The increase in flavonoid content is due to the
longer the solvent process, the higher the ability for the
solvent to bind flavonoid compounds. In the ultrasound
and microwave methods, cavitation and inner heat
damage the plant cell wall so that the flavonoids present
in the vacuole can be extracted out of the cell [30-31].
Sequential extraction techniques can increase efficiency
because the fresh solvent is supplied in each extraction,
which improves solubility [32]. However, generally, the
flavonoid content in the extract is limited so that the
extraction power will decrease at a certain time. It has
been reported that the maximum time extraction in MAE
was 15-20 min [33].

At the same yield, UMAE reduced the extraction
time by 98.66% and 19.89%, respectively, compared to
maceration and MAE [22]. UMAE is improved with the
help of acoustic cavitation and certain fast microwave
heating, the extraction time is shorter, the required
volume of solvent required is less, and the yield UMAE is
higher (97%) when compared with UAE (89%). It is
because the internal heat of UMAE radiation breaks
vacuole cells in plant cells faster, allowing flavonoids to be
extracted more easily, as opposed to cavitation ultrasound

alone, which takes longer [34]. Sequential UMAE (UAE
as pre-treatment) get higher yield (31.88%) when
compared with MAE (27.81%), UAE (17.92%), and
maceration (19.16%) [35]. MUAE extract (MAE pre-
treatment) tended to be higher (7.85 mg QE/g) than
UMAE (UAE pre-treatment) (6.55 mg QE/g), MAE
(4.79 mg QE/g), and UAE (6.23 mg QE/g) [10].

Effect of Temperature on Total Flavonoids

From the results of time variations, the total
flavonoid test at temperature variations was carried out
at 20 min of the extraction process. The total flavonoids
with variation temperature results are shown in Fig. 6.
As the temperature rises, the extraction content rises
with it, eventually reaching its maximum value total
flavonoids (for UAE 2.26 mg QE/g, MAE 2.72 mg QE/g,
UMAE 2.71 mg QE/g, and MUAE 2.89 mg QE/g).

As the solvent temperature rose, it came into
contact with the free water molecules in Moringa,
causing further cell damage and mass transfer. The
flavonoid content increases when the temperature
ranges from 30 to 50 °C, this is because heat can damage
the extracted plant cell tissue so that the active
components released will increase, but the subsequent
increase results in structural changes resulting in a
decrease in the detected compounds. Total flavonoids
decreased when the temperature was higher than 50 °C
[36]. Compared to UAE and MAE, sequential UAE +
MAE was a much higher yield [20].

3.00 +
| —o— UAE
280 4 —eo— MAE
—a— UMAE

—e— MUAE

%]
[=2]
(=]

Flavonoid content Moringa (mg QE/g)
i
(=]

220
2.00
1.80 4 v T v v v - v \
30 40 50 60 70 80
Temp (°C)

Fig 6. Temperature effect on the total flavonoids of
UAE, MAE, UMAE, and MUAE extract
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Effect of Solvent Concentration on Total Flavonoids

One of the driving factors for extraction is ethanol
concentration, which is a crucial metric for assessing
extraction efficiency. From the results of time and
temperature variations, the total flavonoid test at ethanol
concentration variations was carried out at 50 °C for
20 min of the extraction process. The total flavonoids with
variation solvent concentration are shown in Fig. 7. In
flavonoid test results, the ethanol concentration affected
the total flavonoid content. The higher the extraction
content will increase gradually and reach the highest value
total flavonoids (for UAE of 2.30 mg QE/g, MAE of 2.71
mg QE/g, UMAE of 2.72 mg QE/g, and MUAE of 2.89 mg
QE/g). The flavonoid content increases when the solvent
concentration is between 50 and 70% (v/v). The best
ethanol-water ratio was found in the range of 65-75%
when Moringa was extracted at a temperature of 55-65 °C
[37]. With a 70% solvent ratio in MAE, total flavonoids of
1.90 mg QE/g tended to be higher than 1.72 and 1.70 mg
QE/g obtained by UAE and maceration, respectively [11].
The
significantly when ethanol was 70-80% (v/v) because

range of ethanol concentrations decreased
chlorophyll was dissolved into the extract so that the yield
of flavonoids that the solvent could extract was reduced.
Higher solvent concentrations also can change the
polarity of the solvent and affect the total solubility of
flavonoids, resulting in a decrease [38]. If the solvent used

is 96% concentrated ethanol, then the chlorophyll will
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also be extracted, and the extract will become very thick
so that the extraction rate is reduced [39].

HPLC Analysis

Furthermore, the extract of Moringa was analyzed
using HPLC to determine the main components of the
flavonoid quercetin in Moringa extract using the UAE,
MAE, UMAE, and MUAE methods. Fig. 8 illustrates the
HPLC spectra of various Moringa extraction processes.

The HPLC results for flavonoid quercetin in the
UAE extract at a retention time (RT) of 4.21-4.60 min to
get a yield of 39.58 ppm, for the MAE extract quercetin
was found at RT 4.79 min to get a yield of 41.48 ppm, for
the UMAE extract quercetin was found at RT 4.66 min
got a yield of 11.97 ppm, and for the MUAE extract
quercetin was found at RT 4.51 min to get a yield of
16.70 ppm. Research by Sukmawati et al. [40] found a
quercetin range in RT 4.18-4.56 min, and RT is the
minimum time required for the fluid mixture to be
separated by gravity in the HPLC apparatus. The HPLC
results for flavonoid kaempferol in the UAE extract at a
retention time (RT) of 6.14 min to get a yield of 1.38 ppm.
For the MAE extract, kaempferol was found at RT 6.02-
6.42 min to get a yield of 14.81 ppm. For the UMAE
extract, kaempferol was found at RT 5.23-6.43 min got
a yield of 22.73 ppm, and for the MUAE extract,
kaempferol was found at RT 5.10-6.33 min to get a yield
of 22.84 ppm. Therefore, MUAE can extract more
flavonoid kaempferol than UMAE, MAE, and UAE. In
the sequential MUAE, it was found that the peak of other
compounds at RT 3.54 was 289 ppm, which is thought
to be the myricetin compound that was detected in
HPLC analysis. This phenomenon was also reported in
Shervington’s study of flavonoid HPLC analysis from
Moringa leaves, which found myricetin at RT 3.60 min,
quercetin at RT 4.80 min, and kaempferol at RT 6.70 min
[41]. Myricetin, quercetin, and kaempferol are the main
flavonoids contained in Moringa. Other flavonoids such
as apigenin, rhamnetin, and luteolin are found in smaller
levels [42]. HPLC analysis of Moringa leaves revealed
26.20 ppm myricetin at 4.35 min, 5 ppm quercetin at
5.89 min, and 41.50 ppm kaempferol at 6.44 min [4].
Consequently, with the above information and the
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comparison of the extraction method, we found that
microwaves can extract more quercetin content, and
sequential microwave-ultrasound can extract more
flavonoids with reasonable efficiency.

Total Antioxidant Activity

UAE had the lowest antioxidant activity than MAE,
UMAE, and MUAE, similar to the total flavonoid content
results. Fig. 9 depicts the DPPH method’s antioxidant test
results.

Based on Fig. 9, the results of the extraction of
Moringa by UAE, MAE, UMAE, and MUAE showed an
in the %
concentration of the sample. Table 2 shows the

increase of antioxidants to the initial
antioxidant activity and ICs, result of Moringa extract.

In this study, standard quercetin obtained ICs, of
39.34 pg/mL. The results of Moringa extraction by UAE
(ICso = 87.83 pg/mL), MAE (ICs = 80.21 pg/mL), UMAE
(ICso = 76.54 pg/mL), and MUAE (ICso = 72.31 pug/mL).
All extraction methods yielded ICs, values of less than
100, indicating that the antioxidants extracted are potent
antioxidants. The DPPH method was chosen because it is
a method that is straightforward, easy, quick, and
sensitive and only testing necessitates a tiny sample
product. The DPPH method’s quantitative evaluation of
antioxidant activity is based on a change in the intensity
of the purple color of the DPPH, which is proportional to
the DPPH solution’s concentration. The absorbance at
the maximal wavelength of DPPH will change as a result
of the color change when measured using UV-Vis
spectrophotometry so that the value of free radical
scavenging activity will be known, which is expressed by
the ICs value [43]. ICso range of 150-200 pg/mL is a weak
antioxidant, the ICs, range of 100-150 pg/mL is a

Indones. J. Chem., 2022, 22 (2), 303 - 316

moderate antioxidant, the ICs, range of 50-100 pug/mL is
a strong antioxidant, and the ICs, range is < 50 pg/mL is
a very strong antioxidant [25]. Compared to maceration
and MAE, UMAE increased antioxidant activity by
11.71% and 2.60%, respectively [22].

Antibacterial
Method

Test Using the Disc Diffusion

Bacteria such as E. coli (gram-negative) and S.
aureus (gram-positive) were tested against UAE, MAE,
UMAE, and MUAE extracts. Based on Table 3, the
extract from Moringa extraction using UAE, MAE,
UMAE, and MUAE have antibacterial activity on E. coli
and S. aureus.

Table 3 shows the results of the inhibition zone
diameter. The antibacterial test results of moringa extract
with MUAE against S. aureus were found to be higher
than other methods. In addition, MUAE extract can also
affect Gram-negative bacteria such as E. coli. because the

80 -

-~
(=]

—8— UAE %
—g— MAE %
—@— UMAE %
—8— MUAE %

h D
[= T =]

Sample concentrarion (ug/mL)
8 &

0 20 40 60 80 100
Percent of antioxidants (%)
Fig 9. Antioxidant activity of UAE, MAE, UMAE, and

MUAE extracts

Table 2. Results of antioxidant activity (%) and ICs, of Moringa extract

Concentration Antioxidant Activity (%)

(ug/mL) Quercetin UAE MAE UMAE MUAE
60 71.43 13.48 24.05 24.30 35.11
70 71.77 25.88 36.87 40.34 47.87
80 77.54 50.79 55.55 60.30 60.31
90 81.06 60.25 63.94 68.65 69.67
100 82.44 72.66 73.93 75.14 75.21
ICs 39.34 87.83 80.21 76.54 72.31
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Table 3. Results of antibacterial activity of Moringa using
the Disc Diftfusion method
Bacteria test

Obstacles zone (mm)

sample UAE MAE UMAE MUAE
E. coli 2 1 2 2
S. aureus 4 4 5 7

structure of the bacterial cell wall influences the sensitivity
of bacteria to antibacterial. Gram-positive bacteria, as an
example S. aureus, are more susceptible to antibacterial
than Gram-negative bacteria because their cell walls are
simpler than Gram-negative bacteria’s, making it easier
for antibacterial compounds to enter Gram-positive
bacteria cells [44]. Therefore, the inhibition zone in S.
aureus is larger than in E. coli.

m CONCLUSION

The selection of the Moringa extraction method can
affect the content of bioactive compounds and their
biological activities. In total flavonoid content found that
MUAE get more flavonoid content with 2.89 mg QE/g >
UMAE with 2.73 mg QE/g > MAE with 2.71 mg QE/g >
UAE with 2.30 mg QE/g. The best extraction conditions
were found at 50 °C for 20 min and 70% ethanol. SEM scan
of Moringa morphological extract showed cell damage or
rupture of the results of cell extraction with ultrasonic and
microwave indicated by a rougher surface, so it is expected
that flavonoid compounds in cells (in plants located in
vacuoles) can be extracted completely by solvents. In all
samples, the FTIR spectrum of Moringa extract showed
the presence of flavonoid C=0 at 1621 cm™ and C-O at
1019 cm™, which was in accordance with the standard
flavonoid quercetin spectrum. HPLC analysis found that
MAE gets more quercetin content with 41.48 ppm > UAE
with 28.96 ppm > MUAE with 16.70 ppm > UMAE with
11.97 ppm. Antioxidant test with DPPH showed that
MUAE gets the highest antioxidant activity in the Moringa
extract with an ICs of 72.31 ug/mL and the highest
antibacterial with obstacles zone for 2 mm E. coli, and
7 mm S. aureus. Ultrasonic and microwave technology are
beneficial for extracting flavonoids in Moringa.

m ACKNOWLEDGMENTS
The authors acknowledge the Ministry of Education,

Culture, Research and Technology of the Republic of
Indonesia (Kemdikbudristek) for the financial support
through Penelitian Terapan Unggulan Perguruan Tinggi
(PTUPT) 2021, with 225-
138/UN7.6.1/PP/2021.

m AUTHOR CONTRIBUTIONS

contract number:

Aji Prasetyaningrum conceived and designed the
experiments, Bakti Jos contributed reagents, materials,
and analysis tools, Ratnawati analyzed and interpreted
the data, Nur Rokhati revised the manuscript, Teguh
Riyanto wrote the paper, and Gian Restu Prinanda
performed the experiments. All authors agreed to the
final version of this manuscript.

m REFERENCES

[1] Benarima, A., Laouini, S.E., Seghir, B.B., Belaiche,
Y., and Ouahrani, M.R., 2020, Optimization of
ultrasonic-assisted  extraction of  phenolic
compounds from Moringa oleifera leaves using
response surface methodology, Asian J. Res. Chem.,
13 (5), 307-311.

[2] Vongsak, B., Sithisarn, P,

Thongpraditchote,

Mangmool, S,

S., Wongkrajang, Y., and
Gritsanapan W., 2013, Maximizing total phenolics,
total flavonoids contents and antioxidant activity of
Moringa oleifera leaf extract by the appropriate
extraction method, Ind. Crops Prod., 44, 566-571.

[3] Hilwatullisan, Zaman, M., Husaini, A., and
Chodijah, S., 2020, Diversification of biscuit product
using Moringa oleifera flour as an additional source
of nutrition, J. Phys.: Conf. Ser., 1500, 012047.

[4] Kamarudin, A.A., Saad, N., Sayuti, N.H., Razak,
N.A.A.,, and Esa, N.M., 2020, Enhancement of
phenolics and antioxidant activity via heat assisted
extraction from Moringa oleifera using response
surface methodology and its potential bioactive
constituents, Malays. J. Med. Health Sci., 16 (2), 83-
90.

[5] Pollini, L., Tringaniello, C., Ianni, F., Blasi, F,,
Manes, J., and Cossignani, L., 2020, Impact of
ultrasound  extraction parameters on the

antioxidant properties of Moringa oleifera leaves,

Antioxidants, 9 (4), 277.

Aji Prasetyaningrum et al.



314 Indones. J. Chem., 2022, 22 (2), 303 - 316

[6] Rocchetti, G., Blasi, F., Montesano, D., Ghisoni, S.,
Marcotullio, M.C., Sabatini, S., Cossignani, L., and
Lucini, L., 2019, Impact of conventional/non-
conventional extraction methods on the untargeted
phenolic profile of Moringa oleifera leaves, Food Res.
Int., 115, 319-327.

[7] Rodriguez-Pérez, C., Gilbert-Lépez, B., Mendiola,
J.A., Quirantes-Piné, R., Segura-Carretero, A., and
Ibaniez, E., 2016, Optimization of microwave-assisted
extraction and pressurized liquid extraction of
phenolic compounds from Moringa oleifera leaves by
multiresponse surface methodology, Electrophoresis,
37 (13), 1938-1946.

[8] Sin, K., Baraoidan, W.A., and Gaspillo, P.D., 2014,
Microwave-assisted ~ extraction  of  phenolic
compounds from Moringa oleifera Lam. leaves using
response surface methodology as optimization tool,
Philipp. Agric. Sci., 97 (1), 36-42.

[9] Izza, N., Dewi, S.R,, Setyanda, A., Sukoyo, A., Utoro,
P., AlRiza, D.F., and Wibisono, Y., 2018, Microwave-
assisted extraction of phenolic compounds from
Moringa oleifera seed as antibiofouling agents in
membrane processes, MATEC Web Conf., 204, 03003.

[10] Yu, J., Lou, Q., Zheng, X., Cui, Z., and Fu, J., 2017,
Sequential combination of microwave- and
ultrasound-assisted extraction of total flavonoids
from Osmanthus fragrans Lour. flowers, Molecules,
22 (12), 2216.

[11] Keshavarz, B., and Rezaei, K., 2020, Microwave- and
ultrasound-assisted extraction of phenolic and
flavonoid compounds from konar (Ziziphus spina-
christi) fruits, Int. Food Res. J., 27 (1), 47-55.

[12] Tanase, C., Domokos, E., Cosarci, S., Miklos, A.,
Imre, S., Domokos, J., and Dehelean, C.A., 2018,
Study of the ultrasound-assisted extraction of
polyphenols from beech (Fagus sylvatica L.) bark,
BioResources, 13 (2), 2247-2267.

[13] Kothari, V., Gupta, A., and Naraniwal, M., 2012,
Comparative study of various methods for extraction
of antioxidant and antibacterial compounds from
plant seeds, J. Nat. Rem., 12 (2), 162-173.

[14] Fithri, N.A., Fitrya, Shabrina, T., Akbari, A., and
Yulanri. D., 2019, Antioxidant activity analysis and

standardization of Parkia speciosa (petai) pods
ethanol extract, Sci. Tech. Indones., 4 (1), 5-10.

[15] Wang, T., Li, W., and Li, T.X., 2017, Microwave-
ultrasonic synergistic extraction of crude se-
polysaccharides from Se-enriched tea, Key Eng.
Mater., 737, 360-366.

[16] Wu, D., Gao, T., Yang, H., Du, Y,, Li, C., Wei, L,
Zhou, T., Lu, J., and Bi, H., 2015, Simultaneous
microwave/ultrasonic-assisted enzymatic
extraction of antioxidant ingredients from Nitraria
tangutorun Bobr. juice by-products, Ind. Crops
Prod., 66, 229-238.

[17] Nour, A.H., Oluwaseun, A.R., Nour, A.H., Omer,
M.S., and Ahmed, N., 2021, “Microwave-Assisted
Extraction of Bioactive Compounds (Review)” in
Microwave Heating, IntechOpen, London, UK, 1-
31.

[18] Vinatoru, M., Mason, T.J., and Calinescu, 1., 2017,
Ultrasonically assisted extraction (UAE) and
microwave assisted extraction (MAE) of functional
compounds from plant materials, TrAC, Trends
Anal. Chem., 97, 159-178.

[19] Liew, S.Q., Ngoh, G.C., Yusoff, R., and Teoh, W.H.,
2016, Sequential ultrasound-microwave assisted
acid extraction (UMAE) of pectin from pomelo
peels, Int. J. Biol. Macromol., 93, 426-435.

[20] Pongmalai, P., Devahastin, S., Chiewchan, N., and

2015,

extraction  of

Soponronnarit, S, Enhancement of

microwave-assisted bioactive
compounds from cabbage outer leaves via the
application of ultrasonic pre-treatment, Sep. Purif.
Technol., 144, 37-45.

[21] Liang, Q., Chen, H., Zhou, X., Deng, Q., Hu, E.,
Zhao, C., and Gong, X. 2017, Optimized
microwave-assistant extraction combined

ultrasonic pre-treatment of flavonoids from
Periploca forrestii Schitr. and evaluation of its anti-
allergic activity, Electrophoresis, 38 (8), 1113-1121.
[22] Mahdi, A.A., Rashed, M.M.A., Al-Ansi, W,
Ahmed, M.I,, Obadi, M., Jiang, Q., Raza, H., and
Wang, H., 2019, Enhancing bio-recovery of
bioactive compounds extracted from Citrus medica

L. Var. sarcodactylis: Optimization performance of

Aji Prasetyaningrum et al.



Indones. J. Chem., 2022, 22 (2), 303 - 316 315

integrated of pulsed-ultrasonic/microwave
technique, J. Food Meas. Charact., 13 (3), 1661-1673.

[23] Al Jitan, S., Alkhoori, S.A., and Yousef, L.F., 2018,
Phenolic acids from plants: Extraction and
application to human health, Stud. Nat. Prod. Chem.,
58, 389-417.

[24] Mukhriani, Sugiarna, R., Farhan, N., Rusdi, M., and
Arsul, M1, 2019, Kadar fenolik dan flavonoid total
ekstrak etanol daun anggur (Vitis vinifera L), ad-
Dawaa']. Pharm. Sci., 2 (2), 95-102.

[25] Tristantini, D., Ismawati, A., Pradana, B.T., and
Jonathan, J.G., 2016, Pengujian aktivitas antioksidan
menggunakan metode DPPH pada daun tanjung
(Mimusops elengi L.), Prosiding Seminar Nasional
Teknik  Kimia  “Kejuangan”, UPN  Veteran
Yogyakarta, 17 March 2016, G1, 1-7.

[26] Marjoni, M.R., and Zulfisa, A., 2017, Antioxidant
activity of methanol extract/fractions of senggani
leaves (Melastoma candidum D. Don), Pharm. Anal.
Acta, 8 (8), 1000557.

[27] Jahromi, S.G., 2019, “Extraction Techniques of
Phenolic Compounds from Plants” in Plant
Physiological ~Aspects of Phenolic
IntechOpen, London, UK, 1-18.

[28] Thirugnanasambandham, K., 2017, Ultrasound-

assisted extraction of oil from Moringa oleifera Lam.

Compounds,

seed using various solvents, Energy Sources, Part A,
40 (3), 343-350.

[29] Catauro, M., Papale, F., Bollino, F., Piccolella, S.,
Marciano, S., Nocera, P., and Pacifico, S., 2015,
Silica/quercetin sol-gel hybrids as antioxidant dental
implant materials, Sci. Technol. Adv. Mater., 16 (3),
035001.

[30] Um, M., Han, T.H., and Lee, ].W., 2018, Ultrasound-
assisted extraction and antioxidant activity of
phenolic and flavonoid compounds and ascorbic
acid from rugosa rose (Rosa rugosa Thunb.) fruit,
Food Sci. Biotechnol., 27 (2), 375-382.

[31] Pimentel-Moral, S., Borrds-Linares, 1., Lozano-
Sanchez, J., Arrdez-Roman, D., Martinez-Férez, A.,
and Segura-Carretero, A., 2018, Microwave-assisted
extraction for Hibiscus sabdariffa  bioactive
compounds, J. Pharm. Biomed. Anal., 156, 313-322.

[32] Chaves, J.O., de Souza, M.C., da Silva, L.C., Lachos-
Perez, D., Torres-Mayanga, P.C., da Fonseca
Machado, A.P., Forster-Carneiro, T., Vazquez-
Espinosa, M., Gonzalez-de-Peredo, A.V., Barbero,
G.F.,, and Rostagno, M.A., 2020, Extraction of
flavonoids from natural sources using modern
techniques, Front. Chem., 8, 507887.

[33] Akhtar, I., Javad, S., Yousaf, Z., Igbal, S., and Jabeen,
K., 2019, Review: Microwave assisted extraction of
phytochemicals an efficient and modern approach
for botanicals and pharmaceuticals, Pak. J. Pharm.
Sci., 32 (1), 223-230.

[34] Sasongko, A., Nugroho, RW., Setiawan, C.E.,
Utami, I.W., and Pusfitasari, M.D., 2018, Aplikasi
metode non konvensional pada ekstraksi bawang
Dayak, JTT, 6 (1), 8-13.

[35] Bagherian, H., Ashtiani, F.Z., Fouladitajar, A., and
Mohtashamy, M., 2011, Comparisons between
conventional, microwave- and ultrasound-assisted
methods for extraction of pectin from grapefruit,
Chem. Eng. Process., 50 (11-12), 1237-1243.

[36] Narsih, and Agato, 2018, Efek kombinasi suhu dan
waktu ekstraksi terhadap komponen senyawa
ekstrak kulit lidah buaya, JGT, 7 (1), 75-87.

[37] Fombang, E.N., Nobossé, P., Mbofung, C.M.F., and
Singh, D., 2020,
antioxidants from roasted Moringa oleifera Lam.

Optimising extraction of
leaves using response surface methodology, J. Food
Process. Preserv., 44 (6), e14482.

[38] Efthymiopoulos, I., Hellier, P., Ladommatos, N.,
Russo-Profili, A., Eveleigh, A., Aliev, A., Kay, A,
and Mills-Lamptey, B., 2018, Influence of solvent
selection and extraction temperature on yield and
composition of lipids extracted from spent coffee
grounds, Ind. Crops Prod., 119, 49-56.

[39] Cvitkovi¢, D., Lisica, P., Zori¢, Z., Repaji¢, M.,
Pedisi¢, S., Dragovi¢-Uzelac, V., and Balbino, S.,
2021, Composition and antioxidant properties of
pigments of Mediterranean herbs and spices as
affected by different extraction methods, Foods, 10
(10), 2477.

[40] Sukmawati, Widiastuti, H., and Miftahuljanna,
2019, Analisis kadar kuersetin pada ekstrak etanol

Aji Prasetyaningrum et al.



316 Indones. J. Chem., 2022, 22 (2), 303 - 316

daun miana (Plectranthus Scutellarioides (L.) R.Br.)

secara HPLC  (High  Performance Liquid
Chromatography), As-Syifaa Jurnal Farmasi, 11 (1),
38-44.

[41] Shervington, L.A., Li, B.S., Shervington, A.A., Alpan,
N., Patei, R., Muttakin, U., and Mulla. E,, 2018, A
comparative HPLC analysis of myricetin, quercetin
and kaempferol flavonoids isolated from Gambian
and Indian Moringa oleifera leaves, Int. J. Chem., 10,
28-35.

[42] Gonzalez-Burgos, E., Urefia-Vacas, L., Sanchez, M.,
and GoOmez-Serranillos, M.P., 2021, Nutritional
value of Moringa oleifera lam. leaf powder extracts

and their neuroprotective effects via antioxidative
and mitochondrial regulation, Nutrients, 13 (7),
2203.

[43] Julianawati, T., Hendarto, H., and Widjiati, 2020,
Penetapan total flavonoid, aktivitas antioksidan dan
karakterisasi nanopartikel ekstrak etanol daun
kelor (Moringa pterygosperma Gaertn.), Jurnal
Penelitian Kesehatan Suara Forikes, 11 (1), 49-54.

[44] Sari, R., Muhani, M., and Fajriaty, 1., 2017, Uji
aktivitas antibakteri ekstrak etanol daun gaharu
(Aquilaria microcarpa Baill.) terhadap bakteri
Staphylococcus aureus dan Proteus mirabilis, PSR, 4
(3), 143-154.

Aji Prasetyaningrum et al.



Indones. J. Chem., 2022, 22 (2), 317 - 330 Suppl. 1

Supplementary Data
This supplementary data is a part of paper entitled “Fabrication of Alginate-Based Electrospun Nanofibers for
Carbon Dioxide Removal”.

Table S1. Chemical structure assignments of FTIR analysis

Wavenumber (cm™) Characteristic bands Wavenumber (cm™) Characteristic bands
Alginate Natural Zeolites
1033 -C-0-C 462 0-Si-O
1419 0=C-0- (symmetric) 794 Si-O (allotrophic)
1635 0=C-0O- (asymmetric) 1049 Al-O
3448 -O-H 1635 Si-O
3448 -O-H
PVA Activated Zeolites
848 —-C-H isotactic 462 0-Si-0
1095 -C-0 794 Si-O (allotrophic)
1342 -C-H 1072 Al-O
1442 0=C-0O- (symmetric) 1635 Si-O
1635 -C=0 3448 -O-H
2939 -C-H
3448 -O-H
Alg/PVA NFs Alg/PVA/Z NFs
848 -C-H isotactic 617 Si-O-Si(Al)
1095 -C-0 848 —C-H isotactic
1327 -C-H 1095 -C-0
1427 0=C-0O- (symmetric) 1327 -C-H
1604 -C=0 1427 0=C-0O- (symmetric)
2908 -C-H 1620 Si-O
3286 -O-H 2939 -C-H
3317 -O-H
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Table S2. Five isotherm models adopted in this study

Models Isotherm equation Linearized equation Curve plot
Im K.Ce Ce 1 1
Langmuir Qe = ™ —=—=C.+ Covs. Co/
8 ¢ 1+ K.Ce de  dm © K{.ﬂm ¢ e/ e
Freundlich Qe = KFCel/n logq. = logKp + H10g Ce log C, vs. log qe
- 1 =1 — (Kpgre?),
Dubinin-Radushkevich qe = q,€CKoreY, e = M As 1( prE") 2 vs. In
(DR) where € = RT1In (1 + C—le) E= T e
qe = Bln (KTE%)'
Temkin where B = & de = BInK; +BInC, In C. vs. qe
by
_Ye 1 e
Elovich 9e _ KyC,07m In2e — InKgq,, — —q. qe vs. In 2
m Ce dm i
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Abstract: A fabrication of eco-friendly and low-cost adsorbent materials is reported for
CO; removal. Alginate nanofibers (NFs) adsorbents were prepared by incorporating
poly(vinyl alcohol) (PVA) into alginate solutions via electrospinning technique from
alginate biopolymers. Smooth-surfaced Alg/PVA NFs were obtained with a specific
surface area of 9.197 m? g''. Zeolite (Z) was impregnated into polymer solutions to
enhance the properties and performances of alginate nanofibers. Alg/PVA/Z NFs
appeared to be rougher with a specific surface area of 25.998 m? g''. Both adsorbents
offered great potential for CO, adsorbent in the future. The adsorption isotherms of
Alg/PVA NFs followed the Langmuir model with optimum CO, adsorption capacity of
3.286 mmol g' and Alg/PVA/Z NFs followed Dubinin-Radushkevich model with
optimum CO; adsorption capacity of 10.710 mmol g'.

Keywords: electrospinning; nanofibers; alginate; poly(vinyl alcohol) (PVA); zeolites;

carbon dioxide

m INTRODUCTION

Over the past decades, fossil fuel combustion has
elevated the atmospheric CO, concentration up to 416.87
ppm as of December 2021 [1]. Excessive release of carbon
dioxide leads to global warming, which causes a threat to
the environment and public health. Hence, it is essential
to reduce carbon emissions. Carbon Capture and
Separation (CCS) is a main technology for managing and
mitigating CO, emissions. There are several pathways for
CCS, such as pre-combustion, post-combustion, and oxy-
fuel combustion [2]. Post-combustion is currently the
most favored approach for capturing CO,. Several post-
combustion methods are available, including adsorption,
absorption, membrane, and cryogenic. Among various
methods, adsorption is preferable due to its cost-effective
process, high CO, adsorption capacity, and low-energy
requirement. Many studies have been conducted to
develop adsorbent materials for carbon capture, such as
carbonaceous materials (activated carbons, carbon
nanotubes, graphene), biochar, zeolites, Metal-Organic

Frameworks (MOFs), Zeolitic Imidazolate Frameworks
(ZIFs), and nanomaterials [2].

Nanomaterials, such as nanofibers offer higher
specific surface area, which have a high potential for
carbon dioxide removal. There are various fabrication
methods to produce nanofibers, however,
electrospinning is currently the most versatile technique
for manufacturing nanofibers on an industrial scale.
Electrospinning involves the electrohydrodynamic
principle, in which a droplet of liquid is electrified to
form a jet, followed by stretching and elongation to form
nanofibers [3].

Electrospun nanofibers have exhibited prospective
properties as adsorbent materials for carbon capture
owing to their high porosity, high specific surface area,
unique structure, good interconnectivity, tunable pore
size, good mechanical properties, low gas resistance, and
rapid kinetics reaction [3]. Various electrospun
nanofibers adsorbent have been developed for CO,
adsorption from diverse materials such as biopolymers
[4-5], synthetic polymers [6-9], carbons [10-14], MOFs
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[15-16], amine sorbents [17-18], metals oxides and
ceramics [19-20].

In the past years, biopolymers-based adsorbents
such as alginate have gained immense interest due to
and environmental

increased ecological concerns.

Alginate consists of linear unbranched anionic
polysaccharides of (1-4)-linked P-p-mannuronic acid
(M) and a-L-guluronic acid (G) monomers which can be
extracted from seaweed, specifically alginophyte seaweed
species [21]. Seaweed cultivations are dominated by Asian
countries, in which Indonesia is the major producers
alongside China, Japan, Korea, and the Philippines. In
2016, Indonesia was listed as the second-largest seaweed
producers with 38.7% of the global production, only
topped up by China with 47.9% [22]. According to
Presidential Regulation No. 33/2019, Indonesia has the
potential to cultivate seaweed on 1.5 million hectares, in
which estimation of alginophyte seaweed production can
reach more than 240 thousand tons per year. Taking
advantage of the abundant seaweed resources, the alginate
can be one alternative of biodegradable biopolymers, low-
cost sources, and generally non-toxic to the environment
[23].

Alginate has been investigated for various
applications, including CO, adsorption, because of its
high hydrophilicity resulting from its hydroxyl and
carboxyl groups [24]. Since alginate is polyelectrolyte, it is
quite challenging to produce electrospun nanofibers from
pure alginate solutions. However, these restrictions and
processing limitations can be improved by introducing
carrier copolymers into the alginate solution. One of the
most commonly used copolymers is poly(vinyl alcohol)
(PVA). PVA is a semi-crystalline hydrophilic polymers
that is with

biodegradable, with thermal stability, and many carbonyl

biocompatible alginate, non-toxic,
groups that can bind carbon dioxide molecules [21,25-26].

Another adsorbent that also has been broadly
studied for CO,
microporous crystalline aluminosilicate minerals that
and aluminate [AlO4]*"

tetrahedrons connected by oxygen atoms, forming a box-

removal is zeolites. Zeolites are

consist of silicate [SiO4]*

like structure with a molecular size of 0.5-1.2 nm. Zeolite
exhibits excellent carbon capture performance as it has

high CO, adsorption capacity and selectivity at low
pressure. Nevertheless, zeolite is very sensitive in the
presence of water or moisture that causes greatly
downgrade for CO, adsorption [27].

For long periods of time, zeolites have been
with
remarkable adsorption capacity, and yet, the materials

exploited for environmental remediation
classified as non-renewable resources that could
generate secondary pollutant. On the other hands,
alginate has been under spotlighted for carbon dioxide
discharge since it is contained abundant hydroxyl and
carboxyl groups also naturally biodegradable.
Nonetheless, alginate performance still needed some
improvement. Zeolites and alginate have been separately
applied as CO, adsorbents, therefore, this study focused
on combining extensive resources of alginate in
Indonesia with natural zeolites obtained from local
mining to synthesize eco-friendly carbon dioxide
adsorbents. Afterward, an electrospinning technique
was performed to fabricate alginate-zeolite nanofibers.
Recently, utilizing nano-size zeolites have been reported.
Many researchers have successfully fabricated zeolites
nanofibers using the electrospinning technique [28-36].
Zeolites nanofibers have exhibited several advantages
such as better performance and lifetime, improved mass
transfer, higher selectivity, and minimized recovery and

agglomeration issues [32].

m EXPERIMENTAL SECTION
Materials

Na-Alginate (medium viscosity, vis. = 2000 cps),
poly(vinyl alcohol) (PVA) (ave. Mw 70000-100000, fully
hydrolyzed, vis. 11-14 cps), natural zeolite from Klaten
(Central Java, Indonesia), HNO; 70%, Na,EDTA 1 M,
NaOH, HCI 37%, Sodium tetraborate (Na,B,0O,-10H,0),
CO; gas, phenolphthalein and methyl orange indicators.
All chemicals and solvents were procured from Merck
and Sigma Aldrich in pro-analytical grade and used as
received without further purification.

Instrumentation

The electrospinning technique is set at 15 kV with
a tip-to-collector distance of 15 cm at room temperature.
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Conductivity-meter used is from ST10C-B (Ohaus). The
infrared (FT-IR) used
Shimadzu-Prestige 21 using the KBr pellet technique.

Fourier transform is from
Scanning  Electron Microscopy-Energy  Dispersive
Spectroscopy (SEM-EDS) is from JEOL JSM-6510LA.
Surface Area & Pore Size Analyzer is from Quantachrome
Nova 1200e. CO, adsorption was investigated using a gas
trapping system (Fig. 1).

Procedure

Synthesis Alg/PVA NFs

Alg/PVA NFs were synthesized following the
procedure described by Islam and Karim (2010) [37].
Alg/PVA solutions were prepared by stirring alginate
solution (2% w/w in double distilled water/DDW) and
PVA solution (10% w/w in DDW) in various volume
ratios (0:10, 1:9, 2:8, 3:7, and 4:6 v/v) for 2 h at room
temperature. Alg/PVA solutions were electrospun for 2 h
and collected on a grounded collector. As-spun Alg/PVA
NFs were dried at room temperature and characterized
using FTIR, SEM, and Surface Area & Pore Size Analyzer.

Synthesis zeolites modified AIg/PVA nanofibers
(Alg/PVA/Z NFs)

Natural zeolite sieved 170 was demineralized by
Na;EDTA for 24 h and dealuminated using 8 M HNO; in
water for 24 h. The pretreated zeolite was activated by
calcination at 500 °C at a rate of 10 °C/min for 3 h in the
air. Alg/PVA/Z NFs were fabricated by impregnating
activated zeolites to the Alg/PVA solutions (2:8 v/v) with
a various mass of zeolites 0.5-3.0% (w/w). The mixtures
were electrospun for 2 h and collected on a grounded
collector. As-spun Alg/PVA/Z NFs were dried at room
temperature and characterized using FTIR, SEM, and
Surface Area & Pore Size Analyzer.

Carbon dioxide capture

The capturing CO, gas was carried out using a gas
trapping system at ambient temperature and pressure 1
atm (see Fig 1). The adsorption capacity of Alg/PVA NFs
and Alg/PVA/Z NFs were analyzed by titrimetric method,
in which carbon dioxide gas was trapped with NaOH
solution. Initially, CO, gas was passed through the gas
trapping system at a specific flow rate (10-50 mL min™)
fora period of time (10-30 min) without the adsorbent

1.CO; gas

2. Pressure gauge
3. Flowmeter

4. Reactor tube

5. Adsorbent

6. NaOH solution
S~———— 7. Vacuum pump

Fig 1. CO, adsorption process using gas trapping system

-~

material. Afterward, Alg/PVA NFs and Alg/PVA/Z NFs
adsorbent were placed in the reactor tube. Carbon
dioxide then flowed into the reactor chamber at the same
condition. The uncaptured CO, was trapped in NaOH
0.1 M and formed as Na,CO;. NaOH was titrated with
HCI 0.1 M, and the concentration of uncaptured CO,
was analyzed using back titration (Warder’s method).
Adsorption capacity of As-spun Alg/PVA NFs and
Alg/PVA/Z NFs were conducted with various flowrates
(10, 20, 30, 40, and 50 mL min™), contact time (10, 15,
20, 25, and 30 min), basis weight (i.e. electrospun time 1,
2, 3, 4, and 5 h), and mass of zeolites (0.5, 1.0, 1.5, 2.0,
2.5, and 3.0% (w/w)). The adsorption behaviors were
analyzed using Langmuir, Freundlich, Dubinin-
Radushkevich (DR), Temkin, and Elovich isotherm
models (Table S2). The adsorption isotherm was studied
using collected data for gas flowrates versus adsorption
capacity.

m RESULTS AND DISCUSSION
FTIR Characterization

As shown in Fig. 2, alginate showed characteristic
peaks at 1033, 1419, 1635, and 3448 cm™' corresponding
to the stretching of -C-O-C, symmetric —-COO-,
asymmetric -COO-, and O-H, respectively. The
characteristic bands of pristine PVA were observed at
848 cm™ (C-H isotactic stretching), 1095 cm™ (C-O
stretching), 1342 cm™ (C-H stretching), 1442 cm™
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Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig 2. FTIR spectra of alginate (a), PVA (b), as-spun
Alg/PVA NFs 2:8 (c), as-spun Alg/PVA/Z NFs 2:8:2.5 (d),
activated zeolites (e), and natural zeolites (f)

1635 cm™? (C-O
stretching from acetate group), 2939 cm™ (CH.
stretching), and 3448 cm™ (O-H stretching) [38]. Natural
zeolites exhibited peaks at 462 cm™" for bending vibration

(symmetric -COO- stretching),

of O-Si-0, 794 cm™ corresponds to an allotropic phase
of SiO,. The vibration of Al-O bonds were shown at
1049 cm™. A band at 1635 cm™" was associated with the
Si-O bond. Hydroxyl groups were shown at 3448 cm™.
After pretreatment, activated zeolites were seen with
similar spectra of natural zeolites, but the Al-O vibration
band shifted to 1072 indicating that the
dealumination was successfully performed [39-40].

All as-spun Alg/PVA NFs exhibit similar bands as
alginate and PV A, however, a few changed vibrations. For
instance, Alg/PVA NFs 2:8 (Fig. 2(a)), O-H and C-O
carbonyl stretching vibration shifted to lower band
numbers at 3286 and 1604 cm™, respectively. These
phenomena attributed to the fact that intermolecular
interactions through hydrogen bonding between the

cm™,

hydroxyl group of alginate and the etheric oxygen of
PVA occurred (Fig. 3) [38]. The presence of zeolites in
alginate-based nanofibers was represented by the bands
in the range of 400-700 cm™" for zeolites structural unit
and 1620 cm™ for Si-O bonds. Overall, as-spun
Alg/PVA/Z NFs were also displayed to be shifted.
Alg/PVA/Z NFs 2:8:2.5 showed the broadened peak of
O-H stretching vibration was at lower wavenumber of
3317 cm™ (the detailed assignment bands summarized
in Table S1). This phenomenon could indicate that
zeolite was interacted with alginate-PVA by polymers
intermolecular interaction. Si(Al)-O from zeolites and
O-H groups of PVA as well as alginate backbone
interacted via hydrogen bonding (Fig. 4) [28,34].

Effect of Polymer Characteristic and Conductivity
on Nanofibers Formation

There are three parameters that control the

0oC o 0 o

-0 *Na00C
V\""O o o o
Alginate o \
H HO H

O—H HO

------ Hydrogen Bond OH HO OH

PVA
n

Fig 3. Illustrated representation of alginate-PVA
intermolecular interactions

o\|l/o%

'ﬁ Zeolite

Na'00C ° o °
“Na"
0\ °
o} H O Zeolite
OH v
O\H HO g—/ j—
: o}
------ Hydrogen Bond A‘LA

Fig 4. Illustrated representation of alginate-PVA-

zeolites intermolecular interactions
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dimension, structure, and morphology of nanofibers:
The
parameters of solution were determined by polymer

solution, process, and ambient parameters.
characteristics and solvents, such as polymer type,
molecular weight, concentration, viscosity, surface
tension, conductivity, and dielectric constant [41].
Natural polymers such as alginate were difficult to
electrospun. The main reasons were due to polyelectrolyte
character and low conductivity of pure alginate solution,
as shown in Fig. 5 (volume ratio alginate to PVA of 10:0).

During the electrospinning process, polymer
solution was fed into the syringe and ejected out as a
spherical-shape droplet at the tip of the spinneret. A high
voltage was applied to the droplet. When the electric field
reached a certain threshold, the droplet was converted
into a conical shape (i.e. Taylor cone). However, alginate
solution could not be formed as a stable droplet.
Polyelectrolyte character induced strong electrostatic
repulsion that deformed the shape of the droplet and
therefore inhibited the formation of Taylor cone. When

the intensity of high voltage was increased, the repulsive

(a) As-spun Alginate

() Alg/PVA NFs 1:9

321

electrostatic forces overcame the surface tension, and the
Taylor cone was then generated into a charged jet and
thin fiber formed. However, polymers with low
conductivity character lacked surface charge, which
jet [3,21,41]. the
aforementioned explanations, it can be concluded that

resulted in instability From
pure alginate solutions could not support electrospun
and resulted in droplets form (Fig. 6(a)).

The formation of nanofibers can be improved by

1105

g 8

736 726

<o
(=
o

669

&

600 4
400 A
200 A

Conductivity (uS)

1

100 0:10 19 2:8 3.7
Volume Ratios of Alg:PVA Solutions

Fig 5. Conductivity values of various alginate/PVA

46

solutions

(b) Alg/PVA NEs 0:10

: d =407 2 102 nm

SEl  10kV WD imm 15,000 1pm

Fig 6. SEM images of as-spun alginate (a), as-spun Alg:PVA NFs volume ratios :10 (b), 1:9 (¢), 2:8 (d), 3:7 (e), and 4:6

(f); insets show diameter of each nanofibers
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Fig 7. SEM i 1mages of as-spun alginate (a), as-spun Alg:PVA NFs Volume ratlos O 10 (b), 1:9 (¢), 2: 8 (d) 3:7 (e), and 4:6

(f); insets show diameter of each nanofibers (Continued)

introducing PV A into alginate solutions. The Addition of
copolymer reduced repulsion forces among polyanionic
alginate molecules by breaking hydrogen bonds within
alginate chains and thus enabled the formation of alginate
nanofibers. PVA incorporation also increased solution
conductivity because intermolecular bonds between
alginate and PVA can lessen the rigidity of three-
dimension structure and enhance the mobility of alginate
chains [25-26]. Incorporated PVA into alginate solution
with volume ratios Alg to PVA of 0:10, 1:9, 2:8, and 3:7
formed beadless nanofibers (Fig. 6(b-e)), but further
increase alginate loading beyond that (4:6) resulted in
beaded nanofibers (Fig. 6(f)) due to the dominance of
polyelectrolyte nature of alginate solution. The most
uniform, continuous, smooth-surfaced, and thinnest
Alg/PVA NFs were obtained from Alg:PVA solution
volume ratio 2:8 with an average diameter of 202 + 43 nm.

Impregnation Porous Material on Electrospun
Nanofibers

Impregnation of zeolite particles into Alg/PVA
solutions disrupted the dynamic interactions within
alginate and PVA and changed solution characteristics.
of added zeolites
conductivity values gradually decreased (Fig. 7). Lower

When the amount increased,
conductivity reduced the ability of the solutions to carry
sufficient charges for nanofibers formation, as a result
Alg/PVA/Z NFs appeared to be rougher and bigger in
diameter, which can be seen in SEM analysis (Fig.
8(a,c.e)). Elemental analysis of Alg/PVA/Z NFs was
carried out using SEM-EDS (Fig. 8(b,c,f)), revealing that

zeolites embedded into nanofibers structure. Mass
percentage of particles increased as more zeolite was
added into the solution. The high content of zeolites also
generated lumps alongside nanofibers because of the
particles aggregation [28-29,33,36]. The highest content
of zeolites with minimized agglomeration and uniform
Alg/PVA/Z NFs was obtained from a solution with a
zeolite mass of 2.5% (w/w) with an average diameter of
250 + 60 nm.

CO, Adsorption of Alginate-Based Nanofibers

The performance of Alg/PVA NFs for carbon
capture was evaluated by varying morphologies, gas
flowrates, contact times, and basis weight of the
three different
morphologies of nanofibers, namely smooth fiber,

adsorbent. There are structural
beads-on-string, and beads, in which affected the
adsorption capacity of the materials. In respect to

investigating the dependence of nanofiber morphologies

1100 ¢
1030 1027 4917

"’51000 5 ]

g 000 904

S 833

2

6 800

o 730
700 1

0 0.5 1 15 2 2.5 3
Zeolite Mass (% wiw)

Fig 8. Conductivity values of alginate-PV A solution with
different loading of zeolite particles
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Fig 9. SEM images and EDX analysis of as-spun Alg/PVA/Z NFs with various zeolites mass: 0.5 (a, b), 2.5 (¢, d), and

3.0 (e, f) % w/w

in CO, removal, a series of variation volume ratios
alginate solution to PVA solution was conducted. As
stated in the previous discussion, Alg/PVA NFs 0:10, 1:9,
2:8, and 3.7 formed beadless and smooth fiber morphology.
As shown in Fig. 9(a), Alg/PVA NFs 2:8 with the finest
diameter exhibited the largest adsorption capacity at
3.286 mmol g'. Apparently, thinner nanofibers had a
higher total surface area, which influenced their enhanced
ability to capture submicron particles and increased the
higher filtration efficiency [42].

Pressure was another aspect that needed to be taken
into consideration in carbon dioxide removal, which can

be achieved by varying flowrate (Fig. 9(b)) and contact
time (Fig. 9(c)). Higher flowrate and contact time led to
higher gas pressure inside reactor tube which caused lower
adsorption capacity. High pressure tended to increase
desorption rate over adsorption rate. The best flowrate
and contact time about 20 mL min?! and 20 min,
respectively. Additionally, adsorbent mass also influenced
the CO, uptake. Mass of the resulted nanofibers is
measured by basis weight, mass per unit area of the
material. Variation of electrospun time (1, 2, 3,4,and 5 h)
could alter the basis weight of Alg/PVA NFs. When the
basis weight was increased until 4955 g m™ (electrospun
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time 5 h), the adsorption capacity increased up to 4.548
mmol g™ because the more enormous basis weight made
the adsorbent denser and provided more active sites [43].

Influence of Zeolites on Adsorption Capacity

The specific surface area was a critical factor in
carbon capture, hence zeolites were added into Alg/PVA
solutions. Zeolites are well-known adsorbents for CO,
removal. Zeolites properties and performances are
affected by their particle sizes. When presented in
nanoscale, zeolites have higher external surface area and
more accessible active sites, therefore their performances
would increase [31]. The adsorption capacities of
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Alg/PVA/Z NFs were gradually enhanced with increase
in zeolites loading. The maximum capacity was 10.710
mmol g™' which obtained from zeolites mass 2.5% (w/w).
Further increase of zeolites load led to decreased in CO,
adsorption capacity (Fig. 10(a)). High contains of
zeolites produced beaded nanofibers with lower specific
surface area and porosity of the resulted nanofibers.
Zeolites were suitable adsorbents for low to moderate
pressure. Therefore, raising gas flow rates created higher
pressure conditions, resulting in decreased adsorption
capacity due to the weak interaction between adsorbent-
adsorbate became unstable. It led to more desorption of
carbon dioxide molecules (Fig. 10(b)) [40].

Adsorption Capacity
(mmol g-1)
— N w BN (8,
G

o
o

20 30 40 50
CO, Gas Flowrate (mL min-')

10 60

Fig 11. Adsorption capacity of Alg/PVA/Z NFs 2:8:2.5 with various zeolites loading (a) and gas flowrate (b). All
experiments were done at ambient temperature and pressure 1 atm
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In order to evaluate specific surface area of the
adsorbents, N, adsorption isotherm were carried out at 77
K. As shown in Fig. 11, alginate-based nanofiber
adsorbents exhibit Type I isotherm that indicating the
typical microporous materials. The Brunauer-Emmett-
Teller (BET) surface area was calculated to be 9.197 and
25.998 m* g for Alg/PVA NFs 2:8 and Alg/PVA/Z NFs
2:8:2.5, respectively. Zeolites porous structure increased
specific surface area of the nanofibers and provided more
active sites to capture CO, molecules. Consequently, at a
relatively similar basis weight, Alg/PVA/Z NFs showed
over than three times bigger adsorption capacity
compared to Alg/PVA NFs.

Interaction between Alginate-Based Nanofibers
and Carbon Dioxide

Alginate binds CO, through the carboxyl and
hydroxyl groups within the chains [24]. Besides, CO; also
can interact with the carbonyl group of PVA. The electron
pair of the polymers carbonyl oxygen interacts with the
carbon atom of carbon dioxide, in which the carbon atom
of CO, molecules acts as an electron acceptor and lone
pair electron of polymer carbonyl oxygen acts as an
electron donor species [44]. FTIR spectra (Fig. 12) showed
that after CO, adsorption, the carbonyl (1095 cm™) and
symmetric carboxyl (1427 cm™) peaks of Alg/PVA NFs
-COO- and -OH
stretching vibration shifted to higher wavenumber. The
few changed peaks in FTIR spectra showed that Alg/PVA
NFs binds CO, via hydrogen bond and Lewis acid-base
interaction. There were two suggested configurations of

disappeared, also asymmetric

Lewis acid-base interaction between polymers carbonyl
groups and CO,:T-shaped geometry and bent T-shaped
configuration [44].

Zeolites attract strongly to the gases with high
quadrupole moment such as carbon dioxide via electric
field produced by the cation of the zeolites. Interaction
between zeolites framework structure and CO, molecules
involved relatively weak intermolecular forces, namely Van
der Waal’s forces and electrostatic interaction [27,40,45].

Adsorption Isotherm Studies

The
nanofibers were analyzed using Langmuir, Freundlich,

adsorption behaviors of alginate-based
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Fig 12. N, adsorption/desorption isotherm for CO, onto
Alg/PVA NFs 2:8 (a) and Alg/PVA/Z NFs 2:8:2.5 (b)
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Fig 13. FTIR spectra of Alg/PVA NFs 2:8 and
Alg/PVA/Z NFs 2:8:2.5 after CO, adsorption

Temkin, Dubinin-Radushkevich (DR), and Elovich
isotherm models [46]. See Table S2 for the detailed
equations and curve plots.

Table 1
correlation coefficients (R?) of each isotherm mode, a

shows the result parameters and
measure of goodness-of-fit, representing good linearity
for a certain model relative to the other models. Plot C.
versus C./q. of Alg/PVA NFs 2:8 gives the highest R
value (0.9999), revealing that Alg/PVA NFs 2:8 were fit
the Langmuir isotherm model. Langmuir Isotherm is
primarily designed to describe gas-solid phase
adsorption. This isotherm was based on the assumption
that CO, adsorption occurred on the homogeneous
surface of Alg/PV A NFs 2:8 by monolayer sorption [46].

On the other hands, carbon dioxide adsorption
onto Alg/PVA/Z NFs 2:8:2.5 showed good fitness of
Dubinin-Radushkevich (DR) isotherm model as the plot

of €” versus In q. gives correlation efficient value close to
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Table 1. Isotherm parameters for adsorption of CO, onto alginate-based nanofibers

Models Parameters Alg/PVA NFs Alg/PVA/Z NFs
Langmuir Ki, mmol™ -447.2222 1.3239

qm, mmol g 2.484 12.6103

R? 0.9999 0.5923
Freundlich K, mmol g mmol -/ 1.3971 4.0435

n -12.7551 1.3770

R? 0.8641 0.9065
DR Kb, mol? k]2 -2 x107° 5% 10

gs» mmol g* 2.3936 7.2355

R? 0.904 0.9168
Tembkin Kr, mmol! 0.9998 1.0071

br -1.1031 x 10* 9.5449 x 107

R? 0.8527 0.8965
Elovich Ke 3.4060 -1.6955

Qm> mmol g™* -0.2414 14.8148

R? 0.8725 0.2647

(c) Alg/PVA/Z NFs. r i) AlgPYAZ N

before adsorption 19 A -"l_orw
1 (|

Fig 14. Morphological changes of Alg/PVA NFs 1:9 (a, b “and Alg/PVA/Z NFs 2:8:1.5 (¢, d) before and after the
adsorption process; insets show diameter of each nanofibers

unity. DR isotherm model is an empirical adsorption  der Waal’s forces of CO, gases on microporous zeolites
model that is generally applied to express adsorption  inside Alg/PVA/Z NFs 2:8:2.5 [46].

mechanism with Gaussian energy distribution onto Reusability of Alginate-Based Nanofibers
heterogeneous surfaces. The model was a semiempirical

equation in which CO, adsorption follows a pore-filling To understand the spontaneity of the adsorption

mechanism through multilayer character involving Van ~ Process, the Gibbs free energy was calculated using the
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following Eq. (1).
AG®=-RTInK; (1)
where AG® is Gibbs free energy (k] mol™), R is gas
constant (8.314 J mol™ K™), T is the temperature (K), and
K\ is Langmuir equilibrium constant. The result showed
that the AG® values of Alg/PVA NFs 2:8 were 1.108 k]
mol™, obtained below 20 k] mol™". These findings suggest
that the CO, followed by the
physisorption mechanism [40].

Energy adsorption of Alg/PVA/Z NFs 2:8:2.5 could
be calculated by the following equation:

1

V2Kpr

where E is energy adsorption (k] mol™), and Kpr is

adsorption was

E= (2)

Dubinin-Raduskevich equilibrium constant (mol* kJ2).
The value of E for Alg/PVA/Z NFs 2:8:2.5 were lower than
8 k] mol? (E = 3.162 kJ] mol™"). The calculated E
represented the physical nature of the sorption [47]. Fig.
13 showed SEM images of alginate-based nanofibers and
CO, adsorbed alginate-based nanofibers. All images
displayed relatively unchanging surface morphology as
well as diameter of the nanofibers (see the inset of Fig. 13).

m CONCLUSION

Alginate is not able to electrospun from aqueous

solutions because it possesses a polyelectrolyte
characteristic. However, incorporating copolymer poly
(vinyl alcohol) (PVA) 10% (w/w) into alginate solution
(2% w/w) weakens the repulsive forces among
polyanionic alginate chains, thus enabling alginate
nanofibers formation. Alg/PVA NFs with uniform,
continuous, smooth-surfaced nanofibers were obtained
from Alg:PVA solution volume ratio 2:8 with average
diameter of 202 + 43 nm and specific surface area of
9.197 m* g'. The Alg/PVA NFs for CO, capture was
evaluated using a gas trapping system. The maximum
adsorption capacity was 3.286 mmol g, conducted
within optimum conditions at flow rate and contact time
about 20 mL min™ and 20 min, respectively. To improve
the properties and performances of alginate nanofibers,
zeolite particles were impregnated into polymers solution.
altered nanofibers surface

Impregnated  zeolites

morphologies from smooth to rough fiber with an average

327

diameter of 250 + 60 nm and enhanced specific surface
area to 25.998 m* g''. The optimum CO, adsorption
capacity of Alg/PVA/Z NFs was 10.710 mmol g™'. The
adsorption behavior of resulting nanofibers was studied
using five different isotherm models. Alg/PVA NFs
showed the best linearity with Langmuir isotherm model
with R* 0.9999, and Alg/PVA/Z NFs was fit with in
Dubinin-Radushkevich (DR) isotherm model. SEM
images of nanofibers before and after the adsorption
process displayed unchanging surface morphologies as
well as the diameter of the nanofibers. The result of this
study suggested that Alg/PVA NFs and Alg/PVA/Z NFs
are promising candidates for CO, capture with high
adsorption capacity that can be fabricated from eco-
friendly and low-cost raw materials.
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Abstract: Dengue fever is an infectious disease caused by the dengue virus, and there is
no yet effective drug to treat this disease successfully. Our study aimed to identify the
bioactive compounds of Acorus calamus L. and its potential role in inhibiting dengue
virus NS3 protease-helicase. Liquid Chromatography-Mass Spectrometry analyzed
phytochemical constituents. Drug-likeness of the predominant compound methanol
extract of Acorus calamus L. was investigated through the SWISS ADME server. Complex
molecular interactions were investigated by Hex 8.0 docking program and Discovery
studio 2016. Our study revealed that the five largest phytochemicals in the extract were
acoric acid, acorone, acoradin, acoronene, and calamendiol. All predominant
compounds are potent to be developed as drug candidates. Molecular docking results
showed that the five compounds bind to the Arg599, Pro291, Lys388, Pro431, and His487
of the dengue virus NS3 protease-helicase, the ligand-binding site that plays an essential
role in viral replication. The ligand-protein binding pattern exhibited hydrogen and
hydrophobic interactions. The interaction of the acoradin-NS3 protease-helicase complex
had the lowest binding energy of -299.7 kcal/mol. In summary, we conclude that Acorus
calamus L. extract may have prospects as a drug for dengue virus infection.

Keywords: bioactivity; dengue viral infection; herb medicine; LC-MS; in silico

= INTRODUCTION

of DENV poses a threat to public health.
Moreover, no antiviral agent successfully cured or

Dengue is a global burden that infects about 96
million people each year with varying severity of symptoms
worldwide. Indonesia is a tropical country with a high
prevalence of dengue infection [1]. The agent of dengue is
the dengue virus (DENV), transmitted through the
mosquito vectors of Aedes aegypti and Aedes albopictus
[2]. The infection of DENV is characterized by several
clinical symptoms, including fever, headache, aches, nausea,
and subsequent serious consequences such as dengue
shock syndrome and morbidity. The high and rapid spread

prevented this disease nowadays [3-4]. The only dengue
vaccine commercially available was CYD-TDV. This
vaccine is known as a live-attenuated dengue vaccine to
prevent serious infection in priorly infected people.
However, the risk of terrible dengue may increase since
CYD-TDV was given to individuals who had not
previously been infected [5].

The infection of DENV belongs to the family
Flaviviridae, consists of four serotypes, namely DENV-
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1, DENV-2, DENV-3, and DENV-4. DENV contains a
single-stranded RNA and positive polarity genome with
11 kb. The genome encodes both structural proteins and
non-structural proteins. Non-structural protein 3 (NS3)
is a non-structural protein that plays an essential role in
the viral replication and capping RNA [4,6]. Several
studies investigated the NS3 of the dengue virus as a
molecular target of antiviral drugs against DENV
infection [7-8].

Safe and effective vaccine development makes a
prominent contribution to avoiding and treating DENV
infection [8]. Several plants with antiviral activity might
have prospects to be developed as drugs for DENV
therapy, such as Acorus calamus, Cymbopogon citratus,
and Myristica fatua [3]. Sweet flag (Acorus calamus L.) is
one of the medicinal plants containing phenolic
compounds, alkaloids, flavonoids, tannins, saponins,
steroids, triterpenoids, and glycosides [9]. Traditionally,
the rhizome of A. calamus L. has been beneficial to treat
cough, fever, asthma, and digestive disorders [10]. In a
previous study, methanol extract of A. calamus L. showed
anti-dengue activity in vitro and in silico through
inhibition of dengue virus NS5 [3]. Non-structural
domain 5 of Methyltransferase (NS5) is an enzyme with
multiple enzymatic functions enabling synthesis of the
RNA synthesis, 5' RNA cap, and methylation [5]. However,
the potential role of A. calamus L. methanol extract in
inhibiting the NS3 protease-helicase protein is unknown.

Non-structural protein 3 (NS3) is a 69 kDa highly
conserved protein among flaviviruses responsible for the
viral replication cycle. NS3 consists of two domains,
namely the N-terminal protease domain and the C-
terminal RNA helicase domain. The N-terminal protease
region is involved in cleaving viral polyprotein precursors
into individual proteins. The C-terminal RNA helicase
domain controls viral RNA synthesis and DENV genome
replication [5]. This study aimed to characterize the
phytochemical compounds of methanol extract of A.
calamus L. rhizome using LC-MS analysis. Considering
the previous elucidated biological functions, we identified
drug-likeness and anti-dengue activity of methanol
rhizome extract of A. calamus L. through in silico
approach.

m EXPERIMENTAL SECTION
Materials

The rhizome of A. calamus L. (local name: jeringau
putih) was collected from 2" Rasau Jaya village, Rasau
Raya ditrics, Kubu Raya regency, Kalimantan Island,
Indonesia. The chemicals used were methanol (95%
chemical purity), Whatman paper grade 1, 0.01%
hydrochloric acid in distilled water, and cellulose acetate
0.45 pm. The 3D structure of NS3 helicase-protease,
acid, acoradin, acoronene, and

acoric acorone,

calamendiol was used in silico analysis.
Instrumentation

The instrumentations of a rotary evaporator and a
centrifuge were used to extract A. calamus L. Extract was
purified using a Sep-Pak C18 Vac cartridges, vacuum
pump, or aspirator with 40 °C temperature, and stative
clam. Shimadzu LCMS was used for characterized the
phytochemical compounds of A. calamus extract.

Procedure

Extraction of A. calamus L. rhizome

The prepared sample was a fresh rhizome of A.
calamus L. Before extraction, the refined rhizome is
needed. Extraction was carried out using 95% methanol
solvent [11]. After 24 h of maceration at room
temperature, the residue was extracted with 95%
methanol (1:5). The combined supernatant was filtered
with Whatman paper grade 1, then concentrated using a
rotary evaporator (40 °C) [12]. The supernatant was
obtained from centrifugation at 5000 rpm for 20 min for
purification [13].

Purification of A. calamus L. rhizome extract
Briefly, 12 mL of methanol 95% were poured into
Sep-Pak C18 Vac cartridges, and then methanol was
removed by pouring 18 mL of acidified distilled water.
Liquid extract of 5-10 mL was running into the
cartridge. Then, the solution was eluted by using
methanol 95%. Methanol was evaporated with a rotary
evaporator at 40 °C under vacuum conditions. The eluate
was re-dissolved with acidified distilled water. Purified
extract was stored at 4 °C for further analysis [14].
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LC-MS profiling of methanolic extract of A. calamus L.

LC-MS analysis was performed using Shimadzu
LCMS with the Shim Pack FC-ODS column (2 mm x
150 mm, 3 pum). The solvent consists of 0.01% HCI in
water distillation and 95% methanol. We used a flow rate
0f 0.8 mL/min, maximum pump pressure (P) of 15 kgf/cm?,
the wavelength of 254 nm and 190 nm, the response time
of 1 sec, AUX range of 2 AU/V, Lamp of D2 with positive
polarity, LC stop time of 100 min, and probe temperature
of 250 °C. Mass spectrophotometry (MS) was set as
follows: full scan with a positive mode in the m/z 50-500
range. Maintained probe and a curved desolvation line
(CDL) at 250 °C. Nitrogen as a nebulizer gas with a
1.5 mL/min flow rate, 1.5 kV gain detector, CDL voltage
25V, and high voltage probe: +4.5 kV. Compounds are
characterized based on the MS spectrum through the LC-
MS Post-run Computer Program [15].

Data mining for molecular docking analysis

The target protein in this study is a DENV NS3
protease-helicase. Acoric acid, acorone, acoradin,
acoronene, and calamendiol from the Acorus calamus L.
determined as a ligand. The 3D structure of NS3 protease-
helicase (PDB ID: 2WHX) was obtained from RSCB PDB
NCBI Pubchem Database
(https://www.ncbi.nlm.nih.gov/)  generates chemical
structures of acoric Acid (CID: 15558302), acorone (CID:
5316254), acoradin (CID: 126324), acoronene (CID:
15558294), and calamendiol (CID: 12302239) with the

SDF format. NS3 protease-helicase preparation includes

(https://www.rcsb.org/).

removing water molecules or ligands using Discovery
Then,
performed using PyRx software. Furthermore, the

Studio Software. energy minimization was
docking results with the .pdb format were obtained using
Open Babel [16].

Drug-likeness prediction

The biological function of acoric acid, acorone,
acoradin, acoronene, and calamendiol of A. calamus L. as
a drug candidate to treat dengue was investigated through
the SWISS ADME server (http://www.swissadme.ch).
Physicochemical, pharmacokinetics, and drug-likeness
properties are determined to identify potential drug
candidates. The Physico-chemical parameters studied are
the number of H-bond acceptors, H-bond donors,

bonds, and
pharmacokinetic

iLOGP.
investigated ~ were
gastrointestinal Blood-Brain
Permeability (BBB), and LogKp. Lipinski drug-likeness
were analyzed using the SWISS ADME Server [17].

rotatable Furthermore,
constituents

absorption, Barrier

Molecular docking and visualization

Before conducting docking simulation, we validate
compounds that really bind to the protein by biological
prediction tool
Hex 8.0
program with Shape+Electro+DARS mode for

activity
(http://www.pharmaexpert.ru/passonline/).

molecular docking simulations was established. Docking
results should be in the .pdb file. Briefly, visualization of
the complex interaction of ligand-proteins was
performed using the 2016 Discovery Studio program
[18]. Furthermore, the binding side, type of chemical

bond, and binding energy were determined [16].

m RESULTS AND DISCUSSION
LC-MS Analysis of Methanol Extract of A. calamus L.

The health-beneficial properties of the rhizome A.
calamus L. are related to the phytochemical component.
The LC-MS approach for investigating chemical
constituents in methanol rhizome extract of A. calamus
L. was established. Our study showed 98 phytochemical
of A
Chromatograms represent the compound component

compounds in the extract calamus L.
shown in Fig. 1. The predominant compound in the
extract of A. calamus L. is acoric acid, acorone, acoradin,
acoronene, and calamendiol (Table 1). In previous
studies, A. calamus L. extract positively contain taxifolin-
3-glucopopanoside, velutin, methyl digallate, y-asarone,

a-asarone, and -asarone, which show antioxidant and

Table 1. The bioactive compound profiles of A. calamus
L. extract with identities of compounds
Predominant RT

Production Composition

Peak compounds  (min) (m/z) (%)
66  Acoricacid 9.086 268 4.0107
63 Acorone 7.291 236 3.6989
83 Acoradin 14.434 417 3.6989
62 Acoronene  7.279 234 3.4221
64 Calamendiol 7.326 238 3.0533
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Fig 1. Chromatogram profile of Acorus Calamus L. extracts by LC-MS. Peaks show the bioactive compound profiles

of Acorus Calamus L.
antifungal  activity [10,19-20]. Phytochemical
components variation is affected by several factors,
including geographical, harvest time, solvent, and
temperature of extraction [21].

The predominant compound was determined by
chemical structure, retention time, composition,
molecular weight, and mass spectrum. Acoric acid
(Ci5H2404) has a molecular weight of 268.3530, indicated
by m/z 268; acorone (Ci5H,40,) with a molecular weight
of 236.3550, established by m/z 236. Acoradin (C,4H3,O¢)
has a molecular weight of 416.5140 appeared at m/z 417.
Acoronene (C;sH»0,) and calamendiol (C;5H,05) have a

molecular weight of 234.3390 and 238.3710, with m/z of

(@) 268,167%; 100
100
L)

o

0 4

© mol. weight=268.3530

» 26p,1708,16,2

2{0.1 742,12
o

234 and m/z 238, respectively (Fig. 2). Single-crystal x-
ray diffraction studies show that the acoric acid is
sesquiterpene from the acarone skeleton. A previous
study reported extract ethanol rhizome of A. calamus L.
(5 um and 10 pm) have cell proliferation activities on
SK-N-BE cell line [22]. In addition, methanol extract of
A. calamus L. at a dose of 20 g/mL shows DENV-2 to
96.5% inhibitory activity in vitro. Acorone and
calamendiol are sesquiterpenoids that may have
pharmacological activities as an antifungal. A previous
study confirmed that rhizome extract A. calamus L. has
health benefits for treating disease so that the extract can
be employed as a natural treatment [3].
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Fig 2. The mass spectra of the predominant compound of methanol rhizome extract of A. calamus L. acoric acid (a),

acorone (b), acoradin (c), acoronene (d), and calamendiol (e). X-axis shows the m/z, and Y-axis indicates the

absorbance (%)
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Fig 2. The mass spectra of the predominant compound of methanol rhizome extract of A. calamus L. acoric acid (a),
acorone (b), acoradin (c), acoronene (d), and calamendiol (e). X-axis shows the m/z, and Y-axis indicates the

absorbance (%) (Continued)

Physico-chemical Profile, Pharmacokinetics, and
Druglikeness of Methanol Extract of A. calamus L.

The physicochemical properties of the predominant
compounds (acoric acid, acorone, acoradin, acoronene,
and calamendiol) of A. calamus L. extract are shown in
Table 2. Functional groups, lipophilic properties, and the
solubility of a natural compound determine the pattern of
absorption, distribution, metabolism, and excretion in
humans [17]. Based on ADME analysis, all compounds
have good gastrointestinal (GI) and Blood-Brain Barrier
(BBB) absorption. In addition, the value of skin
permeation (KP) was -5.35 cm/sec to -6.65 cm/sec,
indicating that the compound could pass through the skin
barrier in humans.

Physicochemical is an important parameter related
to drug activity. Molecules with a higher number of
hydrogen bonds donors and acceptors in their structure
may better prevent oxidative stress [16]. In this study,
acoradin had the highest total number of hydrogen bonds.
Compounds with a molecular weight of 130-725, H-
bond donor: 0-6, H-bond acceptor: 2-20, log Kp: -2 to

6.5, and the number of rotatable bonds: 0-15 is
considered to the drug clinically (Table 2). A compound
with a GI value of more than 80% indicates high
absorption capability. The drug's potential to be
absorbed by the blood-brain barrier is an essential
character related to side effects and drug efficacy. As
long as the BBB value is more than 0.3, it exhibits that a
compound can permeate the blood-brain barrier and be
adequately distributed [23-24].

The drug-likeness analysis performs to investigate
a molecule's ability to be a promising drug candidate
[25]. One of the parameters for determining potential
drug candidates is Lipinski. The Lipinski rule explains
the criteria for drug candidates. There are molecular
weights (500), high lipophilicity (< 5), hydrogen bond
donors (< 5), hydrogen bond acceptor (< 10), and molar
refractivity (40-130). At least, drug candidates should
adhere to two of their criteria [26]. Based on drug-
likeness, acoric acid, acorone, acoradin, acoronene, and
calamendiol can be categorized as potent drug
candidates (Table 2). After obtaining Lipinski results, we
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Table 2. Physicochemical profile, pharmacokinetics, and drug-likeness predominant compounds from the extract of

A. calamus L. by ADME analysis

Physicochemical properties ~ Acoric acid Acorone Acoradin Acoronene Calamendiol
H-bond acceptor 4 2 6 2 2
H-bond donor 1 0 0 0 2
Rotatable bond 5 1 8 1 1
Log P (ILOGP) 1.88 2.48 4.47 243 2.88
Pharmacokinetic components
GI absorption High High High High High
BBB permeability Yes Yes Yes Yes Yes
CYP1A2 inhibitor No No No No No
CYP2CI19 inhibitor No No No No No
CYP2C9 inhibitor No No No Yes No
CYP2D6 inhibitor No No Yes No No
CYP3A4 inhibitor No No No No No
Log Kp (cm/s) -6.65 -5.70 -5.35 -5.86 -6.01
Lipinski Yes Yes Yes Yes Yes

investigated the potential role of the predominant
compound of A. calamus L. as an anti-dengue agent
through an in silico approach.

In silico Molecular Docking Analysis

Our study demonstrated molecular interactions
between acoric acid, acorone, acoradin, acoronene,
calamendiol, and non-structural protein NS3 protease-
helicase. NS3 protease-helicase was determined as the
protein target. The selected ligands include acoric acid,
acorone, acoradin, acoronene, and calamendiol from
extracts of A. calamus L. It was predicted to have a potential
function as an anti-dengue drug agent through DENV NS3
protease-helicase binding interactions. Based on biological
activity prediction, acoric acid, acorone, acoradin,
acoronene, and calamendiol showed pharmacological
effects as an antiviral with a Pa value of > 0.4.

The docking results showed five amino acid residues
involved in the acoric acid-NS3 protease-helicase
complex, namely Arg599, Leu429, Pro431, Pro291,
His487 (Fig. 3(a)). Hydrogen bonds and hydrophobic
stabilize these interactions. Acorone binds to Arg387,
Pro431, Lys388, Arg599, Ile365, His487 residues in the
RNA helicase domain of the NS3 protease-helicase.
Hydrophobic and hydrogen bonds maintain Arg387,
Pro431, Lys388, Arg599, Ile365, His487 residue (Fig.
3(b)). Acoradin and NS3 protease-helicase complex

involve Val544, His487, Glu490, Asp409, Ala606,
Arg599, Lys388, Arg387, and Pro291. Hydrophobic and
hydrogen bonds stabilize the acoradin and NS3
(Fig. 3(c)). The
occurrence of molecular complexes is due to non-

protease-helicase  interactions

covalent interactions such as
hydrophobicity, and Van der Waals. This binding is

related to specific biological activity on the active site of

hydrogen bonds,

the protein target [27].

The infection of DENV NS3 protease-helicase
contains an N-terminal serine protease region with
amino acid residues 1-168 and RNA helicase at residues
180-618 linked by 11 amino acids (residues 169-179).
The enzyme consists of a trypsin-like serine protease
domain with a catalytic triad of His51, Asp75, and
Ser135 [4,6]. In this study, nine amino acid residues
Ser364, Arg599, Ala602, Arg387, Pro431, Leu443,
Arg599, Ile365, and His487, bind to acoronene. The
acoronene and NS3 protease-helicase complex was
established by hydrogen bond and hydrophobic
interactions (Fig. 3(d)). The calamendiol and NS3
protease-helicase complexes had fewer interactions than
the acoronene-NS3 protease-helicase complex (Fig.
3(e)). The docking results show that Arg599 and Lys388
are bonding with calamendiol through hydrophobic
interaction by alkyl donor. Our study showed that the
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Fig 3. Molecular docking results from the interaction between acoric acid (a), acorone (b), acoradin (c), acoronene (d),
and calamendiol (e) complexes with NS3 protease-helicase. Number 1 shows a visualization of the ligand-protein
molecular complex. The 3D structure in number 2 and number 3 shows the 2D structure

five predominant compounds of methanol extract of A.
calamus L. bind with the active site residues Arg599,
Pro291, Lys388, Pro431, and His487 of NS3 protease-
helicase. A previous study reported that Arg387, Lys388,
and Arg599 residues are involved in the molecular
interaction of NS3 protease-helicase inhibited by natural

compounds [4]. This result suggested that acoric acid,
acorone, acoradin, acoronene, and calamendiol might
disrupt the enzymatic activity of NS3 helicase-protease,
so their function is responsible for the replication cycle
could block. Ligand hydrogen, and
hydrophobic effect may cause the protein fold to shift

interaction,
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into a nonfunctional protein [16]. In this study, NS3
helicase-protease signaling might be prevented by five
predominant compounds of A. calamus L.

Besides chemical bonds, binding energy contributes
to the stable molecular complex. Binding energy is formed
when intermolecular interactions occur. Therefore, if the
binding energy were lower, it would be easier for the
molecules to interact. The amino acid residues and the
chemical bond between the protein-ligand complex
determine the binding energy [16]. Our study found that
the acoradin and NS3 protease-helicase complexes
required the lowest binding energy of -299.7 kcal/mol, so
they could easily bind (Table 3). A hydrogen bond is the
main contributor to the structure and ligand-receptor
interaction. Furthermore, the efficacy and specificity of

Indones. J. Chem., 2022, 22 (2), 331 - 341

the protein target are mainly assessed through hydrogen
bonds [28]. In this case, the acoradin and NS3 protease-
helicase interaction had the highest number of hydrogen
bonds. Consequently, the acoradin and NS3 protease-
helicase interaction had the lowest binding energy.
Previous research related to the exploration of
anti-DENV investigated the potential activity of 12
compounds from the ethanol root extract of A. calamus
L. Tatanan A compound was reported to have the
highest anti-DENV capacity. In addition, cytotoxicity
and cytopathogenic effects induced by DENV2 have
successfully reduced (EC50 value of 3.9 M) [29].
Corresponding to the biological function of §-Selinene
and a-Caryophyllene of Ipomoea batatas L., exhibited
inhibitory of the NS2B/NS3 protease catalytic domains

Table 3. Interaction between acoric acid, acorone, acoradin, acoronene, calamendiol, and NS3 protease-helicase

Energy bindin,
Interactions Point interaction Chemistry bond Type (kcgyal /mol) &
A:ARG599:HH12 - :LIG1:0 Hydrogen Bond  Conventional Hydrogen Bond
A:ARG599:CD - :LIG1:0 Hydrogen Bond  Carbon Hydrogen Bond
:LIG1:C - A:LEU429 Hydrophobic Alkyl
Acoricacid-  :LIGI:C - A:PRO431 Hydrophobic Alkyl
NS3 protease-  :LIG1:C - A:PRO291 Hydrophobic Alkyl -247.1
helicase :LIG1:C - A:PRO431 Hydrophobic Alkyl
A:HIS487 - :LIG1 Hydrophobic Pi-Alkyl
A:HIS487 - :LIG1:C Hydrophobic Pi-Alkyl
A:HIS487 - :LIG1:C Hydrophobic Pi-Alkyl
A:ARG387:CD - :LIG1:0 Hydrogen Bond  Carbon Hydrogen Bond
:LIG1:C - A:PRO431 Hydrophobic Alkyl
Acorone-NS3 .
protease- :LIG1:C - A:LYS388 Hydrophobic Alkyl 2263
helicase :LIG1:C - A:ARG599 Hydrophobic Alkyl
:LIG1:C - A:ILE365 Hydrophobic Alkyl
A:HIS487 - :LIG1:C Hydrophobic Pi-Alkyl
A:VAL544:HN - :LIG1:0 Hydrogen Bond  Conventional Hydrogen Bond
:LIG1:H - A:HIS487:NE2 Hydrogen Bond Carbon Hydrogen Bond
:LIGI1:H - A:GLU490:0E1 Hydrogen Bond  Carbon Hydrogen Bond
i :LIG1:H - A:GLU490:0E2 Hydrogen Bond  Carbon Hydrogen Bond
Acoradin-NS3
protease- :LIGIL:H - A:ASP409:0D1 Hydrogen Bond  Carbon Hydrogen Bond 2997
helicase A:ALAG606 - :LIG1:C Hydrophobic Alkyl
:LIG1:C - A:ARG599 Hydrophobic Alkyl
:LIG1:C - A:LYS388 Hydrophobic Alkyl
:LIG1 - A:ARG387 Hydrophobic Pi-Alkyl
:LIG1 - A:PRO291 Hydrophobic Pi-Alkyl
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Table 3. Interaction between acoric acid, acorone, acoradin, acoronene, calamendiol, and NS3 protease-helicase

(Continued)
Interactions Point interaction Chemistry bond Type Energy binding
(kcal/mol)
A:SER364:CA - :LIG1:0 Hydrogen Bond  Carbon Hydrogen Bond
A:ARG599 - :LIG1 Hydrophobic Alkyl
A:ALA602 - :LIG1 Hydrophobic Alkyl
A:ALA602 - :LIG1:C Hydrophobic Alkyl
Acoronene-  :LIGI:C - A:ARG387 Hydrophobic Alkyl
NS3 protease-  :LIG1:C - A:PRO431 Hydrophobic Alkyl -240.3
helicase :LIG1:C - A:LEU443 Hydrophobic Alkyl
:LIG1:C - A:ARG599 Hydrophobic Alkyl
:LIG1:C - A:ILE365 Hydrophobic Alkyl
A:HIS487 - :LIG1:C Hydrophobic Pi-Alkyl
A:HIS487 - :LIG1:C Hydrophobic Pi-Alkyl
) :LIGIL:H - :LIGI1:O Hydrogen Bond  Conventional Hydrogen Bond
Calamendiol- ;1 2.¢ - A:ARG599 Hydrophobic ~ Alkyl
NS3 protease- )
helicase :LIG1:C - A:ARG599 Hydrophobic Alkyl
:LIG1:C - A:LYS388 Hydrophobic Alkyl -241.3

*bold letters indicate donor atoms

(Ser135 and His51) through hydrophobic interactions
[30]. Residue ~170-618 of dengue virus NS3 protease-
helicase act encodes NTPase/RNA helicase and 5-RNA
triphosphatase. Both enzymes are required for the
replication and capping steps of viral RNA [31]. Our
study revealed that acoric acid, acorone, acoradin,
acoronene, and calamendiol from extracts of A. calamus
L. have a potential role as anti-dengue through inhibition
of the NS3 protease-helicase. This inhibition leads to
disruption of RNA replication and translation activities to
prevent and treat DENV infection.

m CONCLUSION

This study confirmed 98 phytochemical compounds
in methanol extract of Acorus calamus L. Acoric acid,
acorone, acoradin, acoronene, and calamendiol were the
five major compounds in the extract. These compounds
show appropriate physicochemical, pharmacokinetics,
and Lipinski rule as drug candidates. Furthermore,
molecular docking results showed that acoric acid,
acorone, acoradin, acoronene, and calamendiol might
interfere with NS3 protease-helicase activity. Thus, the
replication cycle of the dengue virus could be blocked.
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Abstract: The recovery process of indigoid compounds involves enzymatic hydrolysis of
indigo precursors continued by oxidation reaction to synthesize indigo pigment. The
purpose of this research was to evaluate the effect of physicochemical process variables,
i.e., temperature, time, and pH aeration, on indigo yield from Strobilanthes cusia leaves.
Small leaf pieces were immersed in distilled water and heated at temperatures (40, 50,
and 60 °C) and duration (1, 2, and 3 h). The extract was aerated at different pHs (8, 10,
and 12) to form the indigo product. The indigo concentration was quantified through a
visible spectrophotometer and high-performance liquid chromatography (HPLC). The
optimized condition for indigo production was studied using response surface
methodology (RSM). Temperature, time, and interaction between temperature and time
significantly affected the indigo yield. The optimized conditions for extraction of indigo
dyes were determined to be at 60 °C for 1 h and pH 8 for maximizing the indigo yield. On
that condition, the indigo concentration quantified by HPLC was 1.15% (w/v) which was
lower than that by the spectrophotometry. By spectrophotometric analysis, the actual
indigo content of 1.68% (w/v) on that optimum condition was close to the predicted indigo
content of 1.77% (w/v) using RSM.

Keywords: indigo; Strobilanthes cusia; temperature; time; pH; response surface
methodology

= INTRODUCTION

Nowadays, one of the most polluting industrial
sectors is the textile industry, producing large quantities
of water pollutants contaminated with all types of
chemicals. Indeed, the production of textile dyes is
globally estimated at just over 10.000 tons annually, and
around 100 tons annually of dyes are released into
wastewater [1]. Approximately 7 x 107 tons of synthetic
dyes are produced for the textile industry worldwide per
year, of which nearly 10% of the dyestuffs are discharged
to the environment as effluent after dying and processing
[2]. Moreover, synthetic dye such as azo dyes that account
for most textile dyestuffs is a cause of significant concerns.
Most of them are highly toxic and carcinogenic [3].

To minimize the impact on health and the
environment, natural dyes can be used as an alternative
to reduce the use of synthetic dyes. Natural dyes can be
derived from natural resources classified as insects or
animals, minerals, fungi, and various plant parts,
including roots, barks, leaves, flowers, and fruits [4-5].
As natural dyes are from renewable sources and
biodegradable wastewater, they can sustain the
environment [6]. In addition, natural dyes are generally
less toxic and allergenic than synthetic dyes [7] and
sometimes have a therapeutic effect on health [8].

Indigo, indigo-blue, or indigotin, is one of the most
valuable sources of blue pigment and is extensively used
[9-10]. Indigo dyes have been used for textiles coloration
since prehistoric times, making them one of the oldest
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dyes used by human beings [11]. Recently, indigo has
become the most produced dye worldwide [12]. The
production of indigo dye has been increased more than
doubled from 22,000 tons per year in 2001 to 50,000 tons
per year in 2011 due to its high global market demand.
The indigo demand of 50,000 tons in 2011, 95% of the
total production, was used to dye over 4 billion denim
garments manufactured yearly [13-14].

There are a variety of temperate, tropical, and
subtropical plants from many different species, genera,
and families that can be hydrolyzed to form indigo dyes.
Indigofera sp. is the most famous indigo-bearing plant
which is mainly native to tropical and subtropical regions
(India, Southeast Asia, and the Middle East). In temperate
climates, Indigo dyes can also be produced from other
species such as Isatis tinctoria or dyer’s woad
(Mediterranean, Western Asia, North America, and
Europe) and Polygonum tinctorum (Japan and China).
Strobilanthes cusia is a common alternative used in
subtropical locations that have potential commercial
value in sustainable indigo production and medicinal use
[11]. Strobilanthes cusia (Nees) Kuntze or Baphicacanthus
cusia  (Nees) Bremek., a member of the family
Acanthaceae, is an herbaceous plant native to many
regions of Asia such as northeast India, Myanmar,
Thailand, and southern China. This plant has been widely
used as traditional herbal medicine and dye in southwest
China [15-17]. Strobilanthes cusia is an indigo-rich plant
that the main indigoid pigments were mostly synthesized
in the leaves and stems of Strobilanthes cusia [18].

Indigo pigment can be formed by extracting the
leaves of indigo-yielding plants. By steeping underwater,
some indigo precursors such as indican (indoxyl-p-D-
glucoside) and isatan B (indoxyl-B-ketogluconate)
accumulated in the cell vacuole of leaves are hydrolyzed
by the action of endogenous B-glucosidase. The products
are indoxyl and glucose. In aerobic conditions, two
molecules of indoxyl combine spontaneously to form
indigo. However, isatin can be generated from the
hydroxylation of indoxyl and decomposition of indigo in
atmospheric oxygen. Condensation of indoxyl with isatin
leads to indirubin as a side reaction of indigo biosynthesis

[19-20].

A previous study revealed that some
physicochemical parameters during fermentation, such
as fermentation temperature, fermentation duration,
pH, dissolved oxygen (DO), and redox potential of the
fermented solution, played an essential role in indigo
dye formation from Indigofera plant biomass [21].
Furthermore, there was also a study that focused on
some parameters like concentration of substrate-indole,
pH, and temperature to optimize the production of
[22]. The method

successfully produced indigo dyes from plants that were

indigo pigment traditional
performed by steeping the leaves of the plant in water
and adjusting the pH during this process to form indigo
[23]. However, the drawbacks of extracting dyes from
plant material are time-consuming processes and low
color value produced [24]. This method is less efficient,
and the quality and quantity of products are variables
[23,25]. Therefore, it is necessary to carry out further
studies for optimizing the indigo extraction process to
produce high-quality and quantity products with an
efficient and eco-friendly process.

This study aims to understand the effect of
physicochemical process variables, i.e., temperature,
time, and pH aeration, on the formation of natural
indigo dyes. The optimal condition of three parameters
was run by using the full factorial design on response
surface methodology (RSM).

m EXPERIMENTAL SECTION
Materials

Strobilanthes cusia plants were obtained from a
farmer in Temanggung, a regency located in Central
Java, Indonesia. Indigo standard (CicHioN.O,, 95%
purity) was purchased from Aurora Silk LLC (USA).
Calcium oxide or quicklime (CaO) used to synthesize
calcium hydroxide solution (Ca(OH),). Dimethyl
sulfoxide or DMSO ((CHj3),SO, = 99.95% purity) was
utilized for spectrophotometric analysis, which was
purchased from Supelco Sigma-Aldrich Corporation.
Acetonitrile (CH3CN, 99.9% purity) utilized as a mobile
phase for HPLC analysis was purchased from Merck
(USA).
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Procedure

Recovery of indigo from Strobilanthes cusia

The recovery process used in the experiment was
based on the procedure conducted by Comlekcioglu et al.
[26] with some modifications. The fresh leaves of
Strobilanthes cusia were cleaned before being used. The
leaves (5 g) were cut into smaller pieces, approximately 0.5
x 0.5 cm. Indigo precursors were hydrolyzed by putting
the tiny leaves into the conical tube and adding 40 mL
distilled water (leaves:distilled water = 1:8). This process
was performed in anaerobic conditions so that the leaves
were dipped underwater to exclude air. In this extraction
process, there were several controlled parameters, namely
temperature and time. The extraction process was carried
outat 30, 60, and 90 °C for 1, 2, and 3 h, respectively. After
the extraction process, the leaves were removed, and the
extracts were quickly cooled to room temperature. The
pH of the extract was adjusted to 8, 10, and 12,
respectively, by adding a saturated solution of calcium
hydroxide (0.1 g mL™), and the extract was aerated for 15
minutes using an aerator. The extract transforms its color
from green-yellow into blue color after aeration is
performed.

Quantification of indigo by visible spectrophotometry

The estimation of indigo yield in this experiment
was quantified through a spectrophotometric method
according to Puchalska et al. [27] and Qu et al. [28]. The
indigo powder was dissolved in dimethyl sulfoxide
(DMSO). The concentration of pure indigo was
determined by the calibration curve method. The indigo
concentration in an unknown sample was compared to a
set of known concentrations of the standard sample. The
standard indigo solutions were prepared in various
concentrations (0, 25, 50, 100, and 200 ppm). Both
standard indigo and unknown samples were dissolved in
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DMSO. The samples were added 5 mL DMSO and
diluted 50-fold. The absorbance of sample and standard
was measured using Vernier-SpectroVis plus SVISPL
spectrophotometer assisted with the Logger Lite
program.

Quantification of indigo by high-performance liquid
chromatography (HPLC)

HPLC analysis was performed to quantify the yield
of pure indigo pigment and identify the primary
component. Samples and standards were dissolved in
dimethyl sulfoxide and analyzed by the HPLC system.
Chromatographic separation was carried out with a
reversed-phase column (octadecylsilane, C18) at room
temperature with a flow rate of 1.0 mL/min under an
isocratic flow of acetonitrile in 0-20 min. Products were
detected and quantified using a UV detector at 600 nm.

Optimization of indigo extraction conditions

Response surface methodology (RSM) was
performed using Design Expert 10.0.3 software to
determine the optimal condition that provided the
highest indigo yield. Three independent parameters, i.e.,
extraction temperature (A), extraction time (B), and pH
of the extract before oxidation (C), were investigated.
Each parameter was coded in three levels, as shown in
Table 1. Extraction temperature was coded as —1, 0, and
1 which the actual value was 40, 50, and 60 °C,
respectively. With the same coded values as extraction
temperature, the actual value of extraction time was 1, 2,
and 3 h, respectively, and the actual value of pH was 8,
10, and 12, respectively. Statistical analysis was
performed on the experimental results by regression and
analysis of variance (ANOVA). Response surfaces and
contour plots of the model runs were also reported in
this work. Furthermore, the desirability function was
predicted to optimize the indigo yield.

Table 1. Experimental design for optimizing indigo yield

Level
Independent parameter Symbol  Unit I 0 I
Extraction temperature A °C 40 50 60
Extraction time B Hour 1 2 3
pH before oxidation C N/A 8 10 12
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m  RESULTS AND DISCUSSION
Quantification of Crude Indigo Dye

It can be understood from the result above (Fig. 1)
that the addition of calcium hydroxide solution before the
aeration process, which was defined as the increase in pH
of the extract, increased extraction yields considerably.
According to a previous report published, adding a small
number of alkalis such as carbonate or calcium hydroxide
into the extract could accelerate the oxidation reaction of
indoxyl forms indigo and increase the indigo yield.
However, an excess of alkali used could decrease the yield
of indigo [29]. Calcium hydroxide also allowed the indigo
suspension to sediment more rapidly and resulted in
larger indigo particles [30].

The results in Fig. 1(a) show that there is a significant
increase in crude indigo yield with the extended extraction
time at the lower temperature (40 °C). It seems that
increasing time in the extraction process can accelerate
enzyme activity to break down indican as a major indigo
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precursor to indoxyl. By contrast, increasing duration in
hydrolysis reaction did not produce a considerable yield
improvement at the higher temperature, as shown in Fig.
1(b) and 1(c). Even there is also a slight decline of indigo
yield at a longer duration and higher temperature. It
indicates that a lengthy extraction process at high
temperatures may occur a loss of indigo [23].

Spectrophotometric Analysis

The concentration of pure indigo was examined
using spectrophotometric analysis by dissolving in
DMSO and the result is presented in Fig. 2. It is
practically insoluble in water and many other common
solvents, but some solvents will dissolve indigo to some
extent. Indigo-blue was sufficiently unstable in DMSO,
where the color of the solution could change over time
from blue to purple or even red color. Gilbert 2007 also
reported a red/brown color produced after 24 h when
indigo-blue dissolved in DMSO [9]. The result (Fig. 2)
reveals a maximum absorption wavelength of 616.9 nm,

110 4
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g e

30_“”
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04 .
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Fig 1. The amount of crude indigo yield at different pH (8, 10, and 12), extraction time (1, 2, and 3 h), and temperature:

(a) 40 °C, (b) 50 °C, and (c¢) 60 °C
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Fig 2. Visible absorption spectra of (a) extracted indigo-
pH 8, (b) extracted indigo-pH 10, (c) extracted indigo-pH

12, and (d) indigo standard

indicating a maximum wavelength of indigo. In addition,
the result shows that there is a broad spectrum of
extracted indigo yield. The main factors that may cause
the peak broadening are impurities such as calcium salts
and various derivatives of indigo and indoxyl. The by-
products of indigo synthesis, such as indirubin and
isoindirubin that produce red pigment, have maximum
absorption at 540 nm and 552 nm, respectively [27].

Characterization of Natural Indigo Dye

The vibrational spectra of extracted indigo and
standard indigo is presented in Fig. 3. The strong band at
3426 cm " usually is due to the N-H stretching. The strong
exhibited at 1628 cm™ is attributed to C=O stretching
vibration. Other peaks at 1458 and 1404 cm™ are assigned
to the stretching vibration of the C=C aromatic ring. The
absorption bands which appear at the region below
1320 cm™ correspond to the deformation of N-H and
C-H vibration [31].

Optimization of Indigo Extraction

ANOVA for the quadratic regression model is used
to describe the relationship between indigo yield and
independent variables. This model analysis shows that the
response variable is adequately fitted to the regression
The
equation of yield can be expressed in the following

model, a second-order polynomial equation.

equation:
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Fig 3. FT-IR spectra of a) extracted indigo-pH 8, (b)

extracted indigo-pH 10, (c) extracted indigo-pH 12, and

(d) indigo standard

Transmittance (a.u.)

Y =1.19 + 0.44A + 0.15B - 0.07C - 0.24AB - 0.11AC -
0.054BC - 0.053A% - 0.014B* -0.008406C*

where Y represents the pure indigo yield as a function of
studied independent variables, which are extraction
temperature (A), extraction time (B), and pH before
oxidation reaction (C).

In general, Table 2 is used to evaluate the
significance level of each parameter toward the response
variable, which is indigo concentration. A lower p-value
(p < 0.05) and a higher F-value of each factor mean
significantly affect the model. The results reveal that
temperature and extraction time substantially influence
the indigo yield, while pH is insignificant for this model.
It indicates that pH has less influence on the increase of
indigo yield. The highest F-value is for extraction
temperature, indicating the most influential parameter
to increase pure indigo yield. In addition, the interaction
parameter between temperature and time (AB) provides
statistical significance with a p-value equal to 0.25 x 107
Conversely, the interaction between temperature and
pH (AC) as well as time and pH (BC) are insignificant to
the pure indigo yield.

In this study, the R* value of 0.8435 implies that
84.35% of the total variance is attributed to the response
variable studied, which is the pure indigo yield. The
predicted R’ value reasonably agrees with the adjusted R
value because the difference between those data is less
than 0.2. According to this regression analysis, the model
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Table 2. Analysis of variance and regression of RSM

Source Sum of Df Mean F value p-value
squares square
Model 4.81 9 0.53 10.18 <1.00 x 107
A-Extraction Temp. 3.45 1 3.45 65.70 <1.00 x 10™*
B-Extraction Time 0.40 1 0.40 7.58 1.36 x 1072
C-pH 0.09 1 0.09 1.69 0.21
AB 0.66 1 0.66 12.62 0.25 x 1072
AC 0.16 1 0.16 3.02 0.10
BC 0.03 1 0.03 0.68 0.42
A? 0.02 1 0.02 0.32 0.58
B? 1.14 x 107 1 1.14x 107  0.022 0.88
c? 424 x 10 1 424 x10*  8.07x107° 0.93
Residual 0.89 17 0.05
Corrected Total 5.71 26
R? 0.8435
Adjusted R? 0.7606
Predicted R? 0.5913
Adequate Precision 11.296
has a good precision value of 11.296. This value is greater 2] Color points by vakie of
than 4 so that the model meets the requirements for the Pure ;32&0 concentration
optimization process. This good precision value measures I W=
the signal-to-noise ratio that compares the range of values 15 0.138635
predicted at the design point with the average prediction ®
error. If it is greater than 4, the model has a signal that is TE
strong enough to be used for optimization. In general, the 2 '
results of the analysis show that most of the experimental §
results obtained are good enough to predict the a
concentration of extracted pure indigo (Fig. 4). e
The interaction between temperature and time on
the extraction process significantly affects the pure indigo .
yield, as shown in Table 2. At the lower temperature ]

(40 °C), the higher extracted pure indigo yield was
obtained at a longer extraction process. However, this
process can be shortened by increasing the temperature,
as presented in Fig. 5(a).

Fig. 5(b) and 5(c) show that the highest indigo yield
is obtained at pH 8. At a relatively higher volume of the
base added, indigo content decreased gradually. Russell
and Kaupp [32] reported that indigo synthesized by the
oxidation of indigo in basic conditions can involve the
indoxyl radical as an intermediate. The effect of the excess
base in a decline of the indigo yield can be rationalized by
indolone formation in which the presence of base and

0.5 1 1.5 2

[ =

Experimental value
Fig 4. Predicted vs. experimental value for indigo yield

(the straight line represents the predicted yield, and the
points represent the experimental measurement)

oxygen may be converted to non-indigo products.
Furthermore, adding the excess base can also reduce
indigo purity by impurities such as calcium salts within
the indigo product [30]. Some researchers also reported
that the quantity of crude dye increased along with the
increasing concentration of calcium hydroxide while
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Fig 5. Response surfaces and contour plots of the pure indigo yield (w/v %) as a function of extraction temperature
and time (a), extraction temperature and pH before oxidation reaction (b), extraction time and pH before oxidation
reaction (c)
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indigo content in the crude dye (% indigo per gram of
crude dye) decreased [33]. A higher concentration of blue
color could be achieved by declining the amount of lime
[34].

Based on numerical optimization, the optimized
process conditions for maximization of pure indigo
concentration were achieved at 60 °C for one hour to
break down indican to indoxyl and pH 8 to accelerate the
reaction of indoxyl into indigo. An optimum indigo yield
of 1.68% (w/v) was produced, which was adequately close
to the predicted yield of 1.77% (w/v).

Determination of Natural Indigo Pigment by HPLC
Analysis

Based on chromatogram data, there are a few
impurities on the indigo sample compared to the indigo
standard (Fig. 6). As shown in Table 3, the quantification
of pure indigo shows some different results between the
measurements using visible spectrophotometer and
HPLC-UV. However, these findings provide a similar
pattern. There is evidence to suggest that both Visible-
and HPLC-UV  methods
accurately be used to determine the optimal variables that

spectrophotometry can
produce the highest pure indigo yield as long as both
methods have the same tendency. The spectrophotometry
has advantages over the HPLC method regarding analysis
cost and instrumental operation, which is relatively
inexpensive and easy to operate. However, compared to
the spectrophotometric method, the HPLC method has
greater sensitivity and higher precision. There are also

349

some disadvantages of spectrophotometry. Impurities in
the sample cannot be eliminated, increasing the
calculated concentration. As shown in Table 3, the
estimation of indigo concentration by HPLC is lower
than that by the spectrophotometric analysis.

m CONCLUSION

In this study, natural indigo dyes have been
successfully extracted from leaves of Strobilanthes cusia.
In addition, the response surface methodology (RSM)
based on the full factorial design was used to examine the
optimal parameters from three independent factors on
the The that
temperature and time are the most important factors

indigo extraction. results reveal
influencing the amount of extracted pure indigo yield.

Indigo standard

Extracted indigo sample

Relative intensity

0 1 2 3 4 5 6 7 8 9 10
Retention time (min)
Fig 6. Chromatogram of the extracted indigo sample

and standard

Table 3. Comparison of pure indigo concentration measured using Visible spectrophotometry and HPLC method

Control variables Pure indigo yield (% w/v)
Sample Extraction temp. Extraction time pH be.fore Visible-spectrophotometer  HPLC-UV
(°C) (h) aeration
41A 40 1 8 0.19 0.22
42A 40 2 8 0.55 0.50
43A 40 3 8 0.80 0.64
51A 50 1 8 1.33 1.03
53A 50 3 8 1.67 1.09
61A 60 1 8 1.68 1.15
63A 60 3 8 1.80 1.18
63B 60 3 10 1.62 1.17
63C 60 3 12 1.21 0.95
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Furthermore, an optimum of the pure indigo yield was
achieved on conditions as follows: extraction temperature
at 60 °C, extraction time of 1 h, pH before oxidation
reaction of 8. Under that condition, the pure indigo yield
of 1.68% (w/v) was experimentally obtained, which was a
well fit for a predicted yield of 1.77% (w/v) by the
regression model. This optimum condition could be used
as a standard condition for natural dye extraction from
Strobilanthes cusia leaves to provide the highest content
of indigo dyes.
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Abstract: Ebony (Diospyros celebica Bakh) is an endemic forest tree species found in
Sulawesi whose basic information on its metabolite profile is still lacking. The objective of
this research was to separate and identify putatively metabolite present in the leaves and
wood of ebony across Sulawesi. Separation and identification of ebony metabolites were
carried out using UHPLC-Q-Orbitrap HRMS analysis. Using ultrasonication with
ethanol as the extracting solvent, we used powdered ebony leaves and wood. The results
showed that the metabolites contained in the leaves and wood of ebony were 59
metabolites. About 14 compounds were found in the leaves and wood, 21 compounds in
the wood, and 24 compounds in the leaves. The identified metabolites are flavonoids,
terpenoids, amino aldehydes, alkaloids, quinones, steroids, amino acids, fatty acids, and
saccharides. Clustering of ebony using principal component analysis obtained leaves and
wood groups using peak area of known compounds as the variable.

Keywords: Diospyros celebica Bakh; ebony; metabolomics; UHPLC-Q-Orbitrap HRMS

= INTRODUCTION

Ebony (Diospyros celebica Bakh) is one of the
endemic plants from Sulawesi, Indonesia. Ebony could be
found in West Sulawesi, South Sulawesi, and Central
Sulawesi [1]. Ebony wood is still a high economic value
commodity made everyone seek the wood. Ebony is
widely used as a material for luxury furniture, sculptures,
carvings, fans, lathes, garnishing tools, brush bodies,
luxury venire, wind instruments [2]. Another benefit of
ebony wood was used as a non-synthetic preservative. It
contains secondary metabolites that can be used in the
health sector because it has several biological activities,
such as antidiabetic, antibacterial, antifungal, and
antiviral [3-6].

Utilization of ebony leaves may be an alternative to
obtain secondary metabolites with various kinds of
biological activities above. So, they would not cut down
ebony because this wood is protected. However, those
biological activities indeed come from secondary
metabolites, which will differ in the composition and
concentration in each part of the plant, such as leaves
and stems. Therefore, research is needed to identify the
different metabolites contained in ebony stems and
leaves as initial information on the composition and
concentration of the metabolites they have.

The different metabolites in the leaves and stems of
ebony could be separated and identified using an LC-
MS/MS-based metabolomics approach. LC-MS/MS is
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used to analyze secondary metabolites' targeted and
untargeted analysis. In addition, this instrument also has
several advantages, such as high sensitivity and selectivity,
can identify secondary metabolites in a relatively wide
range, fast analysis time, and can separate large quantities
of components with high resolution [7-8]. However,
identifying metabolites using LC-MS/MS will produce
complex data, so multivariate data analysis is needed to
reduce data complexity [9].

In this study, the LC-MS/MS analysis results were
evaluated using a multivariate analysis, such as the
principal component analysis (PCA) method to describe
the grouping pattern of metabolites contained in ebony
leaves and wood extracts. A combination of LC-MS/MS
with multivariate analysis has been reported to be able to
classify metabolites based on plant parts extracted from
the species Andrographis paniculata [10], Chrysophyllum
perpulchrum [11], and Harungana madagascariensis [12],
also used as an integrated strategy for quality control of
Dalbergia odorifera [13]. However, no reported paper
applies multivariate analysis to classify metabolites from
ebony leaves and wood extracts. Therefore, this study
aimed to identify metabolites from ebony leaves and
wood extracts using LC-MS/MS and cluster them using
PCA.

m EXPERIMENTAL SECTION
Materials

The samples used in this study are ebony leaves and
wood taken from three provinces in Sulawesi. We
collected the ebony samples from several tree-growing
sites in the three provinces, Batu Ampa and Sondoang
from West Sulawesi, Pani Binangga, and Poso Pesisir
from Central Sulawesi, Cani Sirenreng, and Bellabori
from South Sulawesi. The collected samples were then
composited in each location, so we have six ebony leaves
and wood samples. All solvents (analytical or LC-MS
grade) were purchased from Merck (Darmstadt,
Germany).

Instrumentation

Separation of ebony metabolites are using an LC-
MS/MS Thermo Scientific Vanquish Flex UHPLC
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tandem Q Exactive Plus Orbitrap-High Resolution Mass
Spectrometer (UHPLC-Q-Orbitrap HRMS) instrument
(Thermo Fisher, Waltham, USA) equipped with
ThermoXCalibur software and Compound Discoverer
version 3.1 (Thermo Fisher, Waltham, USA). In
addition, principal component analysis was carried out
using the Unscrambler X version 10.1 (CAMO, Oslo,
Norway).

Procedure

Extraction

Before being used for extraction, we pulverized all
of the samples. The sample powder was extracted in
ethanol at a ratio of 1:10 using ultrasonication for 30
minutes. The extract was then filtered, and the filtrate
was analyzed using UHPLC-Q-Orbitrap HRMS to
separate and identify metabolites.

Separation of ebony leaves and wood metabolites
using UHPLC-Q-Orbitrap HRMS

Metabolites in ebony leaves and wood extracts
were separated using the Vanquish Flex UHPLC-Q
Plus Mass
Spectrometer with Accucore C18 (100 x 2.1 mm, 1.5 m)

Exactive Orbitrap-High  Resolution
as the column. The mobile phase used is 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B)
with a gradient elution system: 0.0-5.0 min (2-5 %B),
5.0-12.5 min (5-20 %B), 12.5-25.0 min (20-30 %B),
25.0-30.0 min (30-40 %B), 30.0-35.0 min (40-95 %B),
35.0-38.5 min (95 %B), 38.5-44.0 min (2 %B). The flow
rate used was 0.25 mL/min with an injection volume of
2.5 L. The ionization source used in the MS system is
ESI, with positive and negative ionization modes in the
m/z range of 100-1500. The capillary temperature used
was 320 °C, spray voltage 3.8 kV, sheath gas and
auxiliary gas flow rate 15 and 3 mL/min, and automatic
gain control (AGC) 3 x 106 and injection time set to 100
ms. The collision energy used is 18, 35, and 53 eV. The
scan type used is full MS/dd MS2 and full scan data set
with a resolving power of 70,000 FWHM.

Data analysis
UHPLC-Q-Orbitrap HRMS data were processed

using Compound Discoverer 2.2 with an in-house
database collected from information on compounds in
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the genus Diospyros to identify ebony leaves and wood
extracts metabolites. Metabolites were identified through
several stages, namely selected spectra stage, alignment
retention time, detected unknown compounds, grouping
unknown compounds, predicting processes, searching
mass lists, filling gaps, normalizing areas, and marking
background compounds. Ebony leaves and wood extract
were then grouped by PCA using The Unscrambler X
version 10.1. The variable used for grouping is the peak
area of the identified compounds.

m  RESULTS AND DISCUSSION

Putative Identification of Ebony Leaves and Wood
Metabolites

UHPLC-Q-Orbitrap HRMS was used to separate
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and putative identification of ebony leaves and wood
metabolites. Positive ionization mode obtained more
detected metabolites than negative ionization mode. In
addition, the ebony wood extract had a different
chromatogram profile compared to the leaves extract, so
the detected metabolites were also other, as shown in
Fig. 1.

About 59 compounds were putatively identified in
ebony leaves and wood extracts, consisting of 21
compounds identified only in the wood, 24 identified
only in the leaves, and 14 identified in both wood and
leaves (Fig. 2). The identified metabolites are flavonoids,
terpenoids, amino aldehydes, alkaloids, phenolic acids,
quinones, steroids, amino acids, fatty acids, and
saccharides (Table 1).

0 5 10 15 20
Time {(min}

25 30 35 40

Fig 1. Representative chromatogram of ebony wood (B) and leaves (D) in positive ionization mode (black) and

negative ionization mode (red)

Table 1. Putative identification of metabolite in ebony leaves and wood extracts

Error mass Ion

No  Name of Metabolites RT Formula MW MS-MS
(ppm) mode

Flavonoids
1 Ethyl 1,3-dihydroxy-2-naphthoate  24.70  C;sH,O4 232.0734  -0.86 [M+H]*  233,218,190,161
2 Gibberellin A5* 15.01 C,yHx,Os 330.1456  -3.33 [M+H]* 331,313
3 3-Methylplumbagin* 2190 C2Hy100s 202.0627  -1.48 [M+H]* 203, 188, 160
4 Rutin * 23.39  CyHj30046 610.1503 -5.08 [M+H]* 611, 423, 329, 167
5 Kaempferol 3-(2"-galloylglucoside) 20.79  CysH4O:5 600.0863  -1.67 [M+H]* 601, 403, 287, 153
6 Diosindigo A* 3448  C,H04 404.1252  -1.98 [M+H]*  405,387,373,345
7 Apigenin* 14.34  C;sH4Os 270.0521 -2.59 [M+H]* 271, 253,225,211
8 Palomid 529* 35.37  CyH»06 406.1413 -0.74 [M+H]* 405, 390, 358, 357
9 Daidzein* 15.31 Cy;sH0O4 254.0572 -2.76 [M+H]* 255,214, 185,172
10 Kaempferol** 16.08 C;sH;0O¢ 286.0477  -2.45 [M+H]* 287,253,201
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Table 1. Putative identification of metabolite in ebony leaves and wood extracts (Continued)

E I
No  Name of Metabolites RT Formula MW frormass - ton MS-MS
(ppm) mode

Terpenoids

15  Hemigossypolone 16.24  C;sHisOs 274.0838  -2.55 [M-H]- 272,151,125

16 Betulinic acid 3791  CsHasOs 456.3602  -3.07 [M-H]- 455,439, 421

17 (6aR,11aR)-3,9- 19.02  C;sH,04 256.0730  -2.73 [M+H]* 257,239,211
Dihydroxypterocarpan

18 (2S)-Naringenin 15.19 CisHiOs 272.0676  -3.31 [M+H]* 273,255,197

19 Betulinaldehyde 39.52  C3HisO: 440.2891  -2.27 [M+H]* 441, 315,286

20 Pomolic acid* 37.68  CsHusO4 472.3899  -2.54 [M+H]* 473,437,409, 313

21 Phlorisobutyrophenone * 1146  CyHi204 196.0733  -1.53 [M+H]* 197,151,109, 72

22 Lupeol* 39.70  CsHsO 426.3847  -3.52 [M+H]* 427, 409, 229,217

23 Ursa-12,18-dien-3-ol** 39.54  CsHyO 424.3693  -2.83 [M+H]* 426, 425, 407, 271

24 Marsformosanone** 36.86 CsHyO 422.3535  -3.32 [M+H]* 423, 269, 243, 229
Amino Aldehydes

25 Histidinal* 40.85 GCsHsN;O 139.0744 -1.44 [M+H]* 140, 122, 81
Alkaloids

26 2-Phenylethylamine** 5.37 CsHiN 121.0891 0 [M+H]* 122,105, 80
Phenolic acid

27 Benzaldehyde 1694 C;HO 106.0419 0 [M+H]* 107,79,77

28 Gallic acid 2.44 C;HsNOs 170.0205  -5.88 [M-H]- 169,125, 97, 81

29  4-Hydroxy-2-oxopentanoate 40.95 CsHO, 132.0424 -1.94 [M-H]- 131,113, 88

30 2-Dehydropantoate 40.74 CsH;00, 146.0582  2.05 [M-H]~ 145,118,77

31  Methyl gallate* 830  CsH;Os 184.0362  -5.43 [M-H]- 168,139,123

32 Ellagic acid* 15.03 CisHeOs 302.0059  -1.32 [M+H]* 300, 283, 230

33 (S)-4-Hydroxymandelate 10.61 CgHsO4 168.0419  -2.38 [M+H]* 169, 151, 109, 93

34 (R)-3-(3,4-Dihydroxyphenyl) 13.63  CoH;00; 198.0521  -3.53 [M-H]- 197, 169, 140
lactate*

35  4-Hydroxyphenylacetate* 12.69 CsHOs 152.047 -1.97 [M+H]* 153,125,111

36 (R)-2-Benzylsuccinate** 16.27  CyH,O4 208.0732  -1.9 [M+H]* 209,191, 177

37  p-Hydroxybenzoic acid** 14.01 C;H¢Os 138.0314 -2.17 [M+H]* 139,111, 93,65

38 p-Coumaric acid** 13.30 CoH;s0; 164.0464  -5.49 [M-H]- 163, 147,119,93
Quinone

39 6-Methyl-8-hydroxy-1,4- 2426 C3HiOs 248.0680  -2.02 [M+H]* 249,217, 161, 143
naphthoquinone*

40 Xylospyrin* 19.65  CpHisOy 426.0937  -3.29 [M+H]* 427,275,153, 108

41 3',5'-Diacetoxyacetophenone 16.08 Ci,HiOs 236.0683  -0.42 [M+H]* 237,193,177

42 Demethylphylloquinol** 3824  CysHy04 438.3486 -2.74 [M+H]* 439,393, 249, 201

43 4-Prenylphlorisobutyrophenone**  10.21  CsHyO; 264.1356  -2.27 [M+H]* 265,247,203, 187

44 Eremopetasinorone A ** 12.29  C;3sHis0, 206.1303 -1.94 [M+H]* 207,189, 174, 149

45 Carnocin CP 5** 16.55 CyHisN;OsS  449.1030  -2.00 [M-H]~ 448,327,284, 255
Steroids

46  4a-Hydroxymethyl-4B-methyl-5a- 39.97  CyH;0O, 428.3645  -2.56 [M-H]- 429,219, 191, 165
cholesta-8-en-3f-ol

47 3-Dehydroteasterone 39.04 CyHyO0, 446.3383  1.51 [M+H]* 447,351,191

48 4,4-Dimethylzymosterol 40.97 CyHy0 412.3695 -2091 [M+H]* 413,395,241
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Table 1. Putative identification of metabolite in ebony leaves and wood extracts (Continued)

Error mass Ion

No  Name of Metabolites RT Formula MW MS-MS
(ppm) mode
49 3-(4-Ethylphenoxy)-4-oxo-4H- 26.99 CyH 606 376.0938 -2.39 [M+H]* 377,257,173
chromen-7-yl 2-furoate**
Amino acid
50 5-Aminopentanoate** 1.23 CisH;1NO, 117.0789  -0.85 [M+H]* 118,101,70
51 L-Tryptophan** 7.40 C11HN>O, 204.0895 -1.96 [M+H]* 205, 188, 170, 149
52 L-Isoleucine** 1.90 CsH1:NO, 131.0944  -4.58 [M+H]* 132,116, 86, 69
53 L-Phenylalanine** 3.26 CoH;1NO;, 165.0788 -1.20 [M+H]* 166, 149, 131, 103
54 Ethyl 3,5-bis[(4-nitrobenzoyl) 1432 Cy;H;sN,Og 478.1105  -3.76 [M-H]- 477,205,163
amino] benzoate**
Fatty acid
55 (9S)-HPODE 34.84 CysH50, 312.2298 -1.60 [M-H]- 311,275,223
56 Colneleate** 3548 C;sH300; 294.2190 -1.70 [M-H]- 293, 275,235, 183
57 Linoleate** 36.22 Ci;sH30, 280.2395  -2.50 [M+H]* 281, 263,245, 175
58 9,10-Epoxy- 33.63 CysH50; 292.2032 -2.05 [M+H]* 293, 278,277, 249
10,12Z,15Zoctadecatrienoate**
Saccharide
59 Galactitol* 1.39 CsH 1406 182.0782 -3.30 [M-H]- 181,163,131,113

*) Only identified in the ebony wood extract
**) Only identified in ebony leaves extract

Woods Leaves

Fig 2. Venn diagram of the putatively identified
compound in the ebony leaves and wood

Flavonoid

Flavonoids commonly give yellow color to higher
plants, including ebony. In addition, flavonoids also play
an important role as natural antioxidants and anticancer
[14]. In ebony leaves and wood extracts, we identified
ethyl 1,3-dihydroxy-2-naphthoate
compound detected at a retention time of 24.7 min. This

(1), a flavonoid

compound was identified in the positive ionization mode
with m/z 233 [M+H]", 218 [M+H-CH;]*, 190 M+H-CHs-
COJ* and 161 [M+H-CH;-CO-COH]".

Other flavonoid compounds putatively identified
only in the ebony wood extracts were gibberellin A5 (2),
3-methylplumbagin (3), rutin (4), kaempferol 3-(2"-
galloylglucoside) (5), diosindigo A (6), apigenin (7),
palomid 529 (8), daidzein (9). While those identified
only in the leaves extracts were kaempferol (10),
Kaempferol 3-glucuronide (11), (+)-dihydrokaempferol
(12), quercetin 3-O-rhamnoside (13), epicatechin gallate
(14).

Terpenoid

As we know, terpenoids function as a protector
against microbes and insects [15]. So, maybe because of
this, ebony wood is not easily damaged even if buried in
the ground for decades. A total of five terpenoid
compounds were identified in the leaves and wood
extracts of ebony, consisting of hemigossypolone (15),
(16), (6aR,11aR)-3,9-
dihydroxypterocarpan (17), (2S)-naringenin (18), and
betulinaldehyde (19).

Compound (15) was identified at a retention time

betulinic acid

Dien Atin Boritnaban et al.



Indones. J. Chem., 2022, 22 (2), 352 - 360

of 35.8 and fragmented at m/z 272 [M-H], 219 [M-H-
OH-CH-CH,], and 203 [M-H-OH-CH,-CH,-CH;]". In
addition, three compounds were only identified in the wood
extract, namely pomolic acid (20), phlorisobutyrophenone
(21), and lupeol (22), as well as two compounds that were
only identified in the leaf extract, namely ursa-12,18-dien-
3-0l (23), marsformosanone (24).

Amino Aldehydes

In this study, histidinal (25) is a compound from the
amino aldehyde group identified in the wood extract of
ebony. This compound was detected at 40.9 min and
fragmented at m/z 140 [M+H]*, 122 [M+H-H,0]", and 81
[M+H-H,0-C,-NH;]".

Alkaloid

One compound from alkaloids that have been
identified in
phenylethylamine (26). Compound (26) was detected at a

putatively ebony leaves is = 2-
retention time of 5.37 min. This compound was identified
based on its fragmentation in the positive ionization
mode with m/z 122 [M+H]*, 105 [M+H-NH,]*, and 80

[M+H-NH,-C,]* [16].
Phenolic Acids

A total of five compounds from the phenolic acid
group were putatively identified in the extracts of ebony
leaves and wood. The five compounds are benzaldehyde
(27), gallic acid (28), 4-hydroxy-2-oxopentanoate (29), 2-
dehydropantoate, and (30). Benzaldehyde (27) was
detected at a retention time of 16.9 min, with its
fragmentation producing peaks at m/z 107 [M+H]"*, 79
[M+H-CO]*, and 77 [M+H-CO-H,]*.

In addition, five other phenolic acid group
compounds that were only identified in the ebony wood
extract, namely methylgallate (31), ellagic acid (32), (S)-4-
hydroxymandelate (33), (R)-3-(3, 4-dihydroxyphenyl)
lactate (34), 4-hydroxyphenylacetate (35), and three
compounds identified only in leaf extracts, namely (R)-2-
benzylsuccinate (36), p-hydroxybenzoic acid (37), p-
coumaric acid (38).

Quinone

A quinone is a group of compounds that gives a
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unique color to ebony leaves and wood. Three compounds
were identified in the wood extract, namely 6-methyl-8-
hydroxy-1,4-naphthoquinone (39), xylospyrin (40), and
3',5'-diacetoxyacetophenone (41). Compound (42) was
identified at a retention time of 24.26 min and
fragmented to give m/z at 249 [M+H]", 217 [M+H-CHs-
OH]', 161 [M+H-CH;-OH-C,0,]*, and 143 [M+H-
CH;-OH-C,H;0,-O]*. At the same time, the ebony
leaves extract contains four compounds from the quinone
group consisting of demethylphylloquinol (43), 4-
prenylphlorisobutyrophenone (43), eremopetasinorone
A (44), carnocin CP 5 (45).

Steroid

Three compounds belonging to the steroid group
were successfully detected and identified in the extracts
of ebony leaves and wood, namely 4a-hydroxymethyl-
4B-methyl-5acholesta-8-en-3p-ol (46), dehydrotasterone
(47), 4,4-dimethylzymosterol (48). The compound 4a-
hydroxymethyl-4f3-methyl-5acholesta-8-en-33-ol (46)
was detected at a retention time of 40 min and
fragmented at m/z 429 [M-H]", 219 [M-H-C,sH»;-OH]",
191 [M-H-CsH,;-OH-C,H,]", and 165 [M-H-Ci4Hos-
OH-C4He]™ [11]. In addition, the compound 3-(4-
ethylphenoxy)-4-oxo-4H-chromen-7-yl 2-furoate (49)
was also identified, which was only detected in the ebony
leaves extract.

Amino Acid, Fatty Acid, and Saccharide

Ebony leaves extract contains five amino acid
group compounds, namely 5-aminopentanoate (50), L-
tryptophan (51), L-isoleucine (52), L-phenylalanine (53),
and ethyl 3,5-bis[(4-nitrobenzoyl) amino] benzoate
(54). 5-aminopentanoate (55) was detected at a retention
time of 1.23 min with its fragmentation yielding m/z at
118 [M+H]*, 101 [M+H-OH]*, and 70 [M+H-OH-CO-
H,]" [17].

(9S)-HPODE (56) was identified in ebony leaves
and wood extracts. Linoleate (57) and 9,10-epoxy-
10,12Z,15z0ctadecatrienoate  (58) were fatty acids
identified only in ebony leaf extract, while colneleate
(56) was identified in ebony stem and leaf extracts. The
colneleate compound 56 was detected at a retention time
of 35.48 min. The fragmentation that occurred in this

Dien Atin Boritnaban et al.



358

compound (56) were m/z 293 [M-H], 275 [M-H-H,O],
235 [M-H-H,O-CH,-H,]", and 183 [M-H-H,O-CH,-H,-
CiHa]™ [18].

Galactitol (59) is a saccharide group identified only
in an ebony wood extract with a retention time of 1.39 min
and fragmented at m/z 181 [M-H]J, 163 [M-H-H,O]", 131
[M-H-H,0-CH;-OH]J, and 113 [M-H-2H,0O-CH;-OH]".

Clustering of Ebony Leaves and Wood Extracts

Chromatogram profiles of ebony leaves and wood
extracts from the three provinces in Sulawesi had
relatively different separation profiles. However, it is not
easy to distinguish it using eye visualization. Therefore,
multivariate analysis, such as PCA, is needed to classify or
differentiate leaves and wood extracts of ebony. The basic
principle of clustering with PCA is to simplify variables by
reducing dimensions and providing an overview of
sample grouping through principal components (PC).

Fig. 3 shows the PCA score plot of the ebony extract
using the peak area of identified compounds as the
variable. The two main components often used in PCA
analysis are PC1 and PC2. The two PCs show a diversity
of data that can be explained by the variables used. In this
study, the PCA results showed that leaves and wood
extract of ebony could be separated with total variants
from the two PC, which is about 85% (PC1 = 48% and PC2
=37%). The two PCs can already explain most of the data
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variability (at least 70%) [19]. The grouping of the ebony
leaves and the wood extract was obtained in the PC2.

Evaluation of Analytical Performance

This study also evaluates the analytical performance
to ensure the method used has good repeatability. The
evaluated parameters are the repeatability of the
retention time and the area of the peak numbers 40 and
7 analyzed for three days with three replications. The
evaluation results show that the method used has good
consistency based on the repeatability of retention time
and band area. It has a % relative standard deviation
(RSD) of less than 5% [20], as shown in Table 2.

Scores

PC-2 (37%)

l“l.,.

PC-1 (48%)
+ Wood # Leaves
Fig 3. PCA plot of ebony leaves and wood extracts

Table 2. Evaluation of the analytical performance of the method (retention time and peak area of compound number

40 for wood and 7 for leaves)

Lo Day 1 Day2 Day 3

Replication

Wood Leaves Wood Leaves Wood Leaves
Retention time
1 19.86 14.12 19.73 14.15 19.81 14.09
2 19.74 14.12 19.76 14.12 19.85 14.07
3 19.75 14.09 19.82 14.06 19.78 14.09
Mean 19.78 14.11 19.77 14.11 19.81 14.08
% RSD 0.34 0.12 0.23 0.32 0.18 0.08
Peak area
1 63462836 184356116 634798083 172252497 49589761 192765330
2 63218698 188160978 638253596 172375975 49769599 195513112
3 61695175 189204522 657139855 176205074 48694268 191175169
Mean 62792236 187240539 643397178 173611182 49351209 193151204
% RSD 1.53 1.26 1.87 1.23 1.17 1.14
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m CONCLUSION

Separation and putative identification of ebony
leaves and wood extracts from three different provinces in
Sulawesi, Indonesia, using LC-MS/MS, were successfully
identified about 59 compounds. Approximately 14
compounds were identified in leaves and wood, 24 were
identified only in leaves, and 21 in wood. Those
compounds come from flavonoids, terpenoids, amino
aldehydes, alkaloids, quinones, phenolic acids, steroids,
amino acids, fatty acids, and saccharides. Therefore, PCA
could cluster ebony leaves and wood extract with the total
variants from PC-1 and PC-2 about 85% using the peak
area of the identified metabolites.
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Abstract: Kaolinite is an essential mineral with numerous applications across many
sectors. One of them is in the agricultural industry, in which it is a crucial component in
the method of controlled-release fertilizer. This manuscript reports the use of different
functionals and basis sets on the structural and electronic properties of kaolinite's surface,
intending to find reliable methods among those tested. Four different functionals, B3LYP,
CAM-B3LYP, M06-2X, TPSSTPSS, complemented with various basis sets, were used in
this study. The results show that TPSSTPSS complement with 6-311G** provides good
agreement with previous research and experimental results among different functionals
and basis sets used. The quantitative analysis was done to optimize the kaolinite molecule.
Selected extrema points were used to place the urea molecule for the interaction of urea-
kaolinite studies. The urea's interaction with kaolinite was reported at a different
interaction site in the gas phase and different orientations of the urea molecule. Urea
molecule was optimized above the Al-O and Si-O surfaces with their energy difference
calculated. Our results showed that both surfaces act as promising adsorbents among the
different orientations of the urea on both the Al-O and Si-O surfaces. However, Al-0,
and Si-O had another preferable interaction site to the urea molecules.

Keywords: Density functional theory; kaolinite; urea; electrostatic potential surface;
kaolinite-urea interaction

= INTRODUCTION

Nowadays, controlled-release fertilizers (CRF) have

1:1 dioctahedral phyllosilicate compound. A single-layer
of kaolinite is a SiO4 tetrahedral sheet and AlOg sheet,

become a new trend to minimize environmental
pollution. CRF can control and delay the nutrients release
in synchrony with the sequential needs of the plants.
Thus, this type of fertilizer will enhance the efficiency of
the uptake of the nutrients. Engineering designs are
searching for an inexpensive chemical mineral that can be
modified to achieve their target as CRF. Kaolinite is one
of the materials that still generate interest in different
research fields [1-5]. Kaolinite has been chosen as the
nanostructure material to act as CRF due to its ability to
reduce nutrient losses, increase nutrient-used efficiency
and protect the environment [6-12].

Kaolinite has a layer with a large active surface area.
Therefore, it can be exploited to enhance surface
interaction with fertilizer elements. Kaolinite with
chemical formula ALSi,Os(OH),, as shown in Fig. 1, is a

connected by oxygen atoms between the sheets. One
hydrogen atom is bonded to the oxygen between the
sheets (inner hydroxyl). In contrast, the other six
hydrogen atoms are associated with the oxygen at the
lower side of the AlOs sheet. This O-H is usually known
as inner surface hydroxyl.

This paper focuses on both surfaces of AlOg (Al-
O) and SiO4 (Si-O) as they can function as H-acceptors
in forming H-bonds to drive the intercalation of
molecules [8].

Brindley and Robinson first reported the crystal
structure of kaolinite (with non-H atoms) using powder
X-ray diffraction [13]. However, earlier stages of
research on kaolinite, show conflicting results on the
structure of kaolinite, which then solved with space group
C1 on both theoretical and experimental studies [14].
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. J Tetrahedral
silica sheet

_______ - => Inner
hydroxyl

Octahedral
alumina sheet

Inner surface
hydroxyl

—_—

Fig 1. Kaolinite of one ring of the SiO, tetrahedral attached with one ring of the AlOs octahedral sheets (Red = oxygen,

grey = silicon, pink = aluminum, and white = hydrogen)

Silicon, aluminum, and oxygen atoms' positions had
resolved from the experimental view, except the
determination of the exact positions of hydrogen, which
is limited by the technique used. Furthermore, the weak
interaction of X-rays with hydrogen atoms makes them
unable to provide accurate hydrogen position
information. The discrepancy of the experimental results
could be due to different sample environments, sources of
samples, and refinement methods. However, results from
Bish et al. from the diffraction experiment have become a
marker for computational studies [15].

Theoretical studies using the ab initio method or
density functional theory have been performed on the
atomic structure of kaolinite to complement the

experimental data [14,16-22]. Here we focus on the

hydroxyl bonds of the kaolinite's surface as they are
responsible for the adsorption with external molecules.
Table 1 shows the different computational methods used
with their hydroxyl bond lengths compared to the
experimental data from Bish et al. study [15]. B3LYP
function was used twice in the previous calculation
where the kaolinite material used is in cluster compound
[18-19]. It is convinced that B3LYP was more reliable
functional than other DFT methods when dealing with
OH group vibrational properties, especially when
hydrogen bonds are present [19]. Castro and Martin
studied different kaolinite sizes where no significant
result showed affected from different sizes. Improvement
of the basis set was made later. However, only inner
hydroxyl bond length has a length different ~0.01 A

Table 1. Hydroxyl bond length (in A) from previous theoretical studies of kaolinite

Experimental .
Computational Study
Study
Bish et al. Hess and Hobbs et  Balan et al. Castro and Tosoni et al. Hu and White et al.
[20] Sauders [21] al. [23] [22] Martin [23] [24] Michaelides [25] [16]
RHEF/3-21G*,
Computational HF/STO-3G B3LYP/3-21G* B3LYP/6- GGA-
CA-PZ/DZP PBE/PW PBE/PW
method HF/6-21G / / At different 31G** / BLYP/DNP
sizes of kaolinite
Inner hydroxyl
0.974 0.99 0.994 0.980 0.962-0.993 0.969 0.974 0.974
bond lengths
Inner surface 0.976 0.964 0.969 0.972
hydroxyl bond 0.983 0.991 0.975 0.963-0.987 0.965 0.970 0.970
lengths * 0.979 0.962 0.969 0.970

*Some paper gives three different bond lengths for inner surface hydroxyl bond length
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compared to Bish et al., while others are not much different
from previous results. PBE was another function that was
repetitively used in previous studies. It routinely predicts
hydrogen bond strength better than the results obtained
from other quantum chemistry methods with a large basis
set. Results also show that PBE has less bond length than
Bish et al. bond length than B3LYP functional results.

Besides confirming the kaolinite structure, research
on the interaction between kaolinite's surface with guest
molecules is also of interest [2,24-29]. Two types of
approaches were used previously, either a) periodic model
where the kaolinite is infinite, and calculation of
interaction is in bulk view [2,24,28], and b) kaolinite is
modeled with finite-size clusters [25-27,29-30]. For both
approaches, urea is known as one of the guess molecules
used to interact with the kaolinite for CRF purposes [11].
Therefore, an experimental-based study was done to find
the properties of the urea-kaolinite compound [31-33].
Furthermore, further investigation by the computer
simulation was done concerning the possible orientation
of urea in the kaolinite-urea intercalation complex. It was
pointed out that the dipole moment vectors of urea
molecules tend to point towards the silica sheet. Thus, the
character of the hydrogen bonds can be described more
precisely in simulation [28,34]. However, these studies
were done in a bulk mode where kaolinite is infinite, and
many urea molecules are intercalated between kaolinite
structures.

For this manuscript, the finite size of the kaolinite
structure, as shown in Fig. 1, was applied. Previous studies
have shown that systematically clustering a structure
would lead its energy closer to the experimental values as
the structure goes bigger [35]. However, the finite
structure still gives out the same interaction potential as
infinite structure [34]. To have systems that can react as
infinite structures, commonly used in the theoretical
study, is by terminating the dangling bond of the structure
with hydrogen [2,24,28]. Thus, this article is set to build a
kaolinite cluster model and further explore the adsorption
properties of urea on the kaolinite surface.

m COMPUTATIONAL DETAILS

For this study, the kaolinite structure is taken from

363

Bish et al. [15], where the structure of kaolinite is of a
triclinic cell and belongs to the C1 space group (sub-class
point group of triclinic crystal system). This study used
a single ring of Si-O combined with a single ring of
Al-O to represent the Si-O sheet and Al-O sheet of
kaolinite, respectively. Dangling bonds were terminated
by hydrogens, resulting in 72 atoms of kaolinite used in
this study. The hydroxyl positions were completely
optimized while other atoms were frozen to their
original positions. The inner hydroxyl was labeled as
OH,1.12 between the tetrahedral silica and octahedral
alumina sheets. The inner surface hydroxyls are the
hydrogen under octahedral alumina sheet was labeled as
OHis.14, OHz0.28, OHi9.38, OHs3.47, OHyz 45, and OHss, s,
Urea molecule was added at three different initial
positions of the geometrically relaxed kaolinite cluster to
study the interaction between the kaolinite and urea.
Only the interaction site and urea were fully optimized,
while other atoms were frozen throughout the
calculation. Interaction sites are sites that are adjacent to
the urea molecule. For example, as urea was placed on
top of Si-O, only hydroxyl of Si-O, and urea were
optimized. For this investigation, we assessed the
capability of different sites to absorb urea molecules.
However, only four of the most stable configurations
were selected for analysis.

Different functionals of B3LYP, CAM-B3LYP,
MO06-2X and TPSSTPSS as implemented in Gaussian09
[36] combined with different basis sets (6-31G, 6-
31G(d), 6-31G(d,p), 6-311G(d,p), 6-311++G(d,p) and
DEF2-TZVP) were used in this study. The inclusion of
the functional B3LYP with the 6-31G(d) basis set is due
to its extreme popularity in adsorption on clay minerals
and proper function for electrostatic interaction [25-
27,29]. CAM-B3LYP functional is to be
advancement functional of B3LYP in the long-range

said

calculation [37]. M05-2X was discussed in a previous
study able to complement the result of B3LYP [38].
However, the newer and improved M06-2X had a lower
bond length error than the M05-2X [39]. Thus, this
study included these functions in the calculation of
kaolinite. The interaction energy (IE) of optimized
structure is calculated as the difference between the total
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energy of complex and the whole energies of two separate
molecules. The basis set superposition error (BSSE) was
corrected by the empirical counterpoise method, and
treatment of dispersion is included in this study. [40].

D3B] gives less average error than non-dispersion
corrected calculation and D3 dispersion-corrected DFT
scheme [41]. The approach used in the current work can
[42].

be referred to in our previous work
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m RESULTS AND DISCUSSION
Energy Study

Fig. 2(a) shows the bond length of hydroxyl
calculated in the gas phase with different basis set in
B3LYP functional. All the hydroxyl bond lengths
obtained are shorter than the Bish et al.. The smallest size
basis set used in this study, 6-31G, produces the closest

OH19-38 OH3347 OH4248 OH51-52
Bonds

OH19-38 OH33-47 O0OH4248 O0OH51-52

Bonds

0OH19-38 OH3347 OH4248 OH51-52

Bonds

OH19-38 OH33-47 O0H42-48 OH51-52

Bonds
@6-31G* O6-311G™ m6-311++G™ ndef2tzvp

Fig 2. Hydroxyl bond lengths from different functionals and different basis sets. There are six basis sets being
complemented with (a) B3LYP, (b) CAM-B3LYP, (c) M06-2X, and (d) TPSSTPSS functionals. The experimental value

from Bish et al. is also included for comparison
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value of experimental inner hydroxyl bond length (OH..
12,0971 A against 0.974 A from Bish), compared to other
larger basis sets used. Compared to the previous study of
Tosoni et al. and Castro and Martin, the inner hydroxyl
from B3LYP/6-31G in this study has the closest bond
length to the experimental value [18-19]. For the inner
surface hydroxyl bond in this study, the bond length is still
in the same range as the previous research. Including
polarization function (single or double) to this double
zeta basis set shorten this bond length by about 0.007 A at
6-31G* and by 0.010 A at 6-31G**. The three triple zeta
basis sets of 6-311G**, 6-311+4+G**, and DEF2-TZVP
produce similar or equal bond lengths as the bar chart is
flat. However, the bond length is 0.015 A to 0.022 A
shorter than Bish et al.'s reported values. Adding diffuse
function (++) to the triple zeta basis set does not provide
any significant changes to the hydroxyl bond lengths if
there are any at all. The results in Fig. 2(a) can be
interpreted as the triple zeta basis set "stabilizes" the
hydroxyl bond lengths, starting with 6-311G**.

Calculation using a different basis set with CAM-
B3LYP, M06-2X, and TPSSTPSS functionals are shown in
Fig. 2(b), 2(c), and 2(d). As is the case of B3LYP, all
calculation of CAM-B3LYP and MO06-2X functionals
always has a bond length shorter than the experimental
results. The same observations for B3LYP are also
applicable here: for higher basis set 6-311G**, 6-
311++G** and DEF2TZVP, hydroxyl bond lengths are a
similar length and can be considered as consistent, and
the diffuse and polarization functions do not give
significant effect to the hydroxyl bond length.

0.985 4
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Compared to the other functionals used, a few
hydroxyl bond lengths under TPSSTPSS are more
significant than the reported values. For example,
double zeta basis set 6-31G** always resulted in the
hydroxyl bond length longer than the experimental
bond length, while the over- and under-estimation using
6-31G and 6-31G* are insignificant. Thus, the double
zeta basis set provides fluctuated bond lengths and is
unsuitable for describing the hydroxyl bond's length for
the functional TPSSTPSS. However, the overall hydroxyl
bond lengths of TPSSTPSS triple zeta basis sets are closer
to the reported experimental values. The range
difference is 0.006 to 0.015 A, lower than the other
functionals considered.

Fig. 3 shows the effect of the different functionals
on the hydroxyl bond lengths, at basis set 6-311G**,
since triple zeta basis set of 6-311G**, 6-311++G**, and
DEF2TZVP do not show significant changes in the bond
lengths (as seen in Fig. 2-3). Of the four functionals
considered in this study, TPSSTPSS has the most
hydroxyl bond length, similar to the experimental. For
inner surface hydroxyl, this results still in the range with
previous study bond length (refer to Table 1) as the
hydroxyl bond length range from 0.961 -0.971 A. From
this result, it shows that study on the kaolinite hydroxyl
bond is reliable by using one ring with TPSSTPPS/6-
311G** method.

A Quantitative Study of Kaolinite Electrostatic
Surface Potential

The electrostatic potential (ESP) map is an essential

@ Bish
BB3LYP

@ CAMB3LYP
mTPSSTPSS
aMO062X

OH33-47 OH4248 OH51-52

Fig 3. Graph of various functional (basis set was fixed to 6-311G**)
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tool for determining the physicochemical properties and
explaining the interaction between molecules. However,
in this report, an improvement of the potential map
discussion for interaction between kaolinite and guess
molecules was made. For the adsorption process of
organic molecules, the ESP on the surface regions can
provide information on the preferable site of the
adsorption process. In Gaussview, ESP is represented
using colors ranging from blue to red, in which blue
indicates a positive surface, red is negative, and green is a
neutral charge surface. The color represents the range of
charges on the surface of kaolinite. This study also
provides the maximum and minimum ESP values from
the saddle point of energy range for maximum and
minimum surfaces, as given in Table 2. The positive value
in Table 2 shows that the site has less charge than the other
place, and the negative value has more charges than the
different areas of the map.

Fig. 4 shows the ESP surface of single ring kaolinite
at Al-O top, Si-O top, and side views. It can be seen in
Fig. 4 that the Si-O surface has a more robust red color
surface compared to the Al-O surface, which indicates
that the Si-O is an electron-deficient surface. It is due to
the oxygen atoms on the Si-O surface. For the Al-O
surface, the color varied from blue to yellow-reddish.
Color changes are due to the structure of the Al-O surface
having a variety of hydroxyl orientations. Some of the
hydroxyls point out the kaolinite, shown as the blue
surface, while others point to the middle of the kaolinite
ring. For hydroxyl pointing to the center, the energy

Indones. J. Chem., 2022, 22 (2), 361 - 373

contribution was included with sites atom (Al-O) and
shown as yellow-reddish colored, which is less negative.
Orientation of the hydroxyl at the Al-O was similar to
previous experimental study results [43-44]. The middle
ring hydroxyl of inner surface hydroxyl had tilted
toward an empty octahedral site with one of it almost
horizontal.

From Table 2, the maximum point appears more
on the AI-O surface than the Si-O surface. The
maximum points for Al-O surface are positive, ranging
from 1.38 to 1.43 eV, while Si-O has a negative value of
-0.60 eV for its maximum point. Minimum ESP value
shows Al-O surface has energy range from -1.44 to
0.42 eV while Si-O surface has lower energy range from
-2.04 to -1.86 eV. Energy differences on different
surfaces indicate that the Al-O surface is an electron-
abundant surface while Si-O is an electron-deficient
kaolinite surface.

Table 2. Quantitative ESP energy of the kaolinite ESP
surface

Site Energy (eV)
Position Maximum Position Minimum
1 1.4094 1 0.4152
Al-O 2 1.3758 2 -1.2651
3 1.4287 3 -1.4390
1 -1.8637
Si-O 1 -0.5923 2 ~20377
3 -1.8642
4 -1.9476

Al-0 top
(a) (b)

Fig 4. The ESP surface of the kaolinite

Si-0 top

Side view

(c)
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The location of the urea to study the interaction of
kaolinite with urea is predicted using these extrema points
in Table 2 and pointed as shown in Fig. 5. The extrema
point always appears in the middle of the ring for both the
Si-O surface and the Al-O surface. Maximum points are
shown at the Al-O surface hydroxyl, specifically on top of
hydrogens. As shown in Fig. 5, four hydroxyls exist in the
middle of the kaolinite ring. However, only three
hydroxyls had a maximum point which is OHs,.s;, OHi.14,
and OHs.36. As mentioned before, OHy.,5 is the hydroxyl
that points to the middle of the kaolinite ring. Thus, at
that site, the ESP energy on the surface is a combination
of all-atoms at the hydroxyl side. The difference in
orientation of hydroxyl affects their function as H-donor
and H-acceptor. Minimum points are shown in the ring
of Si-O, which was previously shown to act as a proton-
acceptor when interacting with the guest molecule [29].
From this observation, it is predicted that the urea will
interact at these extrema points. Thus, urea is placed on
top of these extrema points and optimized. The
proportion and energetic results are shown in Table 2 and
Fig. 6.

Interaction of Kaolinite with Urea

Our qualitative and quantitative calculations of the
ESP have confirmed preferential adsorption sites for urea
on kaolinite surfaces. As mentioned in ESP results, the
preferable interaction site is at the middle of the AI-O and
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Si-O ring surface. Thus, urea was placed on the top of
the surfaces and optimized. Optimized structures of urea
and kaolinite are shown in Fig. 6, and energetic results
are in Table 3. This study compares urea with individual
Al-O and Si-O sheets and urea with kaolinite at
different Al-O and Si-O surfaces. In Table 2, individual
sheets of Si-O and Al-O interacting with urea are
labeled as Si-O + urea and Al-O + urea. While kaolinite
sheets interact with urea at the different surfaces are
labeled as kaolinite + urea, with a bracket including the
interaction surface (Al-O or Si-O).

Generally, Table 2 shows that all interaction
involved has negative interaction energy, indicating that
both surfaces can adsorb urea as suggested previously
[2]. For the Al-O surface, interaction energy ranges
from -0.9904 to -1.5825 eV, while -0.4252 to -0.6040 eV
for the Si-O surface. Different energy shows that the
Al-O surface has higher interaction energy than the Si-
O surface, depicting that the urea prefers to attach at the
Al-O sheet surface than the Si-O sheet surface. The
previous experimental studies reported that urea prefers
interaction at the Si-O sheets and suggest that it is due
to the dual NH, of urea from the Raman and vibration
view [31-32]. However, thermal study on this complex
shows at the cooler temperature, the urea and hydroxyl
surface of Al-O are brought closer together so that
hydrogen bonding between the hydroxyls of the
gibbsite-like layer of the Al-O sheet and the C=0 group

Maximum point

Minimum point

Fig 5. The minimum and maximum points on the Al-O, and Si-O surfaces. (Purple is the extrema point)
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Table 3. Interaction energy (IE) and the hydrogen bond
Bond Bond Length

Structure Position eV Type (A)
N-H-O 2.6503
1 -0.4529 N-H-O 2.6351
N-H-O 2.3759
N-H-O 2.2928
2 -0.4252 N-H-O 2.4523
Si-O + urea
N-H-O 2.6474
3 -0.4733 N-H-O 2.6891
N-H-O 2.3613
N-H-O 2.4520
4 -0.5012 N-H-O 2.4132
N-H-O 2.3130
O-H 1.7870
1 -1.3835 N-H 1.7764
O-H 1.7649
2 -1.5825 N-H 2.2388
N-H-O 1.9850
Al-O + urea
N-H 1.8206
3 -1.2458 O-H 1.7319
N-H 2.8443
N-H 2.3649
4 -0.9904 O-H 1.8226
N-H-O 2.6066
1 -0.5052 N-H-O 2.7972
o N-H-O 2.4232
Kaolinite (Si-O side) + urea
O-H 2.1182
2 -0.6040 N-H-O 2.5268
N-H-O 2.1877
O-H 1.9694
1 -0.4781 N-H-O 1.8706
O-H 2.0968
O-H 1.9690
2 -1.0172 O-H 2.0971
Kaolinite (Al-O side) + urea N-HO 1.8704
O-H 1.9635
3 -1.0013 O-H 2.1318
N-H-O 1.8863
O-H 1.9692
4 -1.0170 O-H 2.0967
N-H-O 1.8704
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of urea can occur [32]. Simulation study on the different
amide molecules attached at the kaolinite also shows that
these molecules had higher interaction energy at the Al-
O sheet than at the Si-O sheet [25,27,38]. As shown in
Table 3, the bond length for urea interacting with the
hydroxyl of Al-O is shorter than the bonding at the Si-O
sheet. Primary interaction at the Al-O sheet is from the
N-H of urea with oxygen from hydroxyl of gibbsite layer
with bond length 1.87-1.99 A. Secondary interaction is
between oxygen and nitrogen atoms of the urea with the
hydroxyl of the Si-O sheet.

The interaction sites are as conveyed by the ESP
surface, where the red ESP map surface had attracted the
dual NH, of the urea molecule to the basal oxygen on the
siloxane surface (N-HO). The hydrogen bonding of N-
H~O0 bond length is in the range of 2.3-2.8 A on the Si-O
surface and did complement the previous study on the
interaction between urea and kaolinite [2]. The ESP
surface map had varying colors from blue to green on the
Al-O sheet, which was predicted to act as H-donor and
H-acceptor. The results from Table 3 and Fig. 6 had
shown on the Al-O sheet, and both interactions are
involved. The hydroxyl that points outward of the
kaolinite sheet (appear blue in Fig. 4) acts as the H-
acceptor by interacting with the oxygen and nitrogen
from the urea molecules. At the same time, the other
hydroxyl interacts with the NH, of the urea molecule as
H-donor when they point to the middle of the kaolinite
ring [2].

The previous studies had already discussed that the
orientation of the guess molecule, when placed at the
different sites of kaolinite, would appear differently. 2,4-
dinitrotoluene on kaolinite surface change from dihedral
angle 60° at Al-O sheet to 10° at the Si-O sheet, resulting
from the hydrogen bond between the guest molecule and
kaolinite sheets [29]. Fig. 6 shows that urea molecule
orientation after optimization on top of the Si-O and Al-
O appeared parallel or perpendicular to the kaolinite
sheet. A simulation study using molecular dynamic
simulation had reported in infinite structure, few urea
molecules are nearly parallel to the basal surface of
kaolinite, with the urea molecules situated closer to the
silica tetrahedron sheet. Meanwhile, some urea molecules
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are almost perpendicular to the basal surface of kaolinite
[45]. Simulation study of bulk amount of urea on top of
infinite Si-O sheet shows that final orientation of urea is
always almost parallel to the sheets with the angle
between 0°-20° [28]. Urea on top of the Si-O sheet, as
shown in Fig. 6, also had a similar orientation as
reported in previous experimental and simulation
[32]. The
orientation at the Al-O had never been reported

studies with dual hydrogen bonding

previously. This study simulated the closeness of both
molecules oriented the urea perpendicular to the top of
the Al-O surface. In this position, one N-H bond
interacts with the hydroxyl of Al-O and the other N-H
bond of urea free on the other side, as in Fig. 6.
Interaction between wurea and kaolinite in
simulation is scarce compared to other molecules. For
other molecules studied in the finite structure of
kaolinite, it always includes the single sheets of Al-O or
Si-O to find the interaction between kaolinite and guest
molecule [25-27,29]. Thus, this study compared the
simulation result with previous research on urea and
kaolinite. Results show that for the Si-O surface of
kaolinite, urea is the least favorable to finalize on top of
the Si-O surface when the single ring of kaolinite is
introduced. However, the urea is consistently optimized
in the middle of the siloxane ring when an individual Si-
O sheet is used. All urea is also in the parallel orientation
to the Si-O surface. The interaction energy is higher
when a particular Si-O sheet is used due to the minor
atom interacting with the urea. Urea had an inconsistent
position when only the Al-O sheet was used. The urea
tends to have a final position at the side of the kaolinite
with both parallel and perpendicular orientation to the
Al-O sheet. However, for urea introduced to the
kaolinite (Al-O), it can consistently be optimized on the
middle of the Al-O
orientations.

ring with perpendicular

m CONCLUSION

This work aims to build a kaolinite cluster model
and to explore the adsorption on the kaolinite surfaces.
It is performed with updated functional and basis set for
future references. For the geometry, among different

Nur Najwa-Alyani Mohd Nabil and Lee Sin Ang



Indones. J. Chem., 2022, 22 (2), 361 - 373 371

functionals and basis sets previously used, TPSSTPSS
combined with 6-311++G** showed the best result
compared to the experimental result. As other studies
always used the hydroxyl bond length as a benchmark of
comparison, our result also has the hydroxyl bond length
values in good agreement with the DFT computations of
the previous finding, using bulk and cluster calculations.
For the preferable sites of interactions with the guest
molecules, Si-O was electron-deficient while the Al-O
was an electron-abundant surface. Both Si-O and Al-O
surfaces are suitable adsorbent surfaces for guest molecule
interaction with kaolinite, compared to the energy of both
surfaces interacting with urea. Interaction using urea as
guest molecules shows that Si-O is an electron-deficient
surface. Thus oxygen of urea is preferred to be attached to
it, and Al-O is the dual adsorbent surface where it can
interact with oxygen and hydrogen of urea.
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Abstract: In Tanah Datar Regency, West Sumatra, Indonesia, the waste of pruning
coffee leaves (Coffea canephora) is utilized as a traditional beverage called "Kawa Daun”.
For a consistent quality of Kawa Daun functional beverage, we evaluated the effect of
different smoking times (0, 2, 4, and 6 h) on its in vitro DPPH antioxidant activity.
Estimation of antioxidant components from the coffee leaf was conducted in silico using
Peroxiredoxin V (PrxV) with 3MNG code as a receptor, and 33 phytochemicals were
reported to be present in the coffee leaves as ligands. As a result, Kawa Daun, with a 2-h
smoking time, had the highest antioxidant activity. Molecular docking between PrxV and
the 33 compounds resulted in the ten most potential compounds based on the affinity
energy. They were xanthone (-4.9 kcal/mol), uric acid (-4.8 kcal/mol), xanthosine
(-4.8 kcal/mol), caffeine (-4.6 kcal/mol), 3-methylxanthine (-4.6 kcal/mol), 7-
methylxanthosine (-4.6 kcal/mol), theobromine (-4.5 kcal/mol), theophylline (-4.5
kcal/mol), caffeic acid (-4.5 kcal/mol), and xanthine (-4.4 kcal/mol). These ten ligands
had stronger interactions than the control ligand 1,2-dithiane-4,5-diol (-3.6 kcal/mol).
This research showed the potential of Kawa Daun as a functional beverage with
antioxidant activity. Further confirmation on the antioxidant potential of this beverage
using an in vivo method is recommended.

Keywords: functional beverage; peroxiredoxin V; coffee leaves; Kawa Daun; smoking
time

= INTRODUCTION

commonly used by the local Kawa Daun industries: (1)
using a cabinet dryer with a mechanically controlled

Pruning the leaves of coffee plants is a common
practice in coffee cultivation to stimulate the development
of coffee beans, which leads to a shorter harvesting period.
Coffee leaves from pruning are typically discarded as
waste. The farmers in Batipuh Ateh, Tanah Datar
Regency, West Sumatra Province, Indonesia, traditionally
utilize the wasted coffee leaves, particularly the Robusta
variety (Coffea canephora), in a traditional beverage
known as "Kawa Daun." The term "Kawa"is derived from
an Arabic term defined as brewed water from the coffee
leaves. The distinctiveness of this beverage is in the drying
methods of coffee leaves. There are two drying methods

temperature and (2) the traditional way by smoking the
leaves in a fireplace of cinnamon wood for 2-4 h [1].
Empirically, Minang society believes that Kawa Daun
beverage positively impacts their health. They feel that
their bodies become fitter, stronger, and warmer after
consuming the Kawa Daun beverage. Several studies
reported the potency of functional characteristics of
Kawa Daun since it contains bioactive components for
antioxidants, such as 3-methylxanthine, xanthine, and
theophylline [2], 7-methylxanthosine, xanthosine [3],
caffeic acid [4], uric acid [5], caffeine, xanthone, and
theobromine [6].
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Most traditional Kawa Daun producers in Tanah
Datar Regency produce the Kawa Daun beverage with
inconsistent quality. Thus, the effect of different smoking
times (0, 2, 4, and 6 h) on antioxidant activity must be
evaluated. It is difficult to predict and identify the
bioactive components of coffee leaves that are most
beneficial as antioxidants. In silico is a computational
method that can be implemented for such a purpose. In
silico can provide preliminary information that can be
utilized as the foundation for future strategy in developing
Kawa Daun as a functional beverage. Target proteins
(receptors) of Peroxiredoxin V (PrxV) with 3MNG code
are used to investigate the antioxidant potential of the
Kawa Daun beverage. Peroxiredoxin (Prxs) is an essential
peroxidase involved in antioxidant and redox signaling
protection in humans. It has a very high catalytic
efficiency which dominates peroxide reduction in all body
cells. At 1.45 A° resolution, the new structure of human
PrxV has a dithiothreitol bond in the active site, with its
diol moiety emulating the two oxygens of the peroxide
substrate. This structure classifies the diol and related
dioxygen as a new competitive inhibitor for Prxs. The
PrxV protein developed into a suitable and efficient
receptor to be used as the target receptor of antioxidant
activity in the human body [7].

Protein function targeting is accomplished by
substituting the native ligand of PrxV with 33 bioactive
components previously reported to be identified in the
coffee leaves as tested ligands. The binding mode of the
ligand-receptor complex is interpreted by comparing the
tested ligand to the original ligand as a control, specifically
the competitive antioxidant inhibitor 1,2-dithiane-4,5-
diol (D1D). The molecular docking method can predict
the proper ligand by obtaining affinity energy and bond
stability between the receptor and the ligand [7].
Molecular docking is a tool for studying the interactions
within a molecular complex. Hydrophobic and hydrogen
interactions classify interactive positions that will be
potential ligand-binding sites at each possible position. In
silico research on coffee leaves, particularly associated
with antioxidant compounds, has never been conveyed.
The interaction between methyl gallate with various
antioxidant receptors was predicted while comparing it

with gallate acid as the main compound. The results
showed that the affinity energy for the 3MNG receptor
was 3.6 kcal/mol, which indicates that the methyl gallate
Another
experiment showed that molecular docking on the

had the potential as an antioxidant [8].

meglumine catalyst exhibited the best docking results on
the compound of  3,3'-((3,5-dimethoxyphenyl)
methylene)bis(1H-indole), which had the strongest
binding to 3MNG with an affinity energy of
-7.6 kcal/mol. The binding energy value correlates with
the highest value of the antioxidant activity, which was
78.48 ug/mL [9]. Meanwhile, in vitro antioxidant power
of Robusta coffee leaves with water fractions at several
concentrations, i.e., 100, 80, 60, 40, and 20 ppm, was
reported. The ICs, value was 73.62 ppm [10-11].

The combination of in silico and in vitro
antioxidants is crucial to obtain more accurate data
results regarding the potential of Kawa Daun beverage
as a functional beverage with the best antioxidant
potential, as well as the bioactive components of coffee
leaves that play the most crucial role as antioxidants.
This research aimed to find the smoking time which
gave Kawa Daun the highest antioxidant activity and to
identify the possible antioxidant compounds. The fresh
coffee leaves were smoked using a cinnamon fireplace at
different smoking times. The in vitro antioxidant activity
of Kawa Daun methanolic extracts was measured using
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method. In
parallel, a literature study was conducted to list
phytochemicals previously identified in the coffee
leaves. In silico study was then conducted to analyze the
interaction and the affinity energy of those bioactive
components in coffee leaves as ligands to the target
protein of PrxV (receptor) using molecular docking.

m EXPERIMENTAL SECTION
Materials

Fresh coffee leaves of Robusta variety (C.
canephora) were harvested from Mus's coffee plantation,
Tanah Datar, West Sumatra, Indonesia, from August to
January 2021. Only broad, green, and young and old
aged leaves in pseudostem parts were selected. The
coffee leaves were washed before being subjected to the
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subsequent treatment. Cinnamon wood for the fireplace
was freshly harvested from the Batipuh Ateh forest, Tanah
Datar, West Sumatera, Indonesia. The chemicals used
were DPPH (2,2-diphenyl-1-picrylhydrazyl), methanol,
dimethyl sulfoxide (DMSO), and ascorbic acid. They were
all analytical grade and acquired from Sigma-Aldrich
(Darmstadt, Germany).

For in silico study, protein target 3D structure
(receptor) of Peroxiredoxin V (PrxV) utilizing PDB code
(BMNG) was retrieved from the Research Collaboratory
for Structural Bioinformatics (RCSB), Protein Data Bank
(PDB) (https://www.rcsb.org/) sites, which is in the .pdb
format. Table 2 displays the 33 tested ligands. The D1D
was used as a control ligand. All ligands acted as oxidation
inhibitors and were obtained in the form of SDF from the
PubChem  database  of
(https://pubchem.ncbi.nlm.nih. gov/). The

chemical ~ molecules

personal
computer specification for in silico study was as follows:
Intel 2Core N3350 2.4 Ghz, Intel HD Graphics, Endless
OS, Windows Operation System 10 64-bit. The software
used in this research comprised USCF Chimera 1.13.1,
VMD version 1.9.3, Avogadro, Open Babel version 2.3.2,
Autodock Tools (ADT) version 1.5.6, LigPlot+ version
2.1, and PyMOLMolecular Graphics System Version
2.4.0.

Procedure

Kawa Daun preparation [12]

Coffee leaves were smoked on a cinnamon wood
fireplace with different smoking times (0, 2, 4, and 6 h at
70 °C). The 0-h sample (control sample) was the coffee
leaves dried in a cabinet drier at 70 °C for 8 h. In a waring
blender, all the dried coffee leaves were ground into very
fine powder. The powder was then stored in airtight
plastic containers. To prepare the Kawa Daun beverage,
the powdered leaves were mixed with freshwater (1:100
b/v), boiled (100 °C, 15 min), and filtered. The resulting
beverage was stored in a dark bottle and kept cold in the
refrigerator (8 °C). For in vitro antioxidant activity
measurement, the Kawa Daun beverage was dried in a
freeze dryer for 72 h and stored in the freezer (-10 °C)
before the measurement.
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Antioxidant activities [13]

One hundred microliter of Kawa Daun solution at
different concentrations (20, 40, 60, 80, and 100 ppm)
were pipetted into 96 wells microplate, added by 100 uL
DPPH (125 pM in methanol) incubated at room
temperature in the dark condition (30 min). The
absorbance reduction was measured using a microplate
reader at 517 nm. The measurement was repeated two
times.

Percentage of antioxidant activity =
[(AB-AKB)—(AS-AKS)]

(AB—AKB)
where AB is blank absorbance, AKB is absorbance

control blank, AS is sample absorbance, and AKS is

x100%

sample control absorbance.

In silico computation [14]
The first step was gathering data on the bioactive
components found in coffee leaves (Coffea canephora)
based on the literature review. The obtained data were
used to create ligand compounds, then examined via
molecular docking. The molecular docking was carried
out on the ligand test and the native ligand of D1D (from
the 3D structure of 3MNG) was employed as a control.
The second step involved preparing ligand tests using a
Pubchem
(https://pubchem.ncbi.nlm.nih.gov/).

database
The database
contained 33 molecular structures of tested ligands in
SDF files. The tested
geometrically adjusted to resemble their natural

ligand molecules were
condition using OCRA2 software [15]. Peroxiredoxin V
(PrxV) ID: 3MNG was acquired as the target protein
molecules (receptor), which was taken from Protein
The
docking was repeated using a native ligand of D1D to

Data Bank (https://www.rcsb.org/). receptor
recognize the coordinate of the receptor's active site. The
system was prepared using Chimera 1.14.0 version
(https://www.rbvi.ucsf.edu/chimera) [16]. The target
protein was reduced, then segregation was performed as
a ligand and receptor using USCF-Chimera software
version 1.14.0; furthermore, it was planned to get rid of
the free ion and water included in the protein's initial
structure. The magnetic field and water molecules were
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also eliminated after the native ligands were combined
with hydrogen atoms to create an electric charge. The
third step consisted of molecular docking. Ligand and
receptor whose initial form was .pdb were converted to
.pdbqt using AutoDock Tools 1.5.6. The grid box
dimensions were set at x = 15,y = 15, and z = 15. The x, y,
and z docking centers of 91.788, 91.838, and 104.806,
respectively, were used so that the active site where the
ligand binding took place was appropriately positioned.
The database then used Autodock Vina to perform
molecular docking. The results of the top 10 ligands-
receptor that had the most potential as antioxidants were
seen based on the interactions and the resulting affinity
energy. The top 10 tested ligands were finally visualized in
the fourth stage using PyMOL Molecular Graphics
System Version 2.4.0 (https://pymol.org/) [17] and
LigPlot [18].
ligand with the lowest values (most negative) would be

The pharmacokinetic properties of the

evaluated using SwissADME (http://www.swissadme.ch/)
based on Lipinski's rules. This website allows us to
compute physicochemical descriptors and predict ADME
distribution, metabolism,
properties,

nature, and medicinal chemistry friendliness of one or

parameters  (absorption,

elimination), pharmacokinetic druglike
multiple small molecules to support drug discovery. The
complex bond of a receptor with the native ligand as the
comparison (control) and the complex bond of a receptor

with the ten most robust tested ligands were simulated.
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m RESULTS AND DISCUSSION
Antioxidant Activity

The antioxidant activity of Kawa Daun methanolic
extract obtained from four different smoking times
ranged from 22.58 to 81.40% (Fig. 1). Sample B (2 h
smoking) had the highest antioxidant activity among
other fractions at all concentrations tested, followed by
sample A (the unsmoked control). In contrast, sample D
(6 h smoking) had the lowest antioxidant activity.
Samples A and B had a shorter high-temperature
exposure, resulting in minimal damage to the bioactive
components in the coffee leaves.

The ICs results of the Kawa Daun beverage from
each treatment are presented in Table 1. Samples A and
B had the lowest ICs, value (< 20 ppm). The compound
is said to have very strong antioxidant activity if the ICs,
value is < 50 ppm, strong if it is 50 to 100 ppm, moderate
if it is 100 to 150 ppm, and weak if it is 150 to 200 ppm
[19]. Thus, samples A and B are classified as having very

Table 1. ICs, values of Kawa Daun beverage

Smoking duration ICso (ppm)
A (0h)* <20

B(2h) <20

C(4h) 53.56 £ 0.04
D (6h) 64.37 + 0.74
Vitamin C (control) 4.48 £0.01

©)Drying in cabinet dryer (70 °C, 8 h)

@
o
et
-
®

H 68.31c

= A (0 hour)

m B (2 hours)
= C (4 hours)
mD (6 hours)

80 100

Concentration (ppm)
Fig 1. DPPH antioxidant activity profile of Kawa Daun beverage prepared with different smoking time
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strong antioxidant activity. In contrast, sample C and D
with the ICs, values of 53.56 and 64.37 ppm is classified as
having strong antioxidant activity. The difference
between percentage values for inhibition and ICs, values
is due to the smoking time. The longer coffee leaves are
smoked, the more likely it is that the bioactive substance
of the coffee leaves will be damaged, affecting antioxidant
activity. Several bioactive compounds are extremely
temperature-sensitive and unstable.

The effect of temperature on bioactive components
was reported—an increase in temperature that is not
constant causes an increase in phenolic concentration to
a specific temperature. However, the phenolic
concentration then decreases with increasing smoking
time and higher temperature [20]. The result was also in
agreement with a previous study which reported that in
vivo antioxidant activity of the coffee bean significantly
decreased with the longer roasting time [21]. In another
report, six flavonoids were reported to have antioxidant
activities. The compounds, which consisted of rutin,
naringin, eriodictyol, mesquitol, luteolin, and luteolin 7-
O glucoside, were exposed to heat treatment (70-130 °C,
120 min). It was found that all were degraded at a different
speed. The level of degradation increased with a higher
temperature and longer heating duration [22]. Several
factors may influence the phytochemical composition of
plant samples and their biological activity, such as
varieties, environmental changes during growth and
harvest, post-harvest treatment, extraction, and sample
preparation methods [23]. Sample preparation methods
such as smoking and the brewing Kawa Daun beverage
are also suggested to influence their antioxidant activity.
The most recent study showed that DPPH radical
scavenging activity, total phenolic content, and total
procyanidins of Coffea arabica L. leaf were significantly
increased with a higher drying temperature [24].

Molecular Docking

As previously discussed, coffee leaves contain
bioactive components that act as antioxidants. A recent
study mentioned that bioactive components in coffee
leaves come from the alkaloid group, i.., caffeine,
theobromine, theophylline, and trigonelline. It also comes

Indones. J. Chem., 2022, 22 (2), 374 - 386

from the phenolic compound group, i.e., caffeic acid,
ferulic acid, sinapic acid, and chlorogenic acids (3-CQA,
4-CQA, 5-CQA, 3,4-diCQA, 3,5-diCQA, 4,5-diCQA).
Quercetin, catechins, and kaempferol are examples of
Other
phenolic compound group's bioactive components

bioactive flavonoid phenolic compounds.

include xanthones, such as

[25].
advancements in

mangiferin  and

isomangiferin Because of the current

science and technology, the
exploration of the bioactive components present in
coffee leaves focuses not only on the refreshing impact
but also on the potential for antioxidant content, which
can be detected early using in silico method. In silico
method can be used to support the data resulting from
in vitro experiment, or vice versa. In our study, in vitro
method was used to provide initial information on the
antioxidant activity of the Kawa Daun beverage. In silico
method was then used to obtain detailed information on
which compounds might associate with the antioxidant
activity of the beverage.

Molecular docking is used to examine the
bioactivity of coffee leaves in the ligand and receptor
complex. Molecular docking is essential for determining
the conformation of the tested ligand interaction on the
active site of the target protein receptor, as well as
determining which tested ligand has the most significant
negative affinity energy and interacts well with the target
protein receptor. The human antioxidant receptor
Peroxiredoxin V (PrxV) is chosen. It comprises essential
cysteine residues as catalysts and thioredoxin as electron
donors, which help scavenge peroxides and cellular
metabolic responses to reactive oxygen species in the
human body [7].

The docking results of 33 tested ligands and one
native (control) ligand are well-ordered based on the
ligand's binding strength to the receptor (Table 2). In
Table 2, the top 10 ligands strongly bind the receptor.
The binding strength is determined by whether the
affinity energy value (kcal/mol) is more significant than
the affinity energy value of the native ligand (control). If
the affinity energy value is more negative, the ligand-
receptor binding will be stronger. When the binding
affinity energy is negative, it means that the bioactive
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Table 2. The list of tested ligands and results of molecular docking between ligands and PrxV

No Compounds identified in coffee References  PubChem CID Affinity Kd (M)
leaves (kcal/mol)

1 Xanthone [6] 7020 -4.9 3.33E-04
2 Uric Acid [5] 1175 -4.8 3.92E-04
3 Xanthosine [3] 64959 -4.8 4.09E-04
4 Caffeine [2,5,25] 2519 -4.6 5.23E-04
5 3-Methylxanthine [2,5] 70639 -4.6 5.45E-04
6 7-Methylxanthosine [3] 23724732 -4.6 5.68E-04
7 Theobromine [2,6] 5429 -4.5 6.16E-04
8 Theophylline [2,5] 2153 -4.5 6.16E-04
9 Caffeic Acid [4] 689043 -4.5 6.42E-04
10 Xanthine [2,5] 1188 -4.4 7.26E-04
11 Hypoxanthine [6] 135398638 -4.4 7.26E-04
12 Methylxanthine [2] 80220 -4.4 7.26E-04
13 7-Methylxanthine [5] 68374 -4.4 7.26E-04
14 Allantoic [5] 203 -4.4 7.57E-04
15  Allantoin [5] 204  -43 8.56E-04
16 Ferulic acid [11] 445858 -4.3 8.92E-04
17 Trigonelline [24] 5570 -4.2 1.01E-03
18  Xanthosine-5-monophospate [3] 73323 -4.2 1.05E-03
19 D1D (7] 3MNG -3.6 2.70E-03
20 5-caffeoylquinic acid (5-CQA) [24] 5280633 -3.4 4.08E-03
21 Quercetin [24] 5280343 -3.3 4.42E-03
22 3-caffeoylquinic acid (3-CQA) [24] 102111217 -2.8 1.09E-02
23 Chlorogenic Acid [24] 1794427 -2.7 1.29E-02
24 4-caffeoylquinic acid (4-CQA) [24] 9798666 -2.4 1.94E-02
25 Mangiferin [24] 5281647 0.0 1.00E+00
26 3,4-dicaffeoylquinic acid (3,4-diCQA) [24] 5281780 2.8 9.16E+01
27 Dicaffeoylquinic acid (diCQA) [24] 12358846 35 3.14E+02
28 3,5-dicaffeoylquinic acid (3,5-diCQA)  [24] 6474310 5.5 8.39E+03
29 Hyperoside [24] 5281643 6.4 3.83E+04
30 4,5-dicaffeoylquinic acid (4,5-diCQA)  [24] 10324242 8.9 2.33E+06
31 Isomangiferin [24] 5318597 13.9 8.24E+09
32 Rutin [24] 5280805 26.3 5.54E+18

component of coffee leaves used as the tested ligand
requires less energy to attach or interact with the receptor.
After all, if the resulting affinity energy value is
lower/negative, the tested ligand has a higher chance of
interacting with the protein receptor [26], as can be seen
in Table 2.

Table 2 reveals that 32 bioactive components serve
as ligands in the human receptor of Peroxiredoxin V
(PrxV). Several compounds had more negative affinity
energy than the D1D control ligand, namely xanthone,

uric acid, xanthosine, caffeine, 3-methylxanthine, 7-
methylxanthosine, theobromine, theophylline, caffeic
acid, xanthine, hypoxanthine, methylxanthine, 7-
methylxanthine, allantoic, allantoin, ferulic, trigonelline,
xanthosine-5-monophospate (XMP), hydroxycinnamic
acid, and sinapic acid. The affinity of a small molecule
ligand for a macromolecule receptor is commonly used
to define a compound's biological activity. Factors that
may affect the ligand’s affinity include electrostatic
interactions between the ligand and acceptor, the
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contributions of solvation and desiccation, and the steric
complementation of the two binding partners. Changes in
the number of degrees of freedom and changes in the
structure of the ligand and acceptor during complex
formation generate additional effects. Understanding the
determining enthalpic and entropic contributions to
binding is an initial step for predicting aftinity [27].

Virtual simulation can be used to understand the
characteristics of a molecule based on its structure and
microscopic interactions between other molecules. Most
ligand-binding interactions can be classified as binding
affinity or affinities. The affinity value reflects whether a
ligand can be tethered or connected to the receptor. At the
affinity energy, the strength of the binding interaction
between the protein and its ligand can be observed. The
more negative value gives the greater chance of ligand to
bind to the receptor, and vice versa. After acquiring the
affinity energy, the tethering results are analyzed using the
Ligplot software. Ligplot is a computer program that
generates 2-dimensional (2D) graphics by automatically
representing the interaction of protein-ligands [28]. Fig. 2
depicts the 2D structure of the top 10 most robust ligands
with antioxidant capability.

Visual analysis is performed by comparing the
positions and interactions between the ligands and
protein residues on the PrxV receptor. The analysis is
carried out to observe the type of interaction and the

residues involved. PyMOL software was used to see the
binding distance. Generally, the ligands have occupied
the appropriate active site at the PrxV receptor. A
comparison of the molecular binding results between
the top 10 ligand compounds and the most negative
PrxV receptor can be seen in Table 3. Amino acid
residues that interact using hydrogen bonding on native
ligands are Glycine 46 and Threonine 44. The same
things were also found in some test ligands such as
caffeic acid hydrogen-bonded amino acid residues, such
as Threonine 147 and Arginine 127. Based on the results
of the hydrophobic interaction analysis, there was no
significant difference between the tested and native
ligands; the amino acids that appeared mainly were the
same.

The affinity energy produced by the D1D-PrxV
native ligand complex is -3.6 kcal/mol, which is lower
than the energy produced by the top ten strongest PrxV-
ligands. The lower energy value suggests that the natural
D1D ligand has a weaker binding than the top ten
ligand-receptor complexes, namely xanthones, uric acid,
xanthosine, caffeine, 3-methylxanthine, 7-
methylxanthosine, theobromine, theophylline, caffeic
acid, and xanthine. Table 2 shows that the interaction
between the xanthone complex and the PrxV receptor
has the most negative affinity energy value (-4.9
kcal/mol) and the lowest Kd value (3.33E-04). Based on
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Fig 2. The 2D Structure of top 10 antioxidant ligands
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Table 3. Comparison of strongest ligand-receptor complex compounds interaction

381

Complex compound  Affinity Hydrophobic interactions Hydrogen bond
ligand-receptor (kcal/mol) . TOta,l Amino acid residues Total Amino acid residues
interactions bond
1 Native ligand D1D-  -3.6 6 Proline 40, Threonine 147, 2 Glycine 46, Threonine 44
PrxV (Control) Threonine 44, Phenylalanine 120,
Cysteine 47, Arginine 127
2 Xanthone-PrxV 7 Arginine 127, Leucine 116, 1 Threonine 147
49 Leucine 149, Glycine 46,
Phenylalanine 120, Isoleucine
119, Threonine 147
3 Uric acid-PrxV 4 Proline 45, Phenylalanine 120, 5 Threonine 44, Threonine
-4.8 Threonine 147, Threonine 44 147, Glycine 46, Arginine
127, Cysteine 47
4 Xanthosine-PrxV 7 Proline 45, Phenylalanine 120, 3 Threonine 44, Threonine
48 Isoleucine 119, Glycine 148, 147, Arginine 127
' Glycine 46, Leucine 149,
Threonine 44
5 Caffeine-PrxV 6 Leucine 116, Leucine 149, Proline 3 Glycine 46, Threonine
-4.6 40, Phenylalanine 120, Threonine 147, Arginine 127
44, Threonine 147
6 3-Methylxanthine- 3 Cysteine 47, Phenylalanine 120, 4 Glycine 46, Cysteine 47,
PrxV -4.6 Threonine 147 Threonine 147, Arginine
127
7 7methylxanthosine- 6 Proline 40, Proline 45, Leucine 3 Threonine 44, Threonine
PrxV -4.6 149, Glycine 46, Cysteine 47, 147, Arginine 127
Phenylalanine 120
8 Theobromine-PrxV 6 Threonine 147, Proline 40, 3 Glycine 46, Threonine
-4.5 Proline 45, Cysteine 47, 44, Threonine 147
Phenylalanine 120, Leucine 116
9 Theophylline-PrxV 45 4 Threonine 44, Threonine 147, 3 Threonine 147, Arginine
' Phenylalanine 120, Cysteine 47 127, Glycine 46
10  Caffeic acid-PrxV 6 Proline 40, Proline 45, Cysteine 4 Threonine 44, Threonine
-4.5 47, Isoleucine 119, Phenylalanine 147, Arginine 127,
20, Threonine 147 Glycine 46
11  Xanthine-PrxV 6 Threonine 44, Threonine 147, 3 Threonine 44, Cysteine
-4.4 Phenylalanine 120, Proline 40, 47, Glycine 46

Proline 45, Arginine 127

this value, it can be concluded that the hydrophobic
interaction and hydrogen bonding between the xanthones
ligand and the receptor is firmer as compared to those of
other tested ligands, including D1D control. The
interaction between rutin and the PrxV receptor, on the
other hand, has the highest positive affinity energy value
(26.3 kcal/mol) and the highest Kd value (5.54E+18). This
high-affinity energy value implies that the hydrophobic
interactions and hydrogen bonds formed between the

ligand and the receptor are weaker than those of other
tested ligands including D1D control.

The visualization results of the molecular docking
between the top 10 most potent ligand compounds and
the PrxV receptor can be seen in Fig. 3. The involvement
of the similar amino acid residue indicates the extent of
the ligand-binding tendency to its receptor. The results of
the tenth complex of the coffee leave tested ligands showed
almost the same binding ability as the D1D control ligands
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A Visualization of native ligand complex D1D-PrxV (control)
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Fig 3. (A-K) Visualization of the 10 strongest ligand-receptor complexes using PyMOL Molecular Graphics System
Software Version 2.4.0 and LigPlot and evaluated through www.swissadme.ch
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G. Visualization of 7-Methylxanthosine-PrxV complex

383

Fig 3. (A-K) Visualization of the 10 strongest ligand-receptor complexes using PyMOL Molecular Graphics System
Software Version 2.4.0 and LigPlot and evaluated through www.swissadme.ch (Continued)

since they generally had the same binding sites in both
hydrogen bonding and hydrophobic interactions. This
similarity indicated that the ten bioactive components of
coffee leaves have almost the same or even better
antioxidant activity than the DID control ligand. The
affinity energy value determines the strength of the
ligand-receptor complex interaction. If the affinity energy
of the tested ligand is lower than that of the control ligand,

the results can be utilized to make an early prediction
about the ligand's potential as an antioxidant. The
ligands and bound residues are not stationary during the
molecular docking simulation. Because the interactions
influence each other, both are constantly in motion.
Consequently, these interactions will cause the atom
to move from its initial position. The resulting interaction
of the ligand and receptor can be either attraction or
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repulsion. The bound residue tends to experience a slight
shift due to the influence of the ligand [29].

The results of this research imply that the binding of
these ten active compounds to the active site of PrxV,
namely the active 2-Cys, will lead to an increase in the
work selectivity of PrxV in catalyzing the reduction
process of hydrogen peroxide substrate (H,O,) to become
water (H,O). Due to oxidative stress because of excessive
ROS production, endogenous antioxidants must receive
additional exogenous antioxidants from outside the body,
such as bioactive components in the form of phenolic
compounds, alkaloids, and flavonoids, which can be
obtained from food or beverage intakes. The bioactive
components of coffee leaves, such as xanthones, caffeine,
and chlorogenates, can increase the activity of PrxV's
enzymatic antioxidant. Coffee leaf's phenol molecules can
capture ROS and can form chelates with metals that
encourage the generation of ROS, hence preventing lipid
peroxidation and DNA damage. The ~-OH group, which
can contribute one molecule of hydrogen to make the
ROS stable, is the active group that generally works as a
catcher and inhibitor of free radical processes. Many -OH
groups in coffee leaf polyphenols are multifunctional.
They can react with free radicals as reducing agents, free
radical scavengers, metal chelating agents and boosting
the work of the PrxV enzyme [30].

Finally, the results of our study emphasize the
potential of coffee leaves as a source of antioxidant
compounds. However, the composition of these
antioxidant compounds might be changed when the
leaves are subjected to different processing methods,
to high
temperature, as presented in this study. Several other

especially those with prolong exposure
recent reports also indicated similar trends, not only to
the antioxidant activity of the coffee leaves but also to its
anti-inflammatory activity [31-33]. In vivo antioxidant
assessment of coffee leaf extract in experimental animals
and human studies is also not as extensive as that of coffee
beans, which should be highlighted in the future research
direction.

m CONCLUSION

The best antioxidant activity of the Kawa Daun
beverage was obtained in Kawa Daun with smoking times

Indones. J. Chem., 2022, 22 (2), 374 - 386

of 0 and 2 h (on the value of ICsy < 20 ppm). The results
of molecular docking between the PrxV receptor and the
studied ligands of 33 bioactive components of coffee
leaves reveal that ten compounds have the most significant
potential as antioxidants based on the most negative
affinity energy, such as xanthone, uric acid, xanthosine,
caffeine, 3-methylxanthine, 7-methylxanthosine,
theobromine, theophylline, caffeic acid, and xanthine
with affinity energy of -4.9, -4.8, -4.8, -4.6, -4.6, -4.6, -4.5,
-4.5, -4.5, and -4.4 kcal/mol, respectively. Those top 10
ligands have more vital interaction from the control
ligand of D1D, of which ligand has affinity energy
(-3.6 kcal/mol). This study provided scientific evidence
for using Kawa Daun is a traditional functional
beverage. A short smoking time (2 h) is recommended
for better antioxidant performance of the beverage.
Further research to confirm the potential antioxidant of

Kawa Daun by in vivo method is recommended.
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Abstract: In this
cetyltrimethylammonium bromide (CTAB) has been prepared by the coprecipitation
method and then applied as a charge-selective adsorbent of anionic methyl orange (MO).
The VSM (Vibrating Sample Magnetometer) measurement suggests the
superparamagnetic property of MNPs (Magnetite Nano Particles) with a magnetic
saturation of 49.2 emu g'. The SEM image exhibits the significant difference in particle

study, a superparamagnetic composite of magnetite-

size from nanometers in uncoated magnetite to micrometers in magnetite-CTAB.
Calculations with Image] software indicate that the diameter of the composite is in the
range of 2-13 um, with an average diameter of 6.56 um, possibly consisting of hundreds
to thousands of magnetite-CTAB micelles. The adsorption kinetics of MO over magnetite-
CTAB follows the pseudo-second-order adsorption model of Ho and McKay with a rate
constant (kz) of 3.54 x 10° g mol™* min. The adsorption isotherm is well described by the
Langmuir model with a Langmuir constant (Ki) of 7.46 x 10* L mol and a maximum
capacity (qm) of 27.9 mg g'. The developed material is intriguing because it can be easily
and quickly recovered using an external magnet after adsorption and selectively adsorbs
anionic dyes.

Keywords: superparamagnetic; composite; magnetite-CTAB; adsorption; methyl orange

= INTRODUCTION

Dyes are one of the primary sources of
environmental contamination. The total amount of dyes
used worldwide is estimated at over 10" kg per year,
mainly originating from the textile industry [1]. Textile
fibers have polar groups that can form a dipole-dipole
bond with auxotrophic groups on dyes that are also polar
[2]. Dyes are readily soluble in organic solvents or water,
so they are difficult to remove by various physical,
chemical, and biological methods [3]. The main problem
with using reactive dyes in textiles is that not all of these
dyes are adsorbed by the fabrics because the binding
efficiency of fibers to the dyes is only 60-90%. The dyes
that are not absorbed by the fibers are released into the
environment and become hazardous waste [4].

Pollution of textile dyes in the water causes aesthetic
damage, blocks light penetration, and interferes with the

photosynthesis of aquatic plants, such as algae [5]. Textile

dyes are also toxic, mutagenic, and carcinogenic [6-7].
Based on the charge of the dye molecule when ionized in
water, two types of dyes can be mentioned, e.g., cationic
and anionic dyes [8]. Due to its dangerous effect on the
environment, several techniques for dye removal from
These
ozonization,

water have been include

proposed.
coagulation/flocculation, oxidation,
filtering with membrane, electrochemical processes,
photocatalytic degradation, and adsorption [9]. Among
those various techniques, adsorption normally becomes
the choice because it is the most practical, simple,
efficient, and economical way. Various types of
adsorbents have been reported to be used for the
adsorption of dyes, including zeolite, bentonite,
sepiolite, smectite, mesoporous silica, orange peel,
chitosan, alginate, and magnetite (Fe;O4) [1]. Although
most of these materials are effective and efficient as
adsorbents for the dyes, their handling after the
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adsorption process becomes a serious problem because
they are not easily recovered and separated from the
pollutants. Therefore, a new adsorbent that can be easily
separated and recovered, such as magnetite materials,
should be developed.

It has been well known that superparamagnetic
materials, such as magnetite nanoparticles (MNPs) with a
particle size of less than 25 nm can be attracted by
magnetic fields. Still, their magnetic properties will be lost
when the magnet is removed [10]. This unique property
makes it suitable to be used as a dye adsorbent. After the
adsorption process, the adsorbent can be separated
quickly by an external magnetic field, so it does not
require centrifugation or filtration, which is usually
required when other non-magnetite adsorbents are used.
However, superparamagnetic materials such as MNPs
synthesized in this study have limitations. For example,
they tend to attract each other and agglomerate to form a
bulk phase due to their magnetic properties. One strategy
that can be used to prevent the formation of
agglomeration is to trap the MNPs using surfactants as
soon as they are formed so that their superparamagnetic
property can be maintained. Cetyltrimethylammonium
bromide (CTAB) is one of the most widely used cationic
surfactants for such purposes. It will be ionized in water,
resulting in cationic CTA* and anionic Br™. The cationic
CTA* will interact with the surface of magnetite to form a
positive layer on the surface of magnetite so that it can be
used to adsorb selectively anionic dyes.

It has been previously reported that the isoelectric
point of magnetite is at around pH = 7 [11-12]. The
synthesis of magnetite is generally carried out at a
relatively high pH, i.e., pH = 11 [13], so its surface will be
negatively charged. In the case of magnetite-CTAB
preparation, spherical micelles in which the double-
layered CTA" becomes a shell covering the MNPs core
can be produced under these circumstances if an
appropriate amount of CTAB is introduced into the
MNPs sol [14]. The positive head of the CTA* polar
groups in the first layer will face the center of the sphere
containing MNPs and interact electrostatically with the
negatively charged MNPs surface. Meanwhile, the
hydrophobic groups of CTA" interact hydrophobically
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with other hydrophobic groups of CTA" positioned in
the second layer [14]. The remaining polar groups of
CTA" in the second layer are located on the surface of
the spherical micelles, giving a positive charge to the
double layer surface. Therefore, the material will adsorb
anionic pollutants such as methyl orange (MO) by
electrostatic interactions. So far, there have been
extensive reports dealing with the synthesis and
application of magnetite-CTAB composites [2-3,5-7].
However, to the best of our knowledge, there is still no
work focusing on optimizing the CTAB mass in the
synthesis. Yet, this parameter is crucial to be optimized
to get the exact double-layer material with positively
charged surfaces.

Furthermore, the application of these magnetite
materials as charge-selective adsorbents of anionic dyes
such as MO is also hardly reported, although the
removal of MO by adsorption methods has been
reported by many workers [10,15-18]. Chen et al. [10]
have studied the kinetics and adsorption mechanism of
methyl orange by surfactant modified silkworm exuviae.
Protonated cross-linked chitosan has been used to
adsorb MO [15], and the determination of biosorption
conditions of MO by biomaterials of humicola fuscoatra
has also been conducted [16]. The role of surface and pH
on the adsorption behavior of MO onto wheat bran has
been reported by Alzaydien [17], while an equilibrium,
kinetic, and thermodynamic study of the removal of MO
from aqueous solution via adsorption on cork as a
natural and low-cost adsorbent has also been carried out
[18]. None of the reported adsorbents used for this MO
adsorption are magnetite materials.

Recently, Fisli et al. [19] have reported the
synthesis of magnetite-CTAB and used the material for
MO removal. However, the procedure used in this
report did not control pH up to pH 11, did not optimize
the mass of CTAB added, did not maintain the inert
atmosphere, and used conventional mixing. As
mentioned above, control of pH, as well as the amount
of CTAB added to the reaction, are essential to get
exactly a double layer with positively charged surfaces.
Moreover, inert atmosphere control is also important to
ensure that Fe** is not oxidized into Fe’* during the
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process. If this happens, magnetite will not be produced;
instead, Fe,O; will be obtained. In addition, conventional
mixing by stirrer is also used in this report so that the
reaction time is longer. In the present work, we introduce
a new modified procedure for synthesizing magnetite-
CTAB composite. The synthesis was done in the nitrogen
atmosphere, and the addition of CTAB was optimized to
get a double layer on the surface of magnetite so that the
charge on the surface is positive. To speed up the reaction,
ultrasonic mixing has also been used in the reaction. The
obtained materials were characterized by FTIR, XRD,
VSM, and SEM and then used for the adsorption of MO
from aqueous samples. MO has been used as an anionic
target in this study because it is extensively used in textile
industries and is normally difficult to remove from water
[1]. In the adsorption study, some parameters influencing
the adsorption, including pH, contact time, and initial
concentration, were optimized. Evaluation of kinetic
adsorption was done by applying three types of kinetic
models, e.g., Lagergren, Ho and Mckay, and Langmuir-
Hinshelwood, while for isotherm adsorption, Langmuir
and Freundlich were applied, and the recovery of the
adsorbent using an external magnet was determined after
adsorption. Meanwhile, Fisli et al. [19] used only one
model for each parameter in the adsorption study of MO,
i.e., the Ho and McKay kinetic model and the Langmuir
isotherm model, and no recovery of adsorbent was
conducted. Moreover, as the magnetite (MNP) is
positioned deep in the core of the micelle, it is expected
that it will be more protected from oxidation. As a result,
the composites will have a long duration or high stability
magnetic properties.

m EXPERIMENTAL SECTION
Materials

The materials used in this study included CTAB (>
98% purity Merck, Germany), FeSO,-7H,0 (= 99% purity
Merck, Germany), FeCl;-6H,O (= 98% purity Merck,
Germany), NH,OH (27% purity Merck, Germany), MO
(85% purity Merck, Germany), and methyl violet (MV,
75% purity Merck, Germany). The chemicals were used as
purchased, and no further purification was performed.

Distilled water was obtained from CV. Progo Mulyo
Yogyakarta, Indonesia.

Instrumentation

The Bransonic 220 ultrasonic device was used as an
ultrasonic beam source with a heating power of 100 W
and a frequency of 48 kHz at 25-32 °C (room
temperature). An X-ray diffractometer (XRD, Shimadzu
XD-3H) was used to obtain the X-ray diffraction pattern,
using Cux« powder irradiated at A = 0.15418 nm.
Shimadzu FTIR-8010PC was used for FTIR spectroscopic
analysis, and the spectrum was recorded at a wavelength
of 4000-400 cm™" at room temperature using the KBr
disc technique. A vibrating sample magnetometer (VSM
Oxford 1.2H) was used to analyze the magnetic
properties of the samples, using a magnetic field of up to
1.600 kA m™ at room temperature. Scanning Electron
Microscope (SEM, JEOL JSM-6510LA) was used to
obtain the surface images of samples. The Image]
software was used to process the obtained images.
Spectrophotometer UV-Vis (Shimadzu UV-1700 E) was
used to analyze the concentration of MO and MV at the
Amax Of 464 nm and 582 nm, respectively.

Procedure

Synthesis of magnetite-CTAB

The new approach of magnetite-CTAB synthesis
was developed by our groups here with the following
procedure. Firstly, the nanocomposites of Magnetite-
CTAB were synthesized by coprecipitation method, i.e.,
by adding NH4OH (27%) solution dropwise into 100 mL
of a solution containing FeCl;-6H,O (4.055 g),
FeSO,7H,O (2.085 g), and various masses of CTAB
(0.365, 1.823, and 3.645 g) until the pH reached 11, and
then the mixture was sonicated for 15 min. A flow of N,
gas was continuously bubbled to the reactor to avoid
oxidation by O, during the reaction. The precipitate was
removed from the mixture by an external magnet,
washed with distilled water to neutral pH, dried in an
oven at 100 °C for 3 h, and stored in a desiccator. Each
product was denoted as magnetite-CTAB-0.01,
magnetite-CTAB-0.05, and magnetite-CTAB-0.10,
respectively. A similar procedure but without CTAB was

Nor Harisah et al.



390

used to synthesize the uncoated magnetite. All products
were characterized by FTIR, XRD, and one product that
gave the best performance during the preliminary test,
e.g., magnetite-CTAB-0.10, was further characterized by
SEM and VSM methods as an example.

Adsorption study

The determination of adsorption capacity as a
preliminary test of different adsorbents was carried out by
interacting the composite of magnetite-CTAB-0.01 (25
mg) with MO solution (10 mg L™, 20 mL) at pH 7. The
mixture was then shaken for 2 h. The selection of pH 7
was based on the pH PZC of magnetite, which is around
7, so that the double layer of CTAB was maintained. After
adsorption, the adsorbent was recovered using a magnetic
bar, and the concentration of MO in the filtrate was
analyzed by UV-Vis spectrophotometry at the An. of 464
nm. Next, similar experiments were carried out using
magnetite-CTAB-0.05, magnetite-CTAB-0.10, and
uncoated magnetite, respectively, as an adsorbent. To test
the selectivity of the adsorbent towards anionic dyes,
similar experiments using cationic MV were also carried
out using the same adsorbents and the same procedure as
used for MO, except that the spectrometric analysis of MV
in the filtrate was done at the Ami of 582 nm. The
following Eq. (1) [20] was used to calculate the adsorption
capacity of both MO and MV:
qe:(co Ct>V (1)

m
in which q. is the adsorption capacity (mg g™'), C, is the
initial concentration (mg L), C, is the concentration at
time t (mg L"), V is the volume of the solution (L), and m
is the mass of the adsorbent (g).

Further experiments were the determination of
optimum conditions for the adsorption MO, and it was
done only to the adsorbent with the highest adsorption
capacity of magnetite-CTAB. The effect of pH on the
adsorption capacity was studied using the same
experiments but with pH variations in the range 4-9. The
adsorption kinetics was studied by doing the same
experiments but with variations of contact time of 5, 10,
15, 30, 60, 90, 120, 150, 180, 210, 240, and 270 min at the
optimum pH. The obtained data were evaluated using
several kinetic models such as Lagergren, Ho-McKay, and
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Langmuir-Hinshelwood models. For the adsorption
isotherms study, the same experiments were also done
but with variations of dye concentration, namely 5, 10,
15, 20, 25, 30, 35, 40, 45, and 50 mg L™ at the optimum
pH and contact time. The data were evaluated using
Langmuir and Freundlich Isotherms equations. The
recovery test was carried out by separating the used
adsorbent from outside the tube wall using an external
magnet after the completion of the adsorption process.

m  RESULTS AND DISCUSSION
FTIR Analysis

FTIR spectra of uncoated magnetite, magnetite-
CTAB-0.01, magnetite-CTAB-0.05, and magnetite-
CTAB-0.10 (Fig. 1) show the peak at wavenumbers of
572, 586, 586, and 590 cm™, which is characteristic for
the stretching vibration of the Fe-O bond on magnetite
[21-22]. The shift of Fe-O absorption from 572 cm™ in
uncoated magnetite to 586-590 cm™' in magnetite-
CTAB
environment of MNPs caused by an interaction between
the MNPs and the adsorbed CTAB molecules [3]. The
weak adsorption at 3400 cm™ in all spectra was caused
by stretching vibration of O-H™ adsorbed on the MNPs
surface, while the peak at 1627 cm™ comes from the

indicates the alterations in the surface

bending vibration of the hydroxyl group on the
adsorbed water [22].

In Fig. 1(b-d), the peaks appearing at
wavenumbers of 2924 and 2854 cm™" are due to the -CH
and -CHj; vibrations from CTAB, respectively [7,22].
Also, the bending vibration bands of the head [N(CHs);]
group at 1481 cm™ and (CN*) stretching vibrations at
904 cm™ are observed [23]. The intensity of peaks
increases with the increase in the CTAB mass added. As
the concentration of CTAB used in this synthesis was
relatively small, the absorptions associated with CTAB
in Fig. 1(b) are relatively weak, indicating that only a few
portions of CTAB coat the magnetite particles.

XRD Analysis

The diffractograms of uncoated magnetite,
magnetite-CTAB-0.01, magnetite-CTAB-0.05, and
magnetite-CTAB-0.10 (Fig. 2) show multiple peaks at 20
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Fig 1. FTIR spectra of (a) CTAB, (b) uncoated magnetite, (c) magnetite-CTAB-0.01, (c) magnetite-CTAB-0.05, (d)

magnetite-CTAB-0.10

220
|

440
400 511 3

1 I }

L il f i\ i

LT "l-"_.l-‘\-_.._‘l..llll\. ad Seain “‘.f""-"l' LH.-.,!, ".".-\"'" :a]
v iy ] i

[ L
'y
m.-..'-'%’m:"]]n.\-'-'a’l AT "-‘-'w“! II.'r.'_uv.‘ﬁ'\""'f ey (D)

| 2
bt tn, Ii.,'-‘-;'n.-"-’l‘; hagentas! "l.:,n:-:.J Yottrrantontois; ()

MMM (d}

20 30 40 S0 G0 70 &0
28 (deg)

Fig 2. Diffractograms of (a) uncoated magnetite, (b)
magnetite-CTAB-0.01, (c) magnetite-CTAB-0.05, and (d)
magnetite-CTAB-0.10
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30.5, 35.62, 43.07, 57.18, and 62.75° which correspond to
d-spacing of 2.93, 2.52, 2.9, 1.61, and 1.48 A, respectively.
These peaks are the characteristics of the inverted spinel
phase of magnetite, namely (220), (311), (400), (511), and
(440) of magnetite (ICDD No.85-1436) [24], indicating

clearly that the four samples contain magnetite material.
The identical angles among the
diffractograms show that the CTAB coating does not
affect the magnetite crystal structure. Hence, the CTA*
cation interacts electrostatically only with the surface
charge of the MNPs and does not form covalent bonds
with atoms in the magnetite crystal system. The decrease

diffraction

in peak intensity after the coating is caused by fewer X-
rays reaching the MNP surface.

In the magnetite-CTAB-0.01 sample (Fig. 2(b)),
the peak is still relatively high, indicating that only a few
portions of the MNP were coated by CTAB, which
matches the interpretation of FTIR spectra. In the
magnetite-CTAB-0.05 (Fig. 2(c)), the
diffractogram peaks were still observed, albeit at a lower

sample

intensity, indicating that the inverted spinel of magnetite
is still present in the sample. Meanwhile, the intensity
decreases significantly in the 0.10 magnetite-CTAB
sample (Fig. 2(d)), indicating that the CTAB coating has
been perfectly obtained. Based on the Scherrer Equation
[25], namely D = KA/(BcosO) where K is the constant
(0.94), \ is the wavelength of X-ray (0.15418 nm), f is the
FWHM of the (311) peak, and 0 is the diffraction angle,
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it is observed the average crystal sizes of magnetite
decrease in the order of uncoated magnetite, magnetite-
CTAB-0.01, magnetite-CTAB-0.05, and magnetite-
CTAB-0.10, e.g., about 43, 35, 28, and 23 nm, respectively.
This decrease in crystallite size with the increasing
addition of CTAB is due to the role of CTAB in blocking
the agglomeration among MNPs. Therefore, it is easily
understood that increasing the addition of CTAB results
in a smaller crystallite size of MNPs because the formation
of agglomerates is hindered by CTAB.

VSM Analysis

VSM analysis was conducted only for the sample
showing the best performance in the preliminary test
(magnetite-CTAB-0.10) and uncoated magnetite for
comparison. The hysteresis curves of uncoated magnetite
and magnetite-CTAB-0.10 presented in Fig. 3 show that
the saturation magnetization field (Ms) of the two
samples are 72.8 and 49.2 emu g, respectively. The Ms
value of magnetite-CTAB-0.10 is smaller than that of
uncoated magnetite due to the presence of non-magnetic
coating materials, i.e., CTAB, that reduces the magnetic
properties [26]. This VSM result is in line with the results
of the diffractogram observations, showing the peak
intensity of magnetite-CTAB-0.10 diffractogram is lower
than that of uncoated magnetite. The magnetite-CTAB-
0.10 composite has superparamagnetic properties, as
indicated by the absence of loops in its hysteresis curve
(Fig. 3(b)) [27]. Superparamagnetic materials arise from
very small ferromagnetic materials (< 25 nm) that form
magnetic domains with high degrees of freedom. This
result matches the estimated crystallite size of MNPs
based on the previously stated Scherer Equation (23 nm).
The uncoated magnetite in this study is ferrimagnetic, as
indicated by the presence of loops on its hysteresis curve
(Fig. 3(a)) [28]. This fact is due to the agglomeration of
the existing MNPs so that the particle size becomes
relatively large. Agglomeration between MNPs in
magnetite-CTAB-0.10 composite does not occur because
the CTAB layer blocks the formation of agglomerates.

SEM Analysis

Similar to VSM analysis, SEM analysis was also
carried out to magnetite-CTAB-0.10 and uncoated
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magnetite. The SEM image of uncoated magnetite (Fig.
4(a)) shows the presence of lumps of relatively large size
in around 8-16 um with an average of 9.94 + 0.38 pm,
resembling peeling bark and cast stone fragments.
Meanwhile, the image of magnetite-CTAB-0.10 (Fig.
4(b)) shows relatively small grains (2-13 um with an
average of 6.56 + 0.45 pm) and resembling a pile of
gravel mixed with sand. In uncoated magnetite, the
magnetite particles are agglomerated because of their
magnetic properties. In the magnetite-CTAB-0.10,
however, XRD diffractogram data are corroborated by
VSM data, confirming that the crystallite size of
magnetite in the core of the particle was about 23 nm.
On the other hand, the SEM image shows that the
particle size of Magnetite-CTAB-0.10 is about 2-10 pm
or 2,000-10,000 nm. Based on this finding, it is argued
that what looks like a tiny grain in Fig. 4(b) is not just a
magnetite-CTAB micelle but possibly an agglomeration
of hundreds to thousands of magnetite-CTAB micelles.

Preliminary Determination of

Capacity

Adsorption

The adsorption capacity of MO and MV on
uncoated magnetite, magnetite-CTAB-0.01, magnetite-
CTAB-0.05, and magnetite-CTAB-0.10 are presented in
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Fig 3. Magnetization curve of (a) uncoated magnetite
and (b) magnetite-CTAB-0.10
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Fig 4. SEM images and the particle size distribution processed by ImageJ software: (a) uncoated magnetite and (b)

magnetite-CTAB-0.10

Table 1. These data are needed to determine the optimum
CTAB concentration in the synthesis of magnetite-CTAB
composites. The magnetite-CTAB with a certain CTAB
concentration with the highest adsorption capacity is
considered the optimum CTAB addition concentration.
The adsorption of the cationic dye of MV in this
experiment was intended to check the selectivity of the
adsorbents towards cationic and anionic dyes. From
Table 1, it is found that increasing the concentration of
CTAB in the synthesis of magnetite-CTAB gives rise to
the increase in adsorption capacity. Based on these
adsorption capacity data, the structure of magnetite-
CTAB may be estimated. The uncoated magnetite
provides a relatively small adsorption capacity because at
the condition of adsorption, pH = 7 (a little bit higher than
PZC), its surface has a negative charge so that it repels
each other with an anionic dye of MO, while cationic dye
of MV is sufficiently adsorbed because it has opposite
charge with the surface of adsorbents.

Along with the increase in the concentration of
CTAB, adsorption of anionic MO increases significantly

Table 1. Adsorption capacity (mg g"') and efficiency (%)
of MO and MV on uncoated magnetite, magnetite-
CTAB-0.01, magnetite-CTAB-0.05, and magnetite-
CTAB-0.10

Adsorption capacity, mg g™

Adsorbent (% efficiency)

MO MV
Uncoated magnetite 0.41 (5.20) 2.31(28.9)
Magnetite-CTAB-0.01 5.48 (68.6) 0.50 (6.30)
Magnetite-CTAB-0.05 7.81 (97.6) 0.43 (5.38)
Magnetite-CTAB-0.10 7.94 (99.2) 0.14 (1.76)

while that of cationic MV sharply decreases. This is
because the surface charge of the adsorbents changes
gradually from negatively charged to positively charged
surfaces as the double layer of CTAB is formed on the
surface. The lower adsorption capacity of magnetite-
CTAB-0.01 towards MO (548 mg g' or 68.55%)
compared to the other two magnetite-CTAB adsorbents
(almost 100% MO is adsorbed) indicates that the
number of MNPs coated by CTAB is relatively still low
or in other words, the concentration of CTAB in the
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reaction system is still not enough to form a perfect
double layer. This is consistent with the FTIR analysis that
shows the absorption spectra of the CTA* group to be
relatively weak. Also, the high intensity of the XRD
diffractogram indicates that only a few MNPs are coated
by CTAB. On the other hand, the adsorption capacity of
magnetite-CTAB-0.05 and magnetite-CTAB-0.10 is 7.81
mg g (97.6%) and 7.94 mg g (99.2%), respectively,
meaning that all MO is adsorbed from the solution and
that the double-layer micelles were fully formed.

The magnetite-CTAB has a positive charge of
(CH;5)sN* group at the surface of adsorbents. This
favorably interacts with anionic dyes of MO through
electrostatic interaction [10]. The positive polar is formed
on the surface of the Magnetite-CTAB composite because
the CTA" ions form double-layered spherical micelles
with MNPs located in the core. In the first layer, the polar
group of (CH;);N* from CTA" interact electrostatically
with the negative charge on the surface of MNPs, while
the alkyl chain as the nonpolar group interacts
hydrophobically with the alkyl chain of CTA" in the
second layer. The positive polar groups of the second layer
point to the micelle surface to interact electrostatically
with the anionic die of MO [23]. Fig. 5 presents the
hypothetical structure of the double layer micelles on
Magnetite-CTAB and the interactions that emerge
between the positively charged surface of the adsorbent
and the anionic adsorbate.

Surface
charge

Indones. J. Chem., 2022, 22 (2), 387 - 401

Table 1 clearly shows that the adsorption capacity
of all adsorbents towards cationic MV is relatively low
compared to the adsorption percentage of MO except
uncoated magnetite. The relatively large adsorption
capacity (2.31 mg g™ or 28.9%) of uncoated magnetite
towards MV is due to electrostatic interaction between
the negative charge of the uncoated magnetite surface
with the positive charge of the MV. However, this
adsorption capacity value is still much lower than the
adsorption capacity of Magnetite-CTAB-0.10 towards
MO (7.94 mg g' or 99.21%). This is probably caused by
steric hindrance between MV molecules due to the
relatively small size of uncoated MNPs. In the case of
magnetite-CTAB  adsorbents, the greater the
concentration of CTAB used in the magnetite-CTAB
synthesis, the smaller its adsorption capacity towards
cationic MV. It is because more positive charges are
formed on the magnetite surface so that a stronger
repulsion occurs between cationic MV and the surface
of the adsorbent. MV dye in these conditions of
experiment produces cationic dye. Therefore, the most
suitable adsorbent to adsorb MV is an anionic
adsorbent. This finding also indirectly confirms that the
developed adsorbent of magnetite-CTAB is charge-
selective adsorbent or cationic adsorbent. For this
reason, further study of MO adsorption was conducted
only on magnetite-CTAB-0.10.

Solution pH is an essential factor in the adsorption

Fez0a4
Methyl
orange
‘_1,_ p CTA-
I

Hydrophobic
interaction

Fig 5. Hypothetical structure of double layer micelles on Magnetite-CTAB and its interaction with MO
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process because it affects the surface charge of magnetite-
CTAB composites and MO speciation [16]. Fig. 6 shows
that the adsorption capacity increases with increasing pH
of the solution from 4 to 7, then it continues to decrease
from 7 to 9. The optimum adsorption occurs at pH 7 with
an adsorption capacity of 7.27 mg g™ (90.82%). Under
acidic conditions, the MO molecule is protonated to form
a quinoid structure with a positive charge on its NH,
group (Fig. 7), while the surface of the adsorbent is also
positively charged. Therefore, at low pH, repulsion
between the protonated MO molecules and the positive
charge of magnetite-CTAB-0.10 occurs, leading to lower
adsorption of MO by magnetite-CTAB-0.10 with the
decrease in solution pH from 7 to 4. Fig. 6 also shows that
the adsorption capacity decreases significantly with
increasing pH from 7 to 9. This is due to competition
between the negatively charged MO molecules and OH~
ions to electrostatically interact with a positive charge at
magnetite-CTAB-0.10 under alkaline conditions.

Adsorption Kinetics

The effect of contact time on the adsorption capacity
of MO by magnetite-CTAB-0.10 is presented in Fig. 8. It
is clearly shown the adsorption takes place very rapidly at
the beginning. There are still plenty of active sites on the
adsorbent that can interact with the MO, and the MO
concentration in the solution is still high. The adsorption
reaches its equilibrium after 120 min of mixing, where the
amount of adsorbed MO no longer increases, meaning
that the adsorption capacity (q.) has reached its maximum
value. There are two possible factors: saturation of the
active sites or the exhaustion of adsorbent. As the
concentration and volume of MO solution used in this

study are relatively low (20 mL of 10 mg L), the second
factor is more likely in this case.

Adsorption kinetics is used to predict the
adsorption rate constant (k), providing important
information about the mechanism and model of the
adsorption process. In this study, three well-known
adsorption kinetic models were applied to evaluate the
most appropriate kinetic models: pseudo-first-order
(Lagergren), pseudo-second-order (Ho and McKay),
and Langmuir-Hinshelwood. The linear form of
Lagergren’s adsorption kinetics model is presented in
Eq. (2) [30]:

In(q, —q;)=Inq, — kit (2)
where k; (min™") is the apparent first-order rate constant,
ge (mol g') is the number of moles of adsorbate
adsorbed by each gram of adsorbent at equilibrium, and
q: (mol g™) is the number of moles of adsorbate adsorbed
by per gram of adsorbent at time t. If the plot of In (q. -
qq) versus t is constructed and the data fit the model, then
a linear curve will be obtained with In q. as the intercept

e
w

™
L

@
©

@
-

Adsorption capacity (mg g-)

4 5 6 7 8 9 10
Solution pH

w2

Fig 6. Effect of solution pH on the adsorption capacity
of MO on magnetite-CTAB-0.10

CHj
\CH3
Azo structure (yellow)

+ Hiﬁ- H*
H CHg H CHg
I \= N y ' N’
038 N=N <> 038 N—N =N+
+ CH, CH,

Quinoid structure (red)

Fig 7. The resonance structure of MO as a function of pH [29]
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and k; as the slope.

The linear form of Ho and McKay’s adsorption
kinetics model is represented by Eq. (3) [31].
to Lt (3)
9t quz 9e

where k; is the adsorption rate constant of Ho and McKay

(g mol" min), q. is the amount of MO adsorbed at
equilibrium (mol g'), and q; is the amount of MO
adsorbed at time t (mol g'). If t/q. was plotted as a
function of t and the data fit the model, then a linear curve

1
> as the
kaqg

slope so that the values of q. and k, can be calculated.

will be obtained with 1/q. as the intercept and

Meanwhile, the linear form of the Langmuir-
Hinshelwood adsorption kinetics model is expressed in
Eq. (4) [32].

ln(COJ
SOtk (4)

Co_Ct_ Co_ct °

where C, (mol L) is the initial concentration of

adsorbate, C; (mol L) is the concentration of adsorbate
remaining after adsorption for t time, k; (min™) is the
adsorption rate constant, and k, (L mol") is the
adsorption equilibrium constant. If a curve of [In
(Co/C)]/(Co-Cy) versus t/(C,—C,) is constructed, then a
linear curve with k; as the slope and -k, as the intercept
will be obtained if the adsorption follows the kinetic
adsorption model. Detailed results of the evaluation of the
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kinetic model by the three equations are presented in
Table 2.

From Table 2, it is easily seen that Ho and McKay’s
kinetic model gives the highest value of correlation
coefficient (1), 0.9995, compared to those produced by
the other two kinetic models, indicating that the MO
adsorption on magnetite-CTAB-0.10 is best fitted to the
Ho and McKay kinetic model. This suggests that at least
two factors are involved in the mechanism of MO
adsorption on the adsorbents, possibly the adsorbate
and the active sites of the adsorbent and/or molecule of
the solvent. Applying this model, it is found that the
amount of MO adsorbed at equilibrium (q) is 5.73 x 10~
mol g, and the adsorption rate constant (k) is 3.54 x
10° g mol™ min. The linear curve of t/q versus t is
attached as the Supporting Information (Fig. S1).

Adsorption Isotherms

The curve for the amount of MO adsorbed at
equilibrium (q.) as a function of initial concentration
[MO] is given in Fig. 9. It is observed that the q. value
increases with the increasing initial [MO], then it
reaches the saturation state at [MO] of 35 mg/L, giving a
maximum adsorption capacity of 26.33 mg g™'. The MO
adsorption isotherm on magnetite-CTAB-0.10 was
studied using two types of well-known isotherm
equation models, i.e,, the Langmuir and Freundlich
adsorption isotherm models.

The linear form of the Langmuir Isotherms
equation is presented in Eq. (5) [33], where C. (mol L™")
is the concentration of adsorbate in the solution at

Table 2. Parameters of three kinetic models in MO
adsorption on magnetite-CTAB-0.10

Kinetic models Parameters Values
Pseudo first order r’ 0.9639
(Lagergren) ge (mol g) 2.389 x 10
5

k; (min™) 2.83 x 1072
Pseudo second order r’ 0.9995
(Ho and McKay) Qe (mol g™) 5.73x 107

k, (g mol™ min)  3.54 x 10°
Langmuir-Hinshelwood 2 0.6159

k; (min™) 6x1073
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Fig 9. The curve of q. as a function of the initial [MO]

equilibrium, q. (mol g™') is the mole of adsorbate adsorbed
by each gram of adsorbent at equilibrium, qm (mol g™') is
the maximum adsorption capacity, and K; (L mol™) is the
Langmuir constant. Based on Eq. (5), the plot of C./q. vs.
C. will be linear with 1/q. as the slope and 1/(qm Kv) as the
intercept if the adsorption follows this model so that the
values of K and gm can be obtained. An approximation of
adsorption energy can be determined based on the
standard Gibbs equation of AG..’= —RT In K, where
AG.qs is the standard Gibbs free energy of adsorption, R
is the universal gas constant (8.314 ] K™' mol™), and T is
the temperature in Kelvin.
Ceo 1 1o, (5)
de AmKy dm

Meanwhile, the linear equation for Freundlich
adsorption isotherms is expressed in Eq. (6) [34], where
C. is the concentration of adsorbate at equilibrium (mol

L"), qe is the amount of adsorbed substance in a gram of
adsorbent (mol g'), K is the Freundlich adsorption
capacity (mol g'') and n is a constant.

9e :logKF +llogce (6)
n

The linear curves of the Langmuir and Freundlich
Isotherms are attached in Fig. S2 and Fig. S3),
respectively. Table 3 gives detailed isotherm parameter
calculations for the two models used in this study. Because
the value of r* for the Langmuir Isotherms (0.9926) is
greater than that for the Freundlich Isotherms (0.8252), it
can be concluded that the Langmuir Isotherm model best
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describes the adsorption of MO on Magnetite-CTAB-
0.10. These results suggest that the adsorption occurs on
more homogeneous surfaces, probably due to the
double-layer formation of CTAB, namely the polar
group of CTA" on the core-shell of magnetite-CTAB. In
addition, according to Fig. 9, the maximum adsorption
is reached at a concentration of 35 mg L', and,
afterward, the adsorption tends to be constant. This
indicates that the surface of the adsorbent experiences
saturation when all of the active sites have been filled
with MO, and the adsorption process will no longer
occur even when the concentration of MO increases
because adsorption is limited to one layer only.

Table 3 shows that the maximum adsorption
capacity (qmax) of MO is 27.9 mg g', meaning that every
1 g of the adsorbent can adsorb 27.9 mg of MO. This qmax
value of MO is higher than those reported by previous
studies that used various adsorbents. Table 4 gives the
qmax of MO using the present adsorbent of Magnetite-
CTAB-0.10 along with those obtained by other workers
[17-19, 35-37] for comparison. It is clearly found that the
adsorbent developed in this study, magnetite-CTAB-
0.10, is superior and more efficient compared to
previously reported adsorbents as it gives the highest
value of qmax. Even more, it is almost four times higher
than that of previously reported magnetite-CTAB [19],
which was synthesized using the conventional method
without optimization of the concentration of CTAB,
without keeping the inert atmosphere, and using
conventional magnetic mixing. The value of adsorption
capacity obtained from this study is also compared to the
results obtained from many studies using different
magnetite absorbents, as summarized in Table 5. It is

Table 3. Adsorption isotherm parameters of MO on
Magnetite-CTAB-0.10

Isotherms model Parameter Value
Langmuir r 0.9926
Qmax (Mg g7) 27.9
K. (L mol) 7.46 x 10*
AG. (k] mol?)  -27.8
Freundlich r’ 0.8252
n 3.90
K (Lg") 8.91 x 10~
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Table 4. Comparison of maximum adsorption capacities (qmax) for MO on various types of adsorbents

Adsorbents Qmax (Mg g™')  References
Copper oxide 1.2 [35]
Ammonium-functionalized MCM-41  1.12 [36]
Wheat Bran 12 [17]
Cork powder 16.8 [18]
Activated aluminas 9.8 [37]
Magnetite-CTAB 7.58 [19]
Magnetite-CTAB (modified method)*  27.9 This study

*CTAB concentration is optimized, synthesized in an inert atmosphere, and

used ultrasonic mixing to speed up synthesis

Table 5. Comparison of maximum adsorption capacities (qmax) for MO on various types of magnetite adsorbents

Optimum  Equilibrium max Magnetization
Adsorbent types ptmu q u Q 0 & L References
pH time (min) (mgg") (emug™)

Magnetic hydroxyapatite 7 80 18.0 12.5 [38]
v-Fe,05/2C nanocomposite 4.5 60 42.34 30 [39]
Magnetic cellulose beads 7 180 1.47 40 [40]
Magnetic halloysite nanotubes/iron

. . 7 480 0.65 27.91 [41]
oxide composites
Rectorite/iron oxide nanocomposites 7 1 0.36 19.14 [42]
v-Fe,0; crosslinked chitosan composite 6.6 100 29.46 4.36 [43]
Magnetite-CTAB 7 120 27.9 49.2 This study

observed that our results, in general, are higher or
comparable to those previously reported in many kinds of
literature [38-43].

Moreover, based on the equation of AG.s’ = —RT In
K. [44], where the values of R = 8.314 ] K! mol™, T =
298.15 K, and K = 7.46 x 10* L mol’, it has been found
that the value of AG.’ is —27.8 kJ mol™. This result
indicates that the adsorption of MO on Magnetite-CTAB-
0.10 is
chemisorption mechanisms (AG.a ranges from —20 to
—80 kJ mol™ [45-46]). It is predicted that the primary
interaction

dominated by both physisorption and

in this adsorption is an electrostatic
interaction between the positive surface charge on the
adsorbent and the negative charge group on the
adsorbate. Besides that, the relatively weak Van der Waals

force may also be expected.
Recovery Test

The visualization (photograph) of the experimental
bottle used in the recovery test after the separation process
of the used adsorbent with an external magnetic field is

given in the Supporting Information (4). The adsorbent
separation lasted only 1 min. The adsorbent magnetite-
CTAB-0.10 and the adsorbed MO were attracted
strongly by an external magnetic field and stuck to the
bottle wall. This case matches the results of VSM
measurements, which show that the magnetite-CTAB-
0.10 composite is superparamagnetic with a large M; of
68.88 emu g'. The orange solution containing MO
becomes clear quickly because the composite rapidly
adsorbs MO with a k, of 3.54 x 10° g mol™ min and a K
of 7.46 x 10* L mol. Furthermore, the adsorbent used
and the adsorbed MO can be separated immediately by
the external magnetic field.

m CONCLUSION

Rapid synthesis of Magnetite-CTAB composites
has been successfully developed by the coprecipitation
method using ultrasonic mixing in an inert atmosphere.
The use of 0.10 M CTAB produces the best performance
of the magnetite-CTAB composite for the adsorption of
methyl orange, probably due to the formation of a
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double layer spherical micellar structure with MNPs as
the core and a double layer of CTAB as the shell. The
magnetite-CTAB composite obtained has a strong
superparamagnetic  property with a  saturation
magnetization field (Ms) of 49.2 emu g'. Adsorption
study of MO using the developed adsorbent suggests the
material can adsorb anionic dye of MO efficiently with the
optimum conditions reached at pH 7 and 120 min of
contact time. Kinetic study of the adsorption indicates
that adsorption of MO on magnetite-CTAB fits well into
the pseudo 2™ order kinetic model, meaning at least two
factors are involved in the mechanism of adsorption,
possibly the adsorbate itself and the active site and/or the
molecules of solvent. The adsorption isotherms of MO by
Magnetite-CTAB composite are best described by the
Langmuir isotherm model, suggesting that the adsorption
takes place on the homogenous active sites of the
adsorbent surface and forms a monolayer. As the
adsorbent selectively adsorbed anionic dyes (MO) over
cationic ones (MV), it is predicted that the active sites are
the positively charged group of CTA" in the second layer
facing outside the micellar. The developed Magnetite-
CTAB composite is very prospective and promising because
it selectively adsorbs anionic species and can be easily and
quickly separated from the solution using an external
magnetic field after the adsorption process. Therefore, it
may be applied not only to anionic dyes but also to other
hazardous anionic species in the environment.
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Abstract: Iron(I1)-doped SiO./TiO, composite (SiO./TiO,-Fe) has been prepared from
sugarcane bagasse ash for photocatalytic degradation of Congo Red. This research was
initiated by preparing SiO, from sugarcane bagasse ash through a sol-gel method. The
SiO,/TiO,-Fe was obtained by mixing SiO, gel with TiO,-Fe sol which was produced with
titanium tetraisopropoxide (TTIP) as precursor and FeCls-H,O as the dopant source.
Dopant concentration was varied by 0, 1, 3, 5, 7% (w/w). The prepared materials were
characterized by FT-IR, XRD, SR-UV, XRF, SAA, and SEM-EDX. The photocatalytic
activity was evaluated for Congo Red degradation in a closed reactor under visible light
illumination. The degradation yield was determined by the UV-Visible spectrophotometry
method. Results showed that SiO, was successfully extracted from bagasse ash with a silica
content of 90.87%. The SiO,/TiO,-Fe composite was successfully prepared with the
bandgap energy value (E;) decreasing as the dopant concentration increased. The
optimum E; of 2.63 eV was obtained at the concentration of Fe was 5%. Under that
condition, the SiO,/TiO,-Fe photocatalyst degraded Congo Red solution by 98.18 % under
visible light at pH 3 with a mass of 30 mg for 90 min. The SiO,/TiO,-Fe composite is
expected to be a photocatalyst material candidate for dye wastewater treatment.

Keywords: sugarcane bagasse ash; SiO,/ TiO,-Fe; photocatalyst; Congo Red; degradation

= INTRODUCTION

method using a semiconductor photocatalyst could be
applied to remove dye waste [5], degrading dyes into

Textile industry waste in the form of dyes has
recently become an environmental problem because of its
increasing amount of disposal. One of these dye wastes is
Congo Red. The existence of Congo Red waste generates
some toxic impacts which are able to disrupt the aquatic
ecosystem. Its toxic effects include causing oxygen
depletion and reducing the amount of light penetrated to
alter the photosynthetic activity of some aquatic living
organisms, and it is known as one of the carcinogenic
chemicals. Consequently, it is highly required to
overcome these environmental problems caused by
Congo Red waste [1].

Several ways have been done to overcome dye waste,
one of which is adsorption [2], coagulation [3], and
ozonation [4]. However, the dye is only adsorbed in the
adsorption method without being degraded, released, and
becoming a secondary pollutant. The photocatalysis

simpler, safer, and economic components.
Photocatalyst is a material that can absorb light
and carry out some chemical transformations by redox
reaction [6]. One photocatalyst material that is
commonly used is titanium dioxide (TiO). TiO; has a
high oxidation capacity, high photostability, and is non-
toxicity [7]. Hence, TiO, is widely used as a
photocatalyst material. However, TiO, has a small
specific surface area and easily forms agglomeration
between its particle and recombination between its
charge carriers. This weakness can be overcome by
dispersing TiO, into a porous material, such as silica
(Si0;) [8]. The SiO, can reduce TiO, particle size and
minimize agglomeration between TiO, particles to
increase the surface area and catalytic activity. The silica
used can be extracted from natural materials with high
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silica content [9]. Recent studies state that one of the
natural materials that have the potential as a source of
silica is bagasse which has a silica content of 88.68% [10].
However, the SiO,/TiO, composite photocatalyst needs
UV radiation (< 390 nm) for dye degradation because of
the significant bandgap energy of TiO..

Based on previous research, it is known that TiO,
has a value of bandgap energy of 3.26 eV [11-13]. It allows
TiO, to absorb only UV lights for dye waste treatment,
limiting the application of TiO, on an industrial scale [13-
17]. Besides, another limitation is that UV light takes less
than 5% of solar light eradiated on the earth’s surface [18].
Therefore, it is necessary to extend the photo-response of
the TiO, to the visible region by modifying its optical
properties to achieve the more efficient photocatalytic
activity. Li et al. [19] prepared Fe doped TiO,, which has
photocatalytic activity under visible light. The Fe’* ion is
often used as a dopant because the ionic radius (0.690 A)
is closed to Ti** (0.745 A). Therefore, Fe’* can be easily
incorporated into the TiO, crystal lattice [19]. This study
reports the preparation of SiO,/TiO,-Fe using sugarcane
bagasse ash as the new potential of a silica source. This
catalyst has not been synthesized and examined in the
previous research. The effect of Fe(III) addition on the
properties and photocatalytic activity of SiO,/TiO, for the
degradation of Congo Red was evaluated.

m EXPERIMENTAL SECTION
Materials

The materials used in this research were in pro-
analysis qualities obtained from Sigma-Aldrich and
Merck, including NaOH, HCl 37%, NH; 25%,
Ti(OCH(CHs),)s 97% (TTIP), C,HsOH 99%, FeCls-H,O
97%, and Congo Red. Other materials were technical
grade, including deionized water and sugarcane bagasse
waste collected from the sugarcane factory in Bantul,
Yogyakarta. All reagents were used as received without
further purification.

Instrumentation

The instrumentations used in this research were
Fourier Transform Infrared Spectrophotometer (Nicolet
Avatar 360 IR; Shimadzu 2450), X-Ray Diffractometer
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(PANalytical: X’Pert PRO 2318), Scanning Electron
Microscope with Energy Dispersive X-Ray (JEOL JED-
2300; Hitachi SU 3500),
Spectrometer (S2 PUMA), Specular Reflectance
Ultraviolet-Visible Spectrometer (Shimadzu 2450), and
Surface Area Analyzer (Quantachrome Nova 4200e).

X-Ray Fluorescence

Procedure

Extraction of SiO; from sugarcane bagasse ash

Sugarcane bagasse (1 g) was washed with 100 mL
water and dried at 100 °C for 4 h. Dried sugarcane
bagasse was then combusted at 1000 °C for 4 h and
dispersed in 10 mL HCI 1 M for 2 h at room temperature.
Furthermore, the ash treated with acid was filtered,
washed with distilled water, and dried for 24 h at 80 °C.
The dried ash was then dispersed in 10 mL NaOH 2 M,
stirred for 4 h at 80 °C and filtered to obtain filtrate of
sodium silicate solution. The sodium silicate solution
was then titrated with HCl 1 M to reach pH 7.0 and form
SiO; sol. The sol was aged for 20 h at room temperature
to produce SiO, gel. Finally, silica gel was washed with
5 mL distilled water, filtered, and dried at 70 °C for 24 h
[20].

Preparation of SiO»/TiO,-Fe, SiO»/TiO;, TiO>
SiO,/TiO,-Fe was prepared with a modified
method from previous studies of TiO,-Fe [21] and SiO;
from sugarcane bagasse [20]. The SiO,/TiO,-Fe was
prepared with SiO, to TiO, mass ratio of 1:1. This ratio
is based on previously unpublished optimization results.
The first step was extracting SiO, from 1 g sugarcane
bagasse ash to produce SiO, gel. TiO, sol was then
prepared by stirring 4 mL (13.2 mmol) TTIP, 1 mL
water, 2.3 mL C,Hs;OH, and 0.7 mL HCI (molar ratio of
1:4:3:0.01) for 3 h. The mixture was then added with
1 mL Fe(III) solution with a varied concentration (1, 3,
5, and 7% (w/w)) at stirring for 30 min. The mixture was
then sonicated for 10 min and then added to SiO, gel.
NH,OH solution (20 mL) was added to the mixture then
sonicated for 1 h to produce SiO,/TiO,-Fe homogeneous
sol. The sol was dried at 70 °C for 24 h, and the
composite obtained was calcined at 500 °C for 4 h.
SiO,/TiO, preparation was performed with a
similar procedure to the SiO,/TiO,-Fe without the

Nawwal Hikmah et al.
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addition of Fe. The TiO, was synthesized by adding 2 mL
(13.2 mmol) TTIP into 20 mL ethanol solution and then
added dropwise with distilled water and sonicated for 1 h.
The sol was dried at 70 °C for 24 h and calcined at 500 °C
for 4 h to get TiO, as an anatase phase.

Photocatalytic activity

Experiments were performed by mixing an aqueous
solution (20 mL) of Congo Red 10 mg/L at a pH 3 with
30 mg of photocatalysts (TiO,, SiO,/TiO,, and SiO,/TiO,-
Fe) in all variations of dopant concentration (1, 3, 5, and
7%). All the reactions were performed under stirring for
90 min with various conditions: dark and under visible
illumination in a closed photoreactor equipped with LED
12 W Philips lamp (A = 483-595 nm) as the light source.
Then, the
centrifugation with the type of the centrifuge is Gemmy
PLC-025. The filtrate obtained was analyzed with a UV-
visible spectrophotometer with the type of GENESYS 10S.
The filtrate was scanned with a wavelength from 200 to

photocatalyst was separated through

600 nm and the optimum wavelength obtained was
561 nm. The photocatalytic degradation percentage has
been calculated as
_Cy-C

€

Degradation(%)
0

where C, and C. correspond to the initial and final
concentration of dye before and after photo-irradiation.

m  RESULTS AND DISCUSSION
SiO, Extraction from Sugarcane Bagasse

In this research, silica (SiO,) was obtained from
sugarcane bagasse ash and used as the matrix in
SiO,/TiO,-Fe. Sugarcane bagasse ash was utilized as the
source of silica because it has a large amount of silica
content after being combusted at 1000 °C and treated with
acid. Sugarcane bagasse would undergo a pyrolysis
process, which will reduce the organic and inorganic
contents such as K* and Ca* into its oxidized form. In
addition, the acid treatment caused other minerals besides
SiO; in sugarcane bagasse ash to dissolve, and their
content would decrease relatively to SiO,. The sugarcane
bagasse ash was analyzed with XRF, and the result is
presented in Table 1. The major component in sugarcane
bagasse ash is SiO, with 90.87%.

Indones. J. Chem., 2022, 22 (2), 402 - 412

Fig. 1 displays infrared spectra of raw sugarcane
bagasse, sugarcane bagasse ash, and silica. From the raw
sugarcane bagasse spectrum, it could be seen there are
peaks at 3416 and 1326 cm™', which indicate the
stretching and bending vibration of H-O-H. In
addition, there were some peaks at 2909 and 1054 cm™
stretching of Csp’-H and stretching of C-O from
primary alcohol, respectively. In addition, there are also
peaks at 1250 and 1730 cm™', which indicate the
existence of C-O, and C=O stretching vibration,
respectively [22]. According to these data, the sugarcane
bagasse may contain lignin and lignocellulose. From the
sugarcane bagasse ash spectrum, some peaks could be
seen at 3448, 1054, 786, and 497 cm™, which indicate
stretching vibration of H-O-H, Si-O-Si asymmetric
stretching, Si-O-Si symmetric stretching, and bending
vibration of Si-O-Si, respectively [23]. There is also a
peak with low intensity at 617 cm™, which shows the
characteristic of silica cristobalite. Cristobalite is formed

Table 1. Composition of sugarcane bagasse ash

Component Content (% mass)
Si0, 90.87

CaO 3.060
MgO 2.077
Na,O 1.186
ALO; 1.003

(c)

(b)

Transmittance (a.u.)

{a)

Ll 1 L 1 L} 1 L} 1 L 1 Ll | Ll |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1}
Fig 1. Infrared spectra of raw sugarcane bagasse (a),

sugarcane bagasse ash (b), and extracted silica (c)
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when silica is heated at 1000 °C. At this temperature,
tridymite turns into cristobalite [24]. The silica spectrum
shows peaks at 3467 and 1639 cm ™', respectively, indicating
adsorbed water’s stretching and bending vibration on the
SiO; surface. In addition, peaks at 1083, 954, and 462 cm ™,
indicate stretching vibration of Si-O-Si, stretching
vibration of the non-bridging oxygen atom (Si-OH) [25]
and bending vibration of Si—-O-S§i, respectively.

The X-ray diffraction pattern in Fig. 2 shows an
amorphous pattern with a prominent peak at 26 22.16°,
and a broad peak at 16-17° appears for the raw sugarcane
bagasse ash. These peaks are typical peaks of cellulose
corresponding to the Miller index in ICDD (International
Center for Diffraction Data) number 00-003-0289 with
the (hkl) values being: (-111) and (002). The XRD pattern
of sugarcane bagasse ash shows peaks at 260 19.68, 21.83,
28.26, 31.39, and 36.07°. According to Miller’s ICDD
index number 00-039-1425, this is the diffraction pattern
index of cristobalite with (hkl) of (101), (111), (102), and
(112). Based on the diffraction pattern of silica, there is an
amorphous pattern between 20 10-15° with a broad peak
at 20.76°. There are also some sharp peaks at pada 28.16,
31.32, 40.45, 45.06, and 56.02°. This diffraction pattern
was compared to Miller ICDD index number 00-003-
0267, which is the diffraction pattern index of cristobalite.

Fig. 3(a) depicts an SEM image of extracted SiO,; it
can be explained that the surface of SiO, looks quite
smooth even though there are some abrupt areas. Fig. 3(b)
displays the SEM-EDX spectrum of SiO, which shows
that SiO, consists of O and Si elements on the material’s
surface. The SEM-EDX data confirm that the material is
only composed of Si and O atoms as shown in Table 2.

BE0D

T200 -

SEL 1Y
LPPT M

WOlimem  S3360 0

11k}

OKa

0 s v 5 ¥
000 1.00 200 3.00 400 500 6.00
keV

405

Characterization of SiO,/TiO,-Fe

Fig. 4 displays the infrared spectra of SiO,/TiO, and
Si0,/TiO,-Fe with various dopant concentrations. The
spectra show that in all variations, absorption peaks
appear at 410-495, 500-600, 920-927, 1026-1050, and
2360-2370 cm™'. These peaks indicate respectively the
stretching vibration of Si-O-Si, bending vibration of Ti-
O-Tij, stretching vibration of Ti-O-Si, bending vibration
of Si-O-Si, and stretching vibration of Ti-O-Ti. Sharp

(c)

(b}

Intensity (a.u.)

(a)

10 20 40 a0 G0 70 &0
28 7)

Fig 2. X-ray diffraction pattern of raw sugarcane bagasse
(a), sugarcane bagasse ash (b), and extracted silica (c)

Table 2. Elements composition on the surface of SiO,

Element Atom%
O 79.94
Si 29.06
Total 100.00

7.00 200 9.00 10.00

Fig 3. SEM image of SiO; (a) EDX spectrum of SiO, (b)
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Fig 4. Infrared spectra of SiO,/TiO; (a), and SiO»/TiO,-Fe 1% (b), 3% (c), 5% (d), 7% (e)

peaks at 3400 and 1600 cm™ also appear, indicating H-
O-H’s stretching and bending vibration. The addition of
Fe(III) as a dopant gives a new peak at 2200 cm™ with low
intensity, as can be seen in inset spectra in Fig. 4. This
peak is a characteristic of Ti-O-Fe vibration that Fe
inserted into the TiO, crystal lattice [26].

Fig. 5 presents the X-ray diffraction pattern of
SiO,/TiO, and SiO,/TiO,-Fe with various dopant
concentrations of Fe(III). There are characteristic peaks of
silica cristobalite and anatase of Si0,/TiO, and SiO,/TiO,-
Fe samples. The peaks of silica cristobalite are shown at 20
28, 31, 40, 45, 56° according to ICDD number 00-003-
0267. TiO; anatase is revealed at 25, 48, 75° according to
ICDD number 00-002-0406. Table 3 shows that at 20 of
25° of the SiO,/TiO,-Fe is shifted toward a smaller 20 than
Si0,/Ti0,. It denotes Fe’* was successfully doped in
interstitial mode, causing the distance between planes of
Si0,/TiO,-Fe to be greater than SiO,/TiO,. The Fe**
radius is smaller than the Ti*" radius, making it possible
for Fe’* jons to enter the crystal cell of TiO, on the
interstitial mode within the crystal lattice [27]. It is noted
that crystal size continues to decrease as the Fe**
concentration increase implying the doped Fe* could
inhibit the grain growth of TiO.,.

The TiO; and TiO,-Fe were dispersed into the SiO,

matrix to achieve a more significant surface area. Table
3 shows that SiO,/TiO, has a greater surface area
(72.59 m*/g) than TiO, (20.26 m?/g). It confirms that
dispersing TiO, into the SiO, matrix would increase the
surface area due to the presence of porous SiO,, which
has a high specific surface area [28]. The SiO,/TiO,-Fe
also has a greater surface area than the undoped
material. Therefore, Fe dopant can inhibit the growth of

(e) I

(d)

(c)

Intensity (a.u.)

2 il L

{a)

1I|:I ) EIEI ) ?:EI ) J:DZB.:"] F:I} ) ﬁll} ) ?'IEI ) E.IEI
Fig 5. X-ray diffraction pattern of of SiO,/TiO; (a), and
Si0,/TiO,-Fe 1% (b), 3% (c), 5% (d), 7% (e)
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TiO, crystal, crystal, reducing the crystal size and
increasing the material surface area [29]. This fact
correlates to the crystallite size data shown in Table 4
where SiO,/TiO,-Fe 5% has a smaller size than SiO,/TiO..

The EDX was also carried out to determine the
elements in SiO,/TiO, and SiO,/TiO,-Fe. The EDX data
of Si0,/TiO, shows that SiO,/TiO, contains O, Ti, and Si,
meanwhile SiO,/TiO,-Fe consists of O, Ti, Si, and Fe. The
element composition of both materials can be seen in
Table 5. The result denotes that the surface of the
materials is dominated by Ti, giving a better
photocatalytic performance.

Fig. 6 shows SiO,/TiO, and SiO,/TiO,-Fe SEM
images, which show that compared to the SiO, surface,
both materials have rougher surfaces caused by TiO, and
TiO,-Fe particles dispersed on the SiO, surface. SEM
mapping was conducted to see the distribution of the
atoms on the surface of SiO,/TiO, (Fig. 7(a)) and
SiO,/TiO,-Fe (Fig. 7(b)). It can be seen that Ti and Si
atoms occupy the same position on both materials,
indicating the formation of SiO,/TiO, composite. Ti and
Fe atoms also occupy the same position, indicating Fe
doping into the TiO, crystal lattice.

Characterization using the SR UV-Visible method is
aimed to determine the material’s bandgap energy (E,).
Fig. 8 reveals a shift of absorption wavelength toward the
visible light region with an increasing concentration of Fe.
The E, was calculated from the data using the Tauc plot.
Table 6 demonstrates that Si0,/TiO, has a slightly higher
E, than that of TiO,. It might be caused by the quantum
size effect, which inhibits the TiO, crystal growth [30].
The TiO; E; 3.15 eV corresponds to the results reported

."J-_an'mn ) £ 2 L i

Fig 6. SEM image of SiO,/TiO; (a) and SiO,/TiO,-Fe (b)

by Aguado [31] that TiO, anatase has the E; value in the
range of 3.08-3.35 eV. The E; of the doped materials tends
to decrease as the Fe concentration increase. It occurs
because the distance between the valence and conduction
bands is getting smaller due to forming a new energy
level originating from the d orbitals of Fe metal dopant
below the conduction band. The distance of the new
energy level with the formed conduction band becomes
smaller, and electron transfer requires lower energy.

Table 3. The surface area of materials

Material SBET (m?/g)
TiO, 10.26
TiO,/Si0, 72.59
Ti0,/8i0,-Fe 5% 108.6

Table 4. The d-space and crystallite size of materials

Material 20(°) d(A) D (nm)
TiO,/Si0O, 25.38 3.507 19.34
TiO,/SiO,-Fe 1% 25.22 3.528 15.75
TiO,/SiO,-Fe 3% 24.94 3,567 11.81
TiO,/SiO,-Fe 5% 25.22 3.528 10.67
TiO,/SiO,-Fe 7% 25.32 3.515 10.64

Table 5. Elements composition on the surface of
Si0,/Ti0, and SiO,/TiO,-Fe

Material Element Atom%

Si0,/TiO, 0 67.97
Si 3.97
Ti 28.06

Si0,/TiO-Fe5% O 67.36
Si 2.21
Ti 28.58
Fe 1.85

1 A8 o
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(b)
Fig 7. Elements mapping on the SiO,/TiO, (a) and
Si0,/Ti0,-Fe 5% (b) surface

It is noted that E, is shifted towards higher energy at
a dopant concentration of 7%. It might be caused by the
which stated that when the
concentration of dopants is too abundant, the electrons

Burstein-Moss effect,

occupying the conduction band will be excess so that it
can push the Fermi level up. This increased fermi level
results in an increase in the bandgap energy [32].

Absorbance (a.u.)

500 600 700 800
Wavelength (nm)

Fig 8. Specular Reflectance UV-Visible Spectra of TiO,

(a), SiO,/TiO; (b), SiO/TiO,-Fe 1% (c), SiO,/TiO,-Fe

3% (d), SiO,/TiO,-Fe 5% (e), and SiO,/TiO,-Fe 7% (f)

300 400

Table 6. Bandgap energy of prepared material

Material E, (eV)
TiO, 3.15
Si0,/TiO, 3.16
Si0,/TiO,-Fe 1% 3.06
Si0,/TiO,-Fe 3% 2.93
Si0,/TiO,-Fe 5% 2.63
Si0,/TiO,-Fe 7% 2.67

Photocatalytic Activity of SiO./TiO>-Fe

The photocatalytic activity of SiO,/TiO,-Fe was
examined to degrade the Congo Red in the aqueous
solution. Fig. 9 shows the photocatalytic activity under
visible light illumination. The Fe doped SiO,/TiO,
material obtained the highest percentage of Congo Red
degradation with a concentration of Fe(IlI) 5%
(98.18%). It is related to the obtained E, where
Si0,/TiO,-Fe (5%) has the lowest E, value of 2.39 eV,
requiring the smallest energy to excite electrons from the
valence band to the conduction band. On the other
hand, the SiO,/TiO,-Fe photocatalysts with dopant
concentrations of 1, 3, and 7% have larger E, values
shown in Table 6, so that it requires greater energy to
excite the electrons. Thus, resulting in lower percentage
degradation, as can be seen in Fig. 9. Even though some
of these photocatalysts have a higher E; value, they are
still responsive to visible light.
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Table 7. Comparison of Congo Red degradation percentage with reported studies

Initial dye conc.

Time Degradation

Catalyst (mg/L) Light source (min) %) Ref
TiO, 4 58 WUV lamp 30 64.72 [33]
Zr0,/Ti0,/Zn0O 10 8 WUV lamp 15 97 [34]
TiO,-Fe 20 250 W Xenon lamp 60 54.16 [35]
PVA/TiO,/Chi/Chl 10 W70 LED lamp 210 94 [36]
Mn-TiO,/Ti 1 150 W visible lamp 60 75.48 [37]
SiO,/TiO,-Fe 10 12 W LED lamp 90 98.18 This study
According to Fig. 9, it can be seen that SiO,/TiO,-Fe 100, SNISKRERERSE

photocatalysts can reduce the concentration of Congo ., _ [] []

Red in dark conditions with no external energy source. In ;-3 —

this condition, the reduction of Congo Red concentration g 604

is not caused by photocatalytic degradation but § ap.

adsorption. The adsorption could occur due to the active ';-J:

sites on the surface of the photocatalysts. This process is = 20

recognized as decolorization. The SiO, can act as a

suitable adsorbent that provides an adsorption site to
support TiO; in capturing more target molecules.

Fig. 10 shows that SiO,/TiO,-Fe with Fe(IIl) 5%
concentration gave the highest photocatalytic activity
than pure TiO, and undoped SiO,/TiO,. The SiO,/TiO,-
Fe can degrade more Congo Red due to the contribution
of SiO,, which acts as an adsorbent and gives a greater
surface area as a result of TiO, dispersion into the SiO,
matrix. The dopant added is responsive to visible light and
improves photocatalyst’s performance in the visible light
region. The percentage degradation of SiO,/TiO; is lower
than SiO,/TiO,-Fe in visible light illumination due to the
E; compatibility. It can be concluded that SiO,/TiO,-Fe
will be more effectively used as a photocatalyst than
unmodified TiO..

Until the present day, there has not been any report
of S§i0,/TiO,-Fe with extracted silica from sugarcane
bagasse ash for photocatalytic degradation of Congo Red.
Therefore, earlier reported studies including various
photocatalysts were compared with this study for Congo
Red degradation. The comparisons data can be seen in
Table 7. Compared to all the photocatalysts used,
SiO,/TiO,-Fe has the highest activity within a relatively
short period. Thus, it suggests that SiO,/TiO,-Fe may be a
good choice for wastewater treatment.

Si0aTide Si02Ti0e-Fe 5i0aTi0e-Fe 5i0Ti0-Fe 5i02Tid=Fe
1% 34 % %

Fig 9. Percentage degradation of Congo Red (CR)
catalyzed by SiO,/TiO, and SiO,/TiO,-Fe under visible

light and dark condition

1001

=]
[

[=}]
(=]

Degraded CR (%)
o
[

[}
=

]

Tz Si0=Ti0z Si0=Ti0z-Fe
Fig 10. Percentage degradation of Congo Red (CR)

catalyzed by TiO,, SiO,/TiO,, and SiO./TiO,-Fe 5%
under visible light irradiation

m CONCLUSION

Silica was successfully extracted from sugarcane
bagasse ash with a content of 90.87%. SiO,/TiO,-Fe
photocatalysts were also successfully synthesized. The
addition of SiO, gives a higher surface area on the
SiO,/TiO,-Fe compared to the unmodified TiO..

Furthermore, Fe(IlI) modification on SiO,/TiO,
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influences the bandgap energy of TiO,, resulting in a
lower value of E; from 3.15 to 2.63 eV. Therefore, the
S$i0,/TiO,-Fe can be used as a photocatalyst responsive to
visible light for Congo Red degradation under visible light
exposure. The Fe doped SiO,/TiO, with a dopant
concentration of 5% can degrade 10 mg/L of Congo Red
dye solution with a degradation yield of 98.18% under the
condition of pH 3, under visible light illumination for 90
min. This finding led to a conclusion of possible new
materials for wastewater treatment.
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m INTRODUCTION Metal-organic frameworks (MOFs) have many

Organic dyes have been widely used in the textile possible uses due to their huge surface areas,

L . homogeneous yet configurable cavities, and tailorable
and print industries. However, because these compounds & Y &

are  toxic, non-biodegradable, and potentially physicochemical features [4-6]. Gas adsorption and

carcinogenic, their release into the water supply could storage [7], separation [8], drug delivery [9], and

endanger humans and the environment [1]. Rhodamine catalysis [10] are a few typical examples. In addition, the

B (RhB) is an example of a highly toxic dye [2]. cost-effective  photocatalysis process has gained
Nonetheless, RhB is still used as a fluorescent dye for popularity due to its advantages, such as biodegradable

staining in biology, sometimes in conjunction with and non-toxic end products.
Recently, the photoactive, crystalline, and highly
porous titanium-oriented MOFs NH,-MIL-125(Ti)

exh1b1t1ng TlgOg(OH)4(OzCC6H3(NHz)COz)G have

auramine O to form the auramine-rhodamine stain [3].
As a result, there is a pressing need to design an effective
dye wastewater treatment process.
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received much attention in the photocatalysis domain
[11-13]. NH,-MIL-125(Ti) is crystal titanium-based
with
encapsulation potential, and stability [14]. This material

amine-dicarboxylate excellent  absorbance,
is also embellished with numerous inactive Ti sites.
However, due to its exclusive activation in the UV light
area and quick charge recombination, its employment in
photocatalytic platforms is limited, resulting in poor
photocatalytic efficiency [15].

When suitable energy light strikes the photocatalyst,
the generated electron-hole pair participates in the
reaction [16]. Electron-hole pair recombination must be
avoided to be so large to promote photocatalysis. The
photocatalytic activity of MOFs has been improved using
various techniques, including coupling with noble metals
[17-18] with other
semiconductors [19-20]. Furthermore, metal doping is a

and forming heterojunctions

potential method for regulating the electronic structure
and improving photocatalytic activity. For example, Hong
Liu et al. used an in situ doping approach to create new
copper-doped  titanium-based amine-functionalized
metal-organic frameworks (Cu-NH,-MIL-125(Ti)).

In this work, the photocatalytic activity of produced
samples was demonstrated through the degradation of
methyl orange (MO) and phenol under visible light [21].
In 2019, Gomez-Avilés et al. synthesized mixed Ti-Zr-
MOFs and tested them as photocatalysts under solar-
simulated radiation using acetaminophen (ACE) as a
target pollutant [22]. However, a full comprehensive
determination of the structure and photocatalysis
mechanism of these materials remains challenging. The
photocatalytic performance of bimetallics strongly
depends on their composition and microstructures.
Herein, the scope for further investigation into the role
played by Cu** in NH,-MIL-125(Ti), which is also rare
recently.

This article reports a simple method of synthesizing
NH,-Ti-MOFs and bimetallic 15% Cu/Ti-MOFs using the
solvothermal method. The bare Ti-MOFs were prepared
to compare with 15% Cu/Ti-MOFs to highlight the
advantage of transition metal-based on its superior optical
performance. Moreover, Cu** was also supposed to play a
part in the structural adjustment of NH,-Ti-MOFs.

Indones. J. Chem., 2022, 22 (2), 429 - 436

m EXPERIMENTAL SECTION
Materials

Titanium (IV) isopropoxide (TiOCH(CHs),4), 2-
amino terephthalic acid (NH,-BDC) were purchased
from Sigma-Aldrich Co. (St MO, USA),
copper(II) chloride (CuCl,) were obtained from Fisher
Scientific (Fair Long, NJ, USA), N-dimethylformamide
(DMF, 99.5%) and methanol (CH;OH) were obtained
from Xilong Chemical Co., Ltd (China).

Louis,

Instrumentation

The catalysts were identified using the powder X-
ray diffraction (PXRD) technique, which used a 600
XRD diffractometer (Shimadzu, Japan) with Cu Ka
radiation (A = 1.5418) at a scan rate of 0.020°/s in the 5-
40 range of the 2-theta range. Raman spectroscopy was
performed using a HORIBA Jobin Yvon spectrometer
(Horiba Scientific, Japan) with a wavenumber range of
100-1000 cm™ (633 nm of the laser beam). FTIR
spectroscopy was performed on the sample KBr pellets
using a Jasco-4700 FTIR Spectrometric Analyzer
(Japan). Nitrogen physisorption was used to investigate
the BET and pore size distributions using a
Micromeritics Tristar 3000 analyzer. The UV-vis DRS
was measured at wavelengths ranging from 200 to
800 nm (UV-2450, Shimadzu, Japan).

Procedure

Preparation of NH>-Ti-MOFs and 15% Cu/Ti-MOFs
NH,-Ti-MOFs were synthesized via the report of
Hanna et al. (2020) [23]. Briefly, 0.504 g 2-amino-1,4-
benzene dicarboxylate (BDC-NH,) was dissolved in
12.1 mL N,N-dimethylformamide (DMF). 1.4 mL
methanol was added to the mixture and magnetically
stirred at room temperature for 30 min. Next, 0.26 mL
of titanium isopropoxide was added to the mixture, with
continued stirring until homogenous, and later added
with 20 mg of CTAB surfactant. Then, the reaction
mixture was transferred to a heat-resistant 100 mL
Teflon and placed in a closed convection heat apparatus
at 150 °C for 24 h. The product was then cooled and
refluxed overnight at 80 °C to remove BDC-NH, from
the pores. Next, the obtained material was centrifuged,
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washed several times with DMF and methanol, and
vacuum dried overnight at 150 °C. The mixed Cu/Ti-
MOFs were synthesized according to the copper molar
percentage of the ratio Cu**/Ti* of 0.15.

Photocatalytic test

The ability of NH,-Ti—-MOFs and 15% Cu/Ti-MOFs
samples to degrade RhB with the help of H,O, and the
presence of visible light demonstrates their photocatalytic
activity. The catalyst (5 mg) was combined with RhB
(100 mL, 3 x 10° M) and 1 mL H,O, (2 mM) in a 250 mL
double-layer beaker. Before photocatalytic degradation,
the suspensions were magnetically stirred for 1 h without
light to achieve equilibrium adsorption and desorption.
Herein, 4 mL of samples were removed during the
photodegradation process and centrifuged at 6000 rpm at
regular intervals for 10 min to separate the solid material.
An Agilent Cary (USA) was used to measure dye
concentration and absorption.

Trapping test

The RhB photodegradation of 15% Cu/Ti—-MOFs
was conducted using different scavenger compounds to
obtain in-depth knowledge about the photocatalytic
reaction mechanism. O,"", HO" and h* scavengers were
inhibited by p-benzoquinone (BQ), tert-butanol (TBA),
and EDTA-2Na, respectively. The concentrations of TBA
and EDTA were fixed at 1 mM, while the concentration
of BQ was fixed at 1 uM.

m  RESULTS AND DISCUSSION

Characterization of NH.-Ti-MOFs and 15%

Cu/Ti-MOFs

The XRD patterns of NH,-Ti-MOFs and 15%
Cu/Ti-MOFs are shown in Fig. 1(a). The diffraction peak
intensity at 20 = 6.8° is attributed to the NH,-Ti-MOFs
bare [24-25]. Noticeably, the diffraction peaks are slightly
moved to lower angles when doping with ionic Cu** into the
titanium framework. This can be explained based on the
difference of the ionic radius of Cu** and Ti* which are 0.72
and 0.68 A, respectively [21]. The slight decrease observed
is probably due to the thermal treatment following metal
deposition [26]. However, the modification of ion Cu**
had not changed the crystalline phase of NH,-Ti-MOFs.
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Fig 1. XRD pattern (a) and Raman spectra (b) of NH,-

Ti-MOFs and 15% Cu/Ti-MOFs

Therefore, the formation of 15% Cu/Ti-MOFs was
further confirmed.

Raman spectroscopy was used to investigate the
bonding vibration of Ti-MOFs and 15% Cu/Ti-MOFs
bimetallic materials (Fig. 1(b)). All of the spectra had the
same characteristic peaks. The relatively strong bands
observed at 325 nm at 546, 640, 1145, and 1620 cm™
characterize NH,-MIL-125(Ti) materials [27]. The type
of framework of titanium is responsible for the
resonance-enhanced Raman band at 703 cm™. The N-H
bond of the organic bridge is represented in the band at
1620 cm™ [28]. The appearance of a band of symmetrical
bending and elongation at 546 cm™ is typical for
octahedral Ti-O-Ti-O [29].

The nitrogen adsorption/desorption analyses at
77 K were used to explore the specific surface areas and
porosity of MOF materials. As displayed in Fig. 2, all the
samples exhibit the typical isotherms of IV, indicative of
the presence of a large number of micropores with some
small contribution of mesoporosity and high surface area
values. The Brunauer-Emmett-Teller (BET) surface areas
of the as-prepared NH,-Ti-MOFs and 15% Cu/Ti-MOFs
were 970.23 and 1157.41 m?/g, respectively. Therefore,
as in the case of the crystalline structure, metal cluster
modification did not provoke significant changes in the
porous texture of the original NH,-Ti-MOFs.

The UV-Vis spectra of NH,-Ti-MOFs reveal two
prominent absorption bands with maxima at 217 and
370 nm, which are caused by the Ti—O and ligand cluster
transition. Furthermore, an absorption band extending
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up to 500 nm can be observed due to the NH,-BDC ligand
[30]. After incorporating transition metals into Ti-MOFs,
the UV-Vis absorption band redshifted, and the visible
region expanded noticeably (Fig. 3(a)). The bandgap
energy of all obtained samples was calculated using the
graph of (hv)® versus photon energy (h) shown in Fig.
3(b). The bandgap of NH,-Ti-MOFs and 15% Cu/Ti-
MOFs were calculated from the absorption line
intersection and are 2.56 and 2.42 eV, respectively.

Photocatalytic Test

The photocatalyst efficiency of the as-prepared
samples was figured out via the degradation of Rhodamine
B (RhB) dye under visible light irradiation (Fig. 4(a)). It
was found that the rate of degradation of NH,-Ti-MOFs
was prolonged after 120 min of irradiation. However, the
degradation process significantly rose when doping Cu®*
ions into the NH,-Ti-MOFs. Therefore, it is indicated that
the Cu** ion helped the bandgap energy to narrow, which
boosted the photocatalyst effect. Furthermore, as per the
literature, *OH radicals were generated and acted as
electron acceptors, which is the main factor in helping the
MOFs
photocatalysis process.

The kinetics of RhB degradation on NH,-Ti-MOFs
and bimetallic 15% Cu/Ti-MOFs were also described via
the pseudo-first-order (Fig. 4(b)). For 15% Cu/Ti-MOFs,
the correlation coefficient (R?) and the rate constant (k;)

generate more holes and encourage the

for the pseudo-first-order kinetic model were the highest.
Notably, the kinetic rate of 15% Cu/Ti-MOFs reached
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spectra of RhB to irradiation time over Ti-MOFs and
15% Cu/Ti-MOFs are also depicted in Fig. 4(c-d). The
RhB dye solution's absorption peak was at 554 nm, and
it gradually decreased due to dye degradation, reaching
its lowest value at 120 min. The photocatalyst cleavage
of the aromatic ring of the dye molecules is thought to
cause a decrease in absorption peaks, which leads to the
decomposition of the RhB dye [31].

The pH of the solution had a significant impact on
the efficiency of the photocatalytic reactions (Fig. 5(a)).
The free radicals attacked the dye molecules and caused
them to degrade over time. Because of the electrostatic
interaction between the negatively charged material
surface (from the proton separation process) and the
predominant positively charged dye cation at pH 2, the
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MOFs and 15% Cu/Ti-MOFs

THMOFs

— 5% CuiTHMOFsS

(ahV)z(eV):

1 2

5

3 4
Photo energy (eV)
Fig 3. UV-Vis DRS (A) and Tauc plot (B) of NH,-Ti-MOFs and 15% Cu/Ti-MOFs

Hong Tham Thi Nguyen et al.



Indones. J. Chem., 2022, 22 (2), 429 - 436 433

104 Dark _Lig.tlt an
0.8~
Sh TP
u -
0.4
| - T1LOFS
0.2 O~ 15% CulT-MOFs
60 -30 0 30 60 90 120
Time [min)
0.8
— <80 min
| — <30 min
08 — D min
- 30 min
E 80 min
=04 — 80 min
2 120 min
< \
021",
TV b S ove 8 k S
200 400 600 500

Wavelength (nm)

004 Q-
o Q b “*‘n
. k.
0.3 e TR
o, i
E | 4 .
Q 06 5 T
[
= ] b“
=05 N
1 % TiMOFs a\
124 @ 15% Cu-TIMOFs 0
Lim) :
r r 1 151
Time [(min)
0.8
— <60 min
=30 min
0.6 ODmin
: 30 min
2 60 min
8044 — 90 min
@ 120 min
=
0.2+
0.0 ——r——
200 400 600 500

Wavelength (nm)

Fig 4. The removal efficiency of Rhodamine B (a) using different catalysts under visible light irradiation in the presence
of H,O; and (b) Pseudo first-order kinetic of the degradation process, (c, d) UV-Vis absorption spectra of RhB with
respect to irradiation time over NH,-Ti-MOFs and 15% Cu/Ti-MOFs, respectively

iy -0 pH2 o- EDTANW*
il -o-pH4 107 o TBA/ HO-
- \ ¥ =~ pHE
-8 BQ/O
0.8 -~ pHE ‘
0.2+ - Blank
. \
ﬁﬂ.ﬁ- \,;, G- "
= o ~g ©
0.4+
| 0.4
0.2 ‘\\v
J 0.2 4
2o J@ Dark|Light on (b)
[} Ay e — e T o T e e e o
60 -3¢0 0 30 60 &0 120 0 20 40 &0 230 100 120
Time (min} Time (min)

Fig 5. The effect of pH solution (a) and photocatalyst mechanism of 15% Cu/Ti-MOFs (b)

the photochemical degradation efficiency increased sharply,
resulting in a sharp increase in absorbance as well as
causing the photochemical reaction. When the pH rises
above 8, RhB is deprotonated, and its zwitterion is formed.
Furthermore, photochemical degradation was inhibited

because the hydroxyl ions competed with the RhB
molecules for adsorption on the catalyst surface. This
tinding is consistent with the findings of Zhao et al. [32].

Reactive radicals ("OH, O,, h*) are produced
during the irradiation process and are responsible for
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dye degradation. Trapping experiments were used to
determine which radical was dominant. According to Fig.
5(b), the final degradation efficiency changed almost
noticeably after 2 h of visible light irradiation when added
with 1 mM TBA and 1 mM EDTA-2Na. Hence, "*OH and
h* were predominantly responsible for RhB degradation.

To investigate the stability of the photocatalyst,
of 15% Cu/Ti-MOFs
performed under the same conditions. Fig. 6(a) depicts
the photodegradation of RhB after three runs. The
removal of RhB decreased from 72.62% to 66.05%,
indicating that the catalyst can be used repeatedly with no

recycling experiments were

discernible variation in photocatalytic performance. The
FTIR spectra (Fig. 6(b)) of fresh and used catalyst (used
three-times) proved the stability of 15% Cu/Ti-MOFs
after the 3" -run. The organic linkers C-C and N-H
bonds bending vibrations were visible in the FTIR spectra
of 15% Cu/Ti-MOFs, with peaks at 1500 and 1620 cm™,
respectively [33-34]. Furthermore, the peaks at 1245 and
1414 cm™
bending and symmetric stretching [35]. According to this
study, the organic linker's -COOH group was directly
attached to the Ti-oxo cluster.

are associated with a Ti-O framework's

m CONCLUSION

NH,-Ti-MOFs and 15% Cu/Ti-MOFs
successfully prepared via the solvothermal method and
were used to degrade RhB dye efficiently. Compared to
the individual Ti-MOFs, 15% Cu/Ti-MOFs exhibited

were

enhanced photocatalytic activity for RhB degradation.
The promoted electron transfer by the Cu’*/Cu and
Ti*/T’* redox cycles and the efficient separation of
photo-excited electron-hole pairs by introducing H,O,
can be attributed to the accelerated photocatalytic
degradation of RhB. The prepared 15% Cu/Ti-MOFs
also demonstrated good reusability and stability. Further
investigation revealed that the principal active species in
the degradation process were hydroxyl radicals and
holes. The 15% as-synthesized Cu/Ti-MOFs showed
promise in the removal of organic contaminants from
wastewater.
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Fig S16. Sticks molecular model of compound B
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Fig S18. Sticks molecular model of compound C
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Fig §20. Sticks molecular model of compound D

Nuha Hussain Al-Saadawy



Suppl. 10 Indones. J. Chem., 2022, 22 (2), 437 - 445

Fig $23. Molecular orbital (HOMO) of compound B

Nuha Hussain Al-Saadawy



Indones. J. Chem., 2022, 22 (2), 437 - 445 Suppl. 11

2

kN ~

b\

Fig S25. Molecular orbital (HOMO) of compound C

Nuha Hussain Al-Saadawy



Suppl. 12 Indones. J. Chem., 2022, 22 (2), 437 - 445

d

Fig S26. Molecular orbital (LUMO) of compound C

Fig S27. Molecular orbital (HOMO) of compound D
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Fig S28. Molecular orbital (LUMO) of compound D
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Abstract: The present work describes the synthesis of a variety of organotellurium
compounds. The first part describes the synthesis of a new series of organotellurium
compounds containing azomethine groups. Reaction of (E)-(4-((1,7,7-trimethyl
bicyclo[2.2.1]heptan-2-ylidene)amino)phenyl)mercury(Il)chloride and (E)-(5-methyl-2-
((1,7,7-trimethylbicyclo[2.2.1]heptan-2-ylidene)amino)phenyl) mercury(Il)chloride with
tellurium tetrabromide in 2:1 mole ratio yielded the tellurated Schiff bases Ar,TeBr,
(where Ar = 1-(CoH;sC=N)C=N)CsH; and 1-(CoH,;sC=N)C=N)-4-CH;CsH;) respectively.
Reduction of organyl tellurium dibromide Ar,TeBr, by hydrazine hydrate obtained the
corresponding tellurides (i.e., Ar.Te) in good yields. Characterization of the prepared
compounds was carried out using infrared spectrum (FT-IR), proton nuclear magnetic
resonance spectrum (‘H-NMR), and elemental analysis (CHN). The molecular structure
of the organotellurium compounds was investigated using the density functional theory
with hybrid functional (B3LYP), and the basis set 6-31G Geometrical structure, HOMO
surfaces, LUMO surfaces, and energy gap have been produced throughout the geometry
optimization. The molecular geometry and contours for the organotellurium compounds
were investigated throughout the geometrical optimization. The donor and acceptor
properties have been studied by comparing organotellurium compounds’ highest occupied
molecular orbital energies (HOMO). The present study aims to prepare organotellurium
compounds derived from aniline, p-toluidine, and camphor and their derivatives using
tellurated Schiff bases.

Keywords: organotellurium; telluride; organyl tellurium dibromide; HOMO and
LUMO energies; camphor; density functional theory

= INTRODUCTION

In recent years, there has been a great deal of interest
in synthesizing organotellurium compounds containing
amino [1-2], azomethine [3], pyridines, or acetamido
group in 2-position of tellurium element [1]. The high

long proved to be valuable intermediate products in
organic synthesis, are known to be convenient models
for studying fundamental problems of theoretical
chemistry, and are essential substances from the
practical viewpoint [12-13]. Elemental tellurium
provides a source of nucleophilic (chalcogenide and

stability of such compounds is due to the intramolecular
interactions (N->Te). There are few examples of tellurated
derivatives of azobenzenes in the literature, although the
first example was prepared in 1979 by trans-metallation
of mercurated azobenzenes with tellurium tetrachloride
[4-6]. In the last ten years, the field of organic tellurium
chemistry has witnessed a vast development, and several
review articles and books on the subject have been
published [3,7-11]. Organotellurium compounds have

dichalcogenide ions) and electrophilic reagents, which
may be generated in situ or prepared just before use [14-
15]. Elemental tellurium can be brought into insertion
reaction with organometallic compounds to afford the
corresponding metal tellurolates, which are then
involved in nucleophilic substitution and addition
reactions [15]. Organotellurium compounds have been
used as precursors for the preparative organic synthesis
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and semiconducting metal tellurides. Organotellurium
chemistry has become a trending topic [5,7-9,16].

The quantum mechanical wave function contains all
the information about the given system [17]. In the case
of a simple 2-D square potential or even a hydrogen atom,
the Schrodinger equation may be solved to get the
system's wave function, following which the allowed
energy states of the system can be determined [11]. The
simplest definition of density functional theory (DFT) is
a technique used to approximate the Schrodinger
equation of many-body systems [18]. Computational
codes refer to DFT in the Gaussian 09 program. DFT is
one of the most common methods of quantum
mechanics. DFT exactly describes the rigid structure of
the molecules throughout the geometrical optimization
procedure. In application, it is used to investigate the
structural, electronic, and physical properties of the
molecules and materials, such as the binding energies of
the molecules in chemistry, physics, and other areas
[[19]]. For example, DFT aims to calculate the electronic
ground state energy of a system of N electrons only
through its density without prior well-known system
wave function [11,17,18,20-23].

In the present work, attempts will be made to
prepare several new organotellurium compounds
containing group (—-C=N). However, to the best of our
method to

organotellurium compounds derived from camphor,

knowledge, there is no prepare
aniline, and p-toluidine. Therefore, the current study aims
at studying the biological activity of these new

compounds.

m EXPERIMENTAL SECTION
Materials

The chemicals used in this study included camphor,
ethanol absolute, p-toluidine, glacial acetic acid, mercuric
acetate, bromine, chloroform, dioxane, sodium metal,
hydrate,
(Avantor), lithium chloride, tellurium powder,
hydrochloric acid (HGB), and molecular sieves (ACS). All
the chemicals in this study were used as obtained by the

potassium  hydroxide, hydrazine aniline

manufacturer with no further purification.

Indones. J. Chem., 2022, 22 (2), 437 - 445

Instrumentation

The "H-NMR spectra were recorded on Bruker 500
MHz spectrometers with TMS as an internal reference,
utilizing soluble DMSO-ds. Elemental analysis for
carbon, hydrogen, and nitrogen was performed using a
Euro vector EA 3000A Elemental Analysis (Italy).
Infrared spectra were recorded with KBr circles, utilizing
an FTIR spectrophotometer Shimadzu model 8400 S in
4000-250 cm™. This study begins by optimizing A, B, C,
and D compounds using the DFT method, implemented
in the Gaussian 09W package with the 6-31G basis set in
its ground state. Depending on the first principle of DFT
computations, the energy gaps (E,) and frontier orbital
distributions (HOMO and LUMO) are computed for all
these systems. DFT using Becke and Lee-Yang-Parr
with the 6-31G
mention basis set were applied in the quantum-chemical

exchange-correlation functional,

evaluation.
Procedure

Synthesis of (2E,2'E)-N,N'-((dibromo-A*-tellanediyl)
bis(4,1-phenylene))bis(1,7,7-trimethylbicyclo[2.2.1]
heptan-2-imine) (A)

Firstly, (5.5 mmol, 2.54 g) of (E)-(4-((1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene)amino) phenyl)
mercury(II) chloride was dissolved in 25 mL of dry
dioxane. Then, (2.8 mmol, 1.25 g) of tellurium
tetrabromide in 25 mL of dry dioxane was added to the
mixture. The mixture was then refluxed for 14 h, the hot
solution was filtered, and the filtrate was cooled to room
temperature [1-2,11]. The filtrate was poured into 250 mL
of cold distilled water to form reddish-brown crystals.
Following recrystallization by ethanol, brown crystals
were formed, yielding 63% and melting point 103-105 °C.

C.H.N.: theoretical % (practical %): C, 51.93
(51.64); H, 5.45 (5.33); N, 3.79 (3.47); FT-IR using KBr:
v(C-H) Aliphatic = 3100 cm™, v(C-H) Aromatic = 3194
cm™, v(C=N) Aliphatic = 1679 cm™, v(C-N) Aromatic
=1325 cm™, v(C=C) Aromatic = 1404 cm™.

'H-NMR (500 MHz, DMSO-ds) 8 6.97 (s, 6H), 6.81
(d,J=7.9Hz,4H), 6.78-6.72 (m, 8H), 6.55 (d, ] = 8.0 Hz,
6H), 6.51 (s, 1H), 6.47 (d, ] = 8.0 Hz, 3H), 3.75 (dd,
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J=10.6,3.6 Hz, 8H), 2.74 (dd, ] = 16.0, 10.6 Hz, 8H), 2.47
(d, ] = 3.6 Hz, 6H), 2.11 (d, ] = 12.8 Hz, 24H), 2.07 (s, 7H).
These data were shown in Scheme 1, Table 1 and 2, Fig.
S1, S2 and S9.

Synthesis of (2E,2'E)-N,N'-(tellurobis(4,1-phenylene))
bis(1,7,7-trimethylbicyclo[2.2.1]heptan-2-imine) (B)

(2E,2'E)-N,N-((dibromo-\*-tellanediyl)bis(4,1-
phenylene))bis(1,7,7-trimethylbicyclo[2.2.1]heptan-2-
imine) (5 mmol, 3.7 g) was dissolved in 25 mL of ethanol.
The solution was then refluxed for 2 h, and the mixture
was cooled to room temperature. To the mixture,
hydrazine hydrate (5 mmol., 0.16 g) in 25 mL of ethanol
was added dropwise and heated in the water bath to 70 °C.
The resulting solution was evaporated using a rotary
evaporator [1-2,11]. The brown solid that had formed was
recrystallized by using chloroform to give brown crystals,
with a yield of 55%, and melting point 88-90 °C.

C.H.N: theoretical % (practical %): C, 66.23 (66.45);
H, 6.95 (6.83); N, 4.83 (4.11); FT-IR using KBr: v(C-H)
Aliphatic = 2920 cm™', v(C-H) Aromatic = 3103 cm™,
v(C=N) Aliphatic = 1616 cm™, v(C-N) Aromatic = 1333
cm™, v(C=C) Aromatic = 1419 cm™..

"H-NMR (500 MHz, DMSO-ds) § 6.97 (s, 6H), 6.81
(d, J=7.9 Hz, 4H), 6.78-6.72 (m, 8H), 6.55 (d, ] = 8.0 Hz,
6H), 6.51 (s, 1H), 6.47 (d, ] = 8.0 Hz, 3H), 3.75 (dd, ] =
10.6, 3.6 Hz, 8H), 2.74 (dd, ] = 16.0, 10.6 Hz, 8H), 2.47 (d,
J = 3.6 Hz, 6H), 2.11 (d, J = 12.8 Hz, 24H), 2.07 (s, 7H).
These data were shown in Scheme 2, Table 1 and 2, Fig.
S3, S4, and S10.

Synthesis of (E)-N-(2-(dibromo(5-methyl-2-(((E)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene)amino)phenyl)
-A*-tellaneyl)-4-methylphenyl)-1,7,7-trimethylbicyclo
[3.1.1]heptan-6-imine (C)
(E)-(5-methyl-2-((1,7,7-trimethylbicyclo[2.2.1]
chloride
(5.5 mmol,, 2.62 g) was dissolved in 25 mL of dry dioxane.

heptan-2-ylidene)amino)phenyl)mercury(II)
To the solution, (2.8 mmol, 1.25 g) of tellurium
tetrabromide in 25 mL of dry dioxane was added and then
refluxed for 14 h. Next, the hot solution was filtered, and
the filtrate was cooled to room temperature [1-2,11]. The
filtrate was poured into 250 mL of cold distilled water to
form brown crystals, recrystallization by ethanol to give
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(2E,2'E)-N,N'-((dibromo-l4-tellanediyl)bis(4,1-phenylene))bis(1,7,7-
trimethylbicyclo[2.2.1]heptan-2-imine)

Scheme 1. Preparation of diorganyl tellurium dibromide
of aniline and camphor derivative

O O

1- Ethanol, reflux for 2 h
2- NyH,4 H,0O/ EtOH

CHs CHs
Ay L

(2E,2'E)-N,N'-(tellurobis(4,1-phenylene))bis(1,7,7-
trimethylbicyclo[2.2.1]heptan-2-imine)

Scheme 2. Preparation of diorganyl telluride of aniline
and camphor derivative

brown crystals, with a yield of 65%, and melting point
123-125°C.

C.H.N: theoretical % (practical %): C, 53.16
(52.95); H, 5.77 (5.45); N, 3.79 (3.47); FT-IR using KBr:
v(C-H) Aliphatic = 2951 cm™, v(C-H) Aromatic = 2999

m™', v(C=N) Aliphatic = 1694 cm™', v(C-N) Aromatic
=1396 cm™, v(C=C) Aromatic = 1487 cm™.

"H-NMR (500 MHz, DMSO-ds) 6 793 (d, ] = 7.8
Hz, 8H), 7.89 (s, 1H), 7.78 (dt, J=26.1, 7.7 Hz, 7H), 7.64
(t,J=7.6 Hz, 10H), 7.60-7.44 (m, 3H), 7.02 (dd, J = 24.2,
8.0 Hz, 2H), 6.67 (d, ] = 8.0 Hz, 1H), 2.16 (s, 1H). These
data were shown in Scheme 3, Table 1 and 2, Fig. S5, S6,
and S11.
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(E)-N-(2-(dibromo(5-methyl-2-((E)-(1,7,7-trimethylbicyclo[3.1.1]
heptan-6-ylidene)methyl)phenyl)-l14-tellaneyl)-4-methylphenyl)-1,
7,7-trimethylbicyclo[2.2.1]heptan-2-imine

Scheme 3. Preparation of diorganyl tellurium dibromide
of p-toluidine and a camphor derivative

Synthesis of (E)-1,7,7-trimethyl-N-(4-methyl-2-((5-
methyl-2-(((E)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-
ylidene)amino)phenyl)tellanyl)phenyl)bicyclo[3.1.1]h
eptan-6-imine (D)

(E)-N-(2-(dibromo(5-methyl-2-((E)-(1,7,7-trimethyl
bicyclo[3.1.1]heptan-6-ylidene)methyl) phenyl)-\*-tellaneyl)
-4-methylphenyl)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-
imine (5 mmol., 3.8 g) was dissolved in 25 mL of ethanol.
Then, the solution was refluxed for 2 h, and the mixture
was cooled to room temperature. To the mixture,
hydrazine hydrate (5 mmol,, 0.16 g) in 25 mL of ethanol
was added dropwise and heated in a water bath to 70 °C.
The resulting solution was evaporated using a rotary
evaporator. The brown solid that had formed was
recrystallized by using chloroform to give brown crystals
[1,2,11], with a yield of 51%, melting point of 95-97 °C.

C.H.N: theoretical % (practical %): C, 67.13 (66.98);
H, 7.29 (7.13); N, 4.60 (4.83); FT-IR using KBr: v(C-H)
Aliphatic = 2951 cm™, v(C-H) Aromatic = 2998 cm™,
v(C=N) Aliphatic = 1692 cm™, v(C-N) Aromatic = 1394
cm™}, v(C=C) Aromatic = 1487 cm™..

"H-NMR (500 MHz, DMSO-ds) § 7.93 (d, ] = 7.7 Hz,
1H),7.78 (td, ] = 16.0, 15.5, 7.6 Hz, 3H), 7.55 (ddt, ] = 54.8,

H3C CHs
. \§3 CHjy H;C 8
NN Br
e

NZ
i
Hs

Ha
l 1- Ethanol, reflux for 2 h

H,C CHs

2- N,H, H,0/ EtOH

HaC CH,
HsC CH
s 1 CH, HiC 1 | /3 °
7
4 N 4

Hs
(E)-1,7,7-trimethyl-N-(4-methyl-2-((5-methyl-2-(((E)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene)amino)phenyl)tellanyl)
phenyl)bicyclo[3.1.1]heptan-6-imine

Scheme 4. Preparation of diorganyl telluride of p-

toluidine and a camphor derivative

22.5,7.6 Hz, 5H), 6.99 (d, J = 7.9 Hz, 1H), 6.76 (d, ] = 7.9
Hz, 1H), 2.15 (s, 2H). These data were shown in Scheme
4, Table 1 and 2, Fig. S7, S8, and S12.

m  RESULTS AND DISCUSSION

The present work included the preparation of
organotellurium compounds such as Ar,TeBr, and
Ar,Te (where Ar = 1-(CoH;sC=N)C=N)CsH,; and 1-
(CsH16C=N)C=N)-4-CH;C¢Hj3, respectively) by tellurated
Schiff base derived of camphor, aniline, and p-toluidine.

"H-NMR spectra of compounds (A-D) showed all
the expected peaks. All spectrum [16,24-28] in DMSO-
ds are given in Table 1 and explained in Fig. S1-S8.

IR spectra of the compounds under study
displayed standard features in specific regions and
[24-29]
(explained in Table 2). In all the compounds under

characteristic bands in the other areas
study, the aromatic (C-H) bond appeared at the range
(2998-3194 cm™) [24-29], whereas the aliphatic (C-H)
bond appeared at the range of (2920-3100 cm™). The
clear band at the range of (1616-1696 cm™) was
attributed to the aliphatic bond (C=N) [24-29]. On the
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Table 1. "H-NMR spectral data of selected compounds
Structure for compound "H-NMR (DMSO-ds); TMS = 0 ppm
H, H, 6.97 (s, 6H), 6.81 (d, ] = 7.9 Hz, 4H), 6.78-6.72 (m, 8H),
he N LN H, 6.55 (d, J= 8.0 Hz, 6H), 6.51 (s, 1H), 6.47 (d, ] = 8.0 Hz,
A e \O\BZFO o, 3H), 3.75 (dd, J = 10.6, 3.6 Hz, 8H), 2.74 (dd, ] = 16.0, 10.6
B;e Hz, 8H), 2.47 (d, ] = 3.6 Hz, 6H), 2.11 (d, ] = 12.8 Hz,

24H), 2.07 (s, 7H)
6.97 (s, 6H), 6.81 (d, ] = 7.9 Hz, 4H), 6.78-6.72 (m, 8H),

CHs . . s 6.55 (d, ] = 8.0 Hz, 6H), 6.51 (s, 1H), 6.47 (d, ] = 8.0 Hz,
B Hao%:(/ \@ O @CHS 3H), 3.75 (dd, J = 10.6, 3.6 Hz, 8H), 2.74 (dd, ] = 16.0, 10.6
HeC Te CHy Hz, 8H), 2.47 (d, ] = 3.6 Hz, 6H), 2.11 (d, ] = 12.8 Hz,

24H), 2.07 (s, 7H)

HaC_ CHy
CH,
7.93 (d, J=7.8 Hz, 8H), 7.89 (s, 1H), 7.78 (dt, J = 26.1, 7.7
c Hz, 7H), 7.64 (t, ] = 7.6 Hz, 10H), 7.60~7.44 (m, 3H), 7.02
(dd, J=24.2, 8.0 Hz, 2H), 6.67 (d, ] = 8.0 Hz, 1H), 2.16 (s,
1H)
H3C
H
CH; °
CH, HyC CH3
7.93(d,J=7.7 Hz, 1H), 7.78 (td, ] = 16.0, 15.5, 7.6 Hz,

D 3H), 7.55 (ddt, ] = 54.8, 22.5, 7.6 Hz, 5H), 6.99 (d, ] = 7.9
Hz, 1H), 6.76 (d, ] = 7.9 Hz, 1H), 2.15 (s, 2H)

Table 2. FT-IR spectral data of selected compounds

Aromatic  Aliphatic  Aliphatic = Aromatic  Aromatic

Compound 1y C-H C=N C-N c=C
A 3194 3100 1679 1325 1404
B 3103 2920 1616 1333 1419
C 2999 2951 1694 1396 1487
D 2998 2951 1692 1394 1487

other hand, the band at the range of 1325-1396 cm™" was ~ Computational Study
attributed to the aromatic (C-N) bond for all the prepared
compounds. The aromatic (C=C) bond appeared at the
range of (1404-1487 cm™) [24-29], as shown in Table 2
and Fig. S9-S12.

The molecular structure for the organotellurium
compounds was investigated using optimization plus
frequency at the ground state level. In addition, density
functional theory has been applied to optimize the
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organotellurium compounds with Gaussian 09 software
program [17,29-30] (see Fig. S13-S28).

HOMO (Highest Occupied Molecular Orbital) and
LUMO (Lowest Unoccupied Molecular Orbital) energies
are the electronic states, referring to certain places of the
existence of the electrons with quantized energies, where
the molecular orbitals are in linear combination to the
atomic orbitals [17,30-31] (see Fig. S21-S28). The
difference between HOMO provides the energy bandgap
(E;). The energy gap is a crucial property in solids as it
allows the prediction of the material (whether it is a
conductor, insulator, or semiconductor). Furthermore, it
represents the energy difference between the lower virtual
energy and the higher total energy levels [32-34] (see Fig.
S$21-S28 and Table 3).

Eg =Erumo ~Enomo (1)

In the present work, a comparison between the
HOMO and LUMO energies is explained in Table 3. to
find out that HOMO energy of organyl tellurium
dibromide A and C compound where is C a greater than
D compound, as, for diorganyl telluride B and D, D is
higher than C compound [32-34]. as follows:
D>B>A>C

Therefore, the highest energy gap was observed by
compound D, while the lowest value was observed by
compound C (see Table 3 and Fig. $21-528).

Electronegativity and electrophilicity

Electronegativity and electrophilicity can be
calculated from [30,32-36] the relations 2 and 3 (see Table
4).

E +E
x= HOMO LUMO (2)
2
< (3)
w=—
2n

In Table 4, the electronegativity of D was higher
than the electronegativity of C and A. On the other hand,
the electronegativity of compound B was the lowest.
D>C>A>B

Among the prepared compounds, compound B had
the greatest electrophilicity, whereas compound D had
the least.

B>A>C>D

lonization potential and electron dffinity

According to Koopman's theory, the following
relations, 4 and 5 [29-30,37], can express the ionization
potential and electron affinity, as shown in Table 5.
LP=-Egomo (4)
EA=-E Mo (5)

Table 5 demonstrates the ionization potential, and
electron affinity values in (eV) for compounds A, B, C,
and D. According to Koopman's theorem, the ionization
potential, and electron affinity results depend on the
energies in the valence band and the conduction band.
The table demonstrates the arrangement of the prepared
compounds according to the increase in their ionization
potential [29,37]:
B>D>A>C

Hardness softness acid base (HSAB Principle)
The following equations 6 and 7 can express the
hardness and softness [18,29,35,38]:

Table 3. The electronic states of the organotellurium

compounds
Compound HOMO (eV) LUMO (eV) E;(eV)
A -3.795 -1.950 1.845
B -7.438 -5.519 1.910
C -3.565 -1.820 1.740
D -4.549 -0.639 3.910

Table 4. Electronegativity and electrophilicity of the
organotellurium compounds

Compound Electronegativity (eV) Electrophilicity (eV)

X) (w)
A -2.87 4.44
B -6.47 21.76
C -2.69 4.12
D -2.58 1.66

Table 5. Ionization potential and electron affinity of the
organotellurium compounds

Compound Ionization potential ~ Electron affinity
(eV) (LP) (eV) (E.A)

A 3.79 1.95

B 7.43 5.52

C 3.56 1.82

D 4.55 0.64
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Table 6. Chemical hardness and chemical softness of the
organotellurium compounds

Compound  Chemical hardness ~ Chemical softness
M) (0)
A 0.92 0.54
B 0.95 0.52
C 0.87 0.57
D 1.96 0.25
ILP-EA
= 6
5 (6)
1
c=— (7)
n

n refers to chemical hardness, and o refers to chemical
softness (see Table 6).

The comparison between A, B, C, and D shows that
compound D was harder than compounds B, C, and A,
respectively, indicating that compound D will behave as a
hard base [29,35,38].

D>B>C>A

On the other hand, compound D was softer than
compounds A, B, and D, indicating that compound C will
behave as a soft base. Therefore, according to Table 6, the
behavior of organotellurium compounds can be classified
as donors or acceptors.

C>A>B>D

m CONCLUSION

In the present study, compounds A, B, C, and D
were obtained in a 51-65% yield. All the prepared
compounds were characterized by the CHN elemental
analysis, FTIR, and '"H-NMR. Findings from this study
were in concordance with previous research findings,
confirming the correctness of the proposed structures for
all the prepared compounds. Additionally, it is evident
that the density functional theory used in this study was a
powerful method, and B3LYP functional is a suitable and
efficient function for studying the electronic properties of
these structures.
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Abstract: Direct methanol fuel cell (DMFC) attracts much attention due to its high
abundance, environmental friendliness, and convenient transportation and storage. In
this study, a novel catalyst of Pt:Mo alloy nanoparticles (NPs) on non-carbon Tios W20,
support was synthesized by microwave-assisted polyol process. The characteristic of
Pt;Mo NPS/TipsWo,0; catalyst was determined by X-ray diffraction (XRD), transmission
electron microscopy (TEM), scanning electronic microscopy (SEM), energy-dispersive X-
ray (EDX), and Brunauer-Emmett-Teller (BET) method. Pt:Mo NPs had an average
diameter of approximate 5.18 nm and were uniformly anchored on Tios W20, surface.
The ratio of Mo in the Pt:Mo alloy was consistent with the theoretical value, which
supported the effectiveness of the synthesis method. In addition, Pt:Mo/TiosWo.0;
electrocatalysts exhibited higher CO-like tolerance in methanol oxidation reaction
(MOR) than commercial electrocatalysts, excellent catalytic activity, and strong
durability after 2000 cycles. The synergistic effect of Pt-Mo alloy, and the strong
interaction between the bimetallic Pt-Mo alloy and the mesoporous TiysW,.0; support,
could weaken the Pt-CO bond. Besides, the high corrosion resistance and superior
electrochemical durability of TiO.-based oxide also contribute to the excellent stability of
Pt;sMo/TiosWo.20; electrocatalyst in harsh electrochemical media. These results revealed
that this material could be a potential catalyst in DMFC technology.

Keywords: bimetallic metal; Pt-Mo alloy; W-doped TiOy; microwave-assisted polyol
process; hydrothermal

= INTRODUCTION

Using fossil fuels (oil, coal, etc.) for energy has
caused severe effects on humanity and the environment,
from air and water pollution to global warming. To
reduce greenhouse gas emissions and economic
dependence on petroleum, replacing fossil fuels with
alternative energy resources is intensively studied
worldwide. Fuel cell technology operating as energy
conversion devices could be the answer to the world’s
pressing demand for clean and efficient power since it
offers extremely low or even zero emissions of health-
damaging pollutants [1-3]. Direct methanol fuel cell

technology exhibits a high energy density of liquid
methanol used as an abundant fuel source, easy storage,
relatively straightforward system design, and convenient
operation. Therefore, it is a potential power source for
automotive, portable power generating, and electronics
industry applications [4]. Nevertheless, the greatest
challenges which limit commercialization of fuel cells
are that the systems involve high intrinsic costs and poor
durability of catalysts, usually noble Pt-based materials.
Literately, many previous studies have pointed out
several factors reducing the lifetime of these
electrocatalysts, such as carbon-support corrosion, Pt
detachment, and agglomeration, and Pt poisoning
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caused by carbon-containing intermediates (such as
-CO.4) [5-7].

It is generally recognized that alloying Pt with noble
metals like Pd, Au, Ru, or less expensive 3d-transition
metals, such as Mo, Ni, Co, Cu, is one feasible strategy for
Pt-load reduction and activity enhancement in fuel cells,
including DMFCs [8-10]. Among Pt-M alloys, the state-
of-the-art Pt-Ru is found to be the most active and
commonly used binary alloy catalyst and in MOR at the
anode of DMFCs [4,11]. However, Pt-Ru alloy is severely
subjected to Ru dissolution and migration, called “Ru
crossover”. It leads to poor performance by inhibiting or
contaminating the oxygen reduction kinetics at the
cathode and the potential stability of the cathode against
the parasitic MOR [12-14]. For further investigation,
some studies have focused on alloying platinum with
molybdenum, which is inexpensive, widely available, and
has outstanding potential as a promoter for enhancing Pt
activity in the MOR [15]. It is reported that the PtMo/C
catalyst exhibited a three-time better enhancement in CO
tolerance as compared to PtsoRuso/C and a greater than
four-fold enhancement relative to Pt/C [16]. Another
study indicated that Mo in Pt;:Mo alloy induced ligand
effect on neighboring Pt atoms leads to weaker CO
adsorption on Pt as compared to Ru in Pt;Ru alloy [17].
Nevertheless, various synthesis methods of Pt-Mo alloy
NPs have been surveyed, including arc melting of pure
elements, wet impregnation, electrochemical deposition,
that are subject to intrinsic drawbacks, such as (i)
complicated multistep processes involving
caping/surfactant agents, (ii) strict conditions required
for alloying; and (iii) heat treatment at the high
temperature employed afterward to archive true Pt-Mo
alloy form [18-20]. These challenges are mainly due to the
large negative redox potential of the Mo™/Mo’ couple and
the low miscibility of Pt and Mo [21-22].

With the purpose to solve mentioned issues, a novel
Pt-based nanoalloy on robust non-carbon support was
TiO.SWO.ZOZ
successfully synthesized via one-step low-temperature

introduced. Non-carbon support was

hydrothermal preparation, while the Pt:Mo nanoalloy on
Ti0.8W04202
microwave-assisted polyol route [23-24]. The synthesis

support was fabricated by a simple

process in the present work did not include any
stabilizer. The
Pt:Mo/TiosWo20; electrocatalyst were measured by X-
(XRD),
microscopy (TEM),

surfactant or characteristics of

ray diffraction transmission  electron
BET measurement with N,
adsorption isotherms, scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy
(EDX). The synthesized material showed a uniform
diameter of ~5.18 nm and good dispersion on the
surface of TipsW.0; Pt:Mo/TiosWo202

electrocatalyst showed a high surface area (152.32 m°/g),

support.

a large pore diameter (2.46 nm). It exhibited superior
CO-tolerance with the Iyl ratio of PtsMo/TiosW.0:
was up to 1.49. In addition, the Pt;Mo/TigsWo.0:

photocatalyst showed excellent catalytic activity
compared to commercial catalysts.
m  EXPERIMENTAL SECTION
Materials
Tungsten (VI) chloride (WCLs, 99.9%),

Hexachloroplatinic acid (H,PtCls-6H,O, 99.9%, 38-40%
Pt) were obtained from Sigma-Aldrich, USA. Titanium
(IV) chloride (TiCls, 99.5%) was purchased from
Shanghai, China. Ethanol (99.9%), ethylene glycol (EG,
99.5%), acetone (99.9%) were acquired from Merck,
Belgium. Molybdenum (V) Chloride (MoCls) was
bought from Sigma-Aldrich (99.99%). Distilled water
was used throughout the experiments.

Instrumentation

Synthesizing process

Besides the common tools in the laboratory,
Teflon-lined autoclave, microwave oven, and laboratory
centrifuge were mainly used for synthesizing the
materials via microwave-assisted polyol process in this
study.

Characterization

To investigate the structural characterization of
Pt:Mo/TiosWo20,, Powder X-ray diffractometer (XRD,
D2 PHASER-Brucker), transmission electron
microscope (TEM, JEOL-JEM 1400), the nitrogen
adsorption isotherms (NOVA 1000e), scanning electron
microscopy (SEM), and the energy-dispersive X-ray
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spectroscopy (EDX, EDX-JSM 6500F, JEOL) were used
after synthesis process.

For electrochemical characterization, the CV test
was performed in an acidic medium with methanol (N»-
purged 10 v/v% CHsOH/0.5 M H,SOj, solution; at a scan
rate of 50 mV/s) to get access to the MOR activity of this
material.

Procedure

Synthesis of Tio.sWo.202 nanoparticles

By approaching the solvothermal method applied in
the previous studies [3-4], the non-carbon support
TiosWo20, NPs
surfactants or stabilizers and further heat treatment. After

were synthesized without using
dissolving 0.159 g WCls in 50 mL ethanol to generate a
homogeneous solution, 0.176 mL TiCl, was added into
the mixture. Then the mixture was put into a Teflon-lined
autoclave and moved into an oven; the reaction condition
was set at 200 °C for 10 h. Subsequently, the suspension
was stored at ambient temperature to cool down naturally
and rinsed several times with acetone and distilled water.
After that, it was dried in the oven set up at 80 °C
overnight. Finally, the obtained product was collected for

the next synthesis.

Synthesis of the Pt:Mo/Ti,.sW,.202 nanoparticles

The 20 wt.% Pt:Mo/TiosWo.0, were synthesized by
a polyol process under microwave radiation. Firstly, 110
mg of the as synthesized TiosW,.0, was introduced in a
beaker, followed by adding 25 mL EG and stirring for 15
min. This mixture was sonicated for 30 min at 5 °C to
form a uniform suspension. The precursor solutions,
including 2.422 mL H,PtCls 0.05 M and 0.808 mL MoCls
0.05 M, were added into the previous suspension to get a
3:1 atomic ratio of Pt:Mo. To achieve better dispersion,
the stirring process was kept for 15 min. Afterward,

NaOH
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NaOH solution was slowly dropped into the mixture to
adjust pH = 11, and then the suspension was moved into
the microwave oven. The system was operated at a 50%
power rate for 3 min. The resulted black product was
collected by centrifuging and washing with distilled
water 5 times at 6000 rpm. At the end of the process, the
sample was dried at 80 °C for 12 h for analysis. The
Pt:Mo  NPS/TipsWo.20:
schematically can be seen in Fig. 1. Similarly, the 20 wt.%

preparation  steps  of
Pt/TiosWo.0, NPs catalyst was prepared using the same
procedure for further comparison.

Material characterization

The structure of Pt;Mo nanoalloy on TigsWo.0,
support was measured by X-ray diffraction (XRD)
implemented on D2 PHASER-Brucker using Cu Kr X-
ray source at 30 kV, in the angle between 20° and 80°
with a sweep rate of 2°/min. The transmission electron
microscopy (TEM) measurement was performed on
JEOL-JEM 1400 microscope at an accelerating voltage of
3800 V to determine the particle size of the as-prepared
support and catalyst. Furthermore, by means of EDX-
JSM 6500F, JEOL machine operated at an accelerating
voltage of 10 kV, the image analysis, elemental
and mapping of Pt:Mo/TiosWo.0,
nanoparticles are possible to be investigated. The

composition,

specific surface area of the TiosW,.0, support was
figured out by Brunauer-Emmett-Teller (BET) method
using isothermal N, adsorption/desorption. Prior to the
analysis test, the sample undergoes the outgassing
process to clear away all adsorbed gases and water from
material pores by heating at 250 °C for 3 h. The
resistivity measurement of the sample has been
implemented by preparing a four-point probe. The
TipsWo.0, powder was placed into pellets of a size of

Rinsad, Hﬂo
.—”.

Dried, 80 °C
ovemnight

Pt:Mo NPsITiasWe 202

Fig 1. Schematic illustration of the preparation of the Pt:Mo NPs/TiosW,.0, catalyst
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10 mm and ~1 mm in diameter and thickness,
respectively, by hydraulic injection mold under pressure

about 300 MPa.
m RESULTS AND DISCUSSION

Characterization by X-ray diffraction (XRD) was
used to verify the 20 wt.% Pt:Mo/TiosWo20, catalyst
structure. As shown in Fig. 2, the diffraction peaks of the
20 wt.% Pt:Mo/TiosWo20; catalyst could be indexed to the
(111), (200), and (220) planes of platinum metal (JCPDS
04-0820) with face-center cubic (fcc) structure at 20
positions of approximate 39.76°, 46.24°, and 67.45°,
respectively. Only the characteristic diffraction peaks of
the fcc phase of Pt bulk, anatase TipsW,.0; and no single
peaks for Mo were detected for the 20 wt%
Pt:Mo/TiosWo20; catalyst indicating that Pt and Mo had
come into being alloy on the surface of the TiosWo.0:
support together with the low mismatch between Pt and
Mo atoms [25-26]. Furthermore, the 20 wt.%
Pt;Mo/TiosWo.0; catalyst presented well-matching XRD
peak positions with the anatase TiosW,.0; suggesting that
the support has a stable structure.

449

the
micrograph (TEM) and the surface structure of the
TiosWo.20: The TiosWo.20:
nanoparticles had an average diameter of about 9 nm

Fig. 3 presents transmission emission

support. mesoporous

’\ P\ A 20 wt % Pt,MolTig gWg 202
o
= 20 Wt % PtiTiy gWg 202
£
W
&
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Fig 2. The XRD spectra of the 20 wt% Pt:Mo/TiosW,..0.,
20 wt.% Pt/TiosWo.0; catalysts and TipsW,20, support
in the 20 range of 20°-80°
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Fig 3. (a) The TEM image, (b) N, adsorption/desorption isotherms and (c) pore size distribution of the non-carbon
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(Fig. 3(a)), its BET surface area and pore size were
measured about 152.32 m?/g and 2.46 nm (Fig. 3(b-c)),
respectively, by implementing the N,
isotherms
Barrette-Joyner-Halenda (BJH) technique. Besides, the
electrical conductivity of the as-prepared TiosWo.0:

nanoparticles after using the four-point probe evaluation

adsorption/desorption coped with the

are near 1.90 x 107 S/cm. These data are in good
agreement with our previous study [24].

The morphology, the average size, and uniformity of
the 20 wt% Pt;Mo/TipsWo.0, nanoparticles were
evaluated by the TEM, as shown in Fig. 4. The Pt:Mo alloy
nanoparticles were nearly spherical with a uniform
diameter of approximate 5.18 nm and well-dispersed on
the surface of TipsWo,0, support. In comparison with
commercial carbon-supported electrocatalyst (Pt/C, E-
TEK), Pt:Mo/TiosWo.0, showed the higher surface area

Indones. J. Chem., 2022, 22 (2), 446 - 454

and pore volume, smaller pore diameter (Table 1).

The SEM-EDX elemental analyses are implemented
to obtain the Pt-Mo alloy formation and composition
(Fig. 5). As can be seen in Fig. 5(b), the Pt:Mo atomic ratio

-l
Fig 4. The TEM image of the 20 wt.% Pt:Mo/TiosW,.0;
catalyst

Table 1. Comparison in BET surface area and pore diameter of Pt:Mo/TiosW.0; and E-TEK commercial catalyst

BET surface area

Pore diameter

Electrocatalyst Reference
Y (m?/g) (nm) g

20 wt.% Pt:Mo/TipsWy,0, 153.32 2.46 Present work

E-TEK 69.21 9.8 [27]

Atomic ratio
Pi:Mo ~ 2.74:1

Fig 5. (a) SEM image and (b) EDX analysis and (c-g) elemental mapping of the 20 wt.% Pt;Mo/TiosW(.O; catalyst
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of the 20 wt.% Pt:Mo/TiosWo..O; catalyst was found to be
2.74:1, which indicates that the real Mo contents in the
binary alloy are slightly smaller than the theoretical value
(3:1). It supports the 20 wt.% Pt;Mo/TiosWo.O, catalyst
suffered from a dissolution of some Mo species during the
synthesis [15]. Additionally, the elemental mapping
shows that the catalyst and support were localized
uniformly, suggesting the effectiveness of the rapid
microwave-assisted polyol reduction synthesis method.
To elucidate the electrical performance of the 20 wt.%
Pt:Mo/TiosWo.0; catalyst, cyclic voltammetry techniques
were carried out in N,-purged 0.5 M H,SO; electrolyte at
a sweep rate of 50 mV/s, as illustrated in Fig. 6. The Pt-
Hupa region (0 to 0.37 V versus NHE) of Pt:Mo/TipsW,..0;
is not as well defined as those on the Pt/TiosW,.0, and
Pt/C (E-TEK) electrodes, it suggesting the relatively low
crystallinity of Pt:Mo/TiosW,,0, than other catalysts.
More importantly, the electrochemical specific area
(ECSA) values, which were calculated after normalizing
the double-layer and assuming a value of 210 (mC/cm?)
for the adsorption of H, monolayer, of the three catalysts
increased in the order: PtsMo/TiosWo.0 (58.28 m?/gp,) <
Pt/C (65.13 m*/gp.) < Pt/TiosWo,0, (120.16 m*/gp,). Albeit
the ECSA of Pt:Mo/TiosW,.0, was only half of ECSA of
Pt/TiosW0.0,, which was probably due to the reduction
in Pt content and the presence of Mo in the alloy structure
decreasing the interaction between hydrogen molecules
and the Pt surface, it is comparable with that of Pt/C. This
result could be ascribed to the well-distribution of Pt and
the hydrogen spillover effect occurring on the W-doped

(a)

—— 20 wa % Pt,Mo/Ti, W, 0,
——20 w % PUTi, W, 0,
— 20 wt % PUC (E-TEK)

30+

20

10 4

Current density (mA/cm?)

404

451

TiO, support surface.
Methanol Oxidation Reaction Investigation

To get access to the MOR activity of the as-
synthesis catalyst, the CV test was performed in an acidic
medium with methanol (N,-purged 10 v/v% CH;OH/0.5
M H,SO, solution) at a scan rate of 50 mV/s (Fig. 7). As
shown in Fig. 7(b), the Mo-containing electrocatalyst
(Pt:Mo/TiosWo.0.) showed onset potential (Eonset = 0.29
V) at a higher value than the pure Pt electrocatalyst
supported on TiysW.0, (0.24 V) and lower than Pt/C
(E-TEK) (0.32 V). Another interesting observation was
made concerning the relative positions of the current
density peak in the positive-going sweep. The forward
peak of Pt:Mo/TiosW,.0; is 21.16 mA/cm* which is
lower than Pt/TipsWo.0; (23.29 mA/cm?) and nearly
equal to Pt/C (21.01 mA/cm?). These results imply that
the methanol oxidation reaction can occur more easily
and faster on the Pt/TiosW,.,O, surface rather than on
Pt:Mo/TiosWo20, due to the higher Pt composition of
the Pt nanoparticles in comparison with the binary
Pt;Mo alloy. Notably, the I¢/I;, ratio of Pts:Mo/TiosWo.02
is up to 1.49, whilst those of Pt/TiosWo.,0, and Pt/C are
mere ~1.18 and ~0.69, respectively (Fig. 7(c)). The highest
I¢/1, ratio of PtsMo/TipsW,.0, which can be considered
an indication for better ~CO.q4, tolerance is attributable
to the promotion of the removal of the surface-bound
intermediates in the presence of Mo. The parameter
comparison of Pt;Mo/TiosWo.0, and Pt/TipsW,.0; to
others reported previously is presented in Table 2.

125 4 (b)

100 +

ECSA (m'g,,)

0.4 0.6 0.8 10
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0.0 02 1.2
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i ¥ b |

Fig 6. (a) CV curves and (b) ECSA values of the different catalysts in N,-purged 0.5 M H,SO, solution at a scan rate of

50 mV/s
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Fig 7. (a) CV curves; (b) the onset potential and (c) I¢/I; values of the catalysts in N,-purged 10 v/v % CH;OH/0.5 M

H.,SO, solution at a scan rate of 50 mV/s

Table 2. Comparison of Pt:Mo/TiosWo20, and Pt/TipsWo.0, with other Pt-based electrocatalysts

Blectrocatalyst ECSA Onset potential Specific MOR LI Ref
(m?/gp.) (V) activity (mA/cm?) %

Pt:Mo/TipsWo.20, 58.28 0.29 V vs. NHE 21.16 1.49 This work
Pt/TiosWo20; 120.16 0.24 V vs. NHE 23.29 1.18 This work
Pt/C (E-TEK) 65.13 0.32 V vs. NHE 21.01 0.69 This work
Pt;Ru,/C - 0.35V vs. Ag/AgCl - 1.22 [29]
PtRu/C - 0.346 V vs. NHE 38.2 0.8 [30]
BPt NW/RGO 25.90 0.4 Vvs. Ag/AgCl 1.154 1.01 [31]
CuPt; wavy NWs 18.0 0.48 V vs. SCE 2.80 1.67 [32]
Specifically, mechanisms for the higher CO  methanol oxidation. Also, other known ways to reduce

tolerance of the alloy Pt;Mo on TiosW,.0, material, as
compared to only Pt on TiosW,.0, can be assigned to the
major bifunctional and the minor electronic mechanisms.
As for the bifunctional manner, the electro-oxidation of
CO to CO; occurs more readily and easily with the presence
of oxophilic Mo element after -OH.4, species formed on
Mo migrate to neighboring Pt sites where they react with
—CO.4s. With regards to the electronic effect, the addition
of Mo alters the Pt electronic properties and thus changes
the CO chemisorption properties, consequently reducing
the CO coverage and leaving freer Pt sites available for the

catalyst poisoning is promoting CO-like poison
oxidation by oxygen supplied in the fuel flow or arriving
from the cathode after passing the membrane, and the
occurrence of the water gas shift process (WGS) which
correlates with the reaction of CO with water catalyzed
by Pt-Mo. Furthermore, the dissociative adsorption of
water molecules upon the anatase titania-based support,
along with its spillover characteristic, facilitates the
transfer of primary oxides (Pt-OH) to the reacting sites,
otherwise being decisive for the electro-oxidation of CO
and substantially enhancing CO tolerance.
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m CONCLUSION

In conclusion, the PtsMo/TiosW(..O; electrocatalyst
was successfully synthesized via a simple microwave-
assisted polyol route without using any surfactant or
stabilizer. The bimetallic Pt;Mo nanoalloy particles were
well-dispersed on the surface of robust non-carbon
TiosWo.0, support. Electrochemical tests indicated that
the Pt:Mo/TiosWo.20: electrocatalyst showed higher CO-
like tolerance and stability towards the methanol
oxidation reaction than those of the commercial Pt/C
electrocatalysts. The combination of the transition metal
element Mo on the alloy structure shows that Pt:Mo bi-
component structure can not only reduce the amount of
used Pt metal and the cost of catalysts but also provide
notable catalytic activity for catalysts in MOR reactions.
Therefore, Pt;Mo/TiosW.0, material has the potential to
be a potential electrocatalyst for DMFC.
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Simple and Green Preparation of ZnO Blended with Highly Magnetic Silica Sand
from Parangtritis Beach as Catalyst for Oxidative Desulfurization of Dibenzothiophene
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* Corresponding author: Abstract: Simple and green preparation of ZnO blended with Parangtritis beach sand
(BS) catalysts for oxidative desulfurization of dibenzothiophene (ODS-DBT) has been
conducted. The ZnO-BS catalysts were prepared by blending ZnO with beach sand under
Received: October 23, 2021 a weight ratio of 1:1, 1:2, and 1:4, and then heated by microwave (MW) at 540 watts for
Accepted: December 16, 2021 30 min, resulting in BS-MW, ZnO-MW, ZnO-BS-1-MW, ZnO-BS-2-MW, and ZnO-BS-
4-MW, respectively. As a comparison, the ZnO-BS-1 was also heated by oven at 100 °C
for 30 min produced ZnO-BS-1-OV. Each product was characterized by XRF, XRD, FTIR,
acidity test by NH; vapor adsorption, SAA, SEM-EDX, TEM, and magneticity test by an
external magnetic field. Furthermore, each material was applied for ODS-DBT, and its
product was analyzed by UV-Vis spectrophotometer and FTIR. The results showed that
ZnO-BS-1-OV had the highest acidity of 2.3486 mmol/g and produced the highest DBT
removal efficiency through the ODS reaction of 81.59%. The use of catalysts in ODS-DBT
does not affect the main structure of the treated fuel. Therefore, the combination of ZnO
with BS can provide good performance in ODS activity and facilitate the separation of
catalysts after the reaction due to its magnetic iron oxide content.
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= INTRODUCTION The presence of sulfur compounds in transport

One of the world’s most critical issues is the fuels is undesirable from ar'l environmental side.. These
depletion of petroleum-based resources due to extended 51.11fur comp01.1nds present in fuels such as gasohr.le and
industrialization and motorization. It has been stated that dles'el result in harmful' effects s.uch as c.(>rr0510§ of
the transport sector uses 40% of the number one energy engimne par.ts, wear, dep 9SItS formation, and a1.r pollution.
consumed withinside the world [1]. The decline in ol These environmental risks have led the environmental

reserves worldwide increases the dependence on heavy
oils containing a heteroatom. Therefore, the trend towards

protection agency (EPA) to set the maximum sulfur
content in gasoline to less than 30 ppm. At the same

. T . time, this ratio was determined in diesel fuel below
converting heavy oil to light products as much as possible ) o
. L 15 ppm [3], and accordingly, refineries have adopted
to compensate for this shortage has become a priority in | o
several techniques to meet these legislations. Complete
energy research centers. Thus, the percentage of total Kaowled ding their struct 1 chemical
sulfur content in these refined products increased [2]. now e. 8¢ r‘egar ing el structure and chemica
nature is desirable to remove these sulfur compounds
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from engine fuels by an appropriate refining process.
Petroleum oil refineries convert many heavy oils into
high-value products that can meet societal needs such as
liquid petroleum gas, gasoline, diesel, and jet fuel through
physical processes such as distillation or chemical
processes such as catalytic reforming [4].

In industry, sulfur compounds are eliminated
through the hydrodesulfurization (HDS) method.
However, it has a few inherent issues in treating sulfur-
containing aromatic hydrocarbon compounds, including
dibenzothiophene (DBT) and its derivatives. It also
requires harsh conditions, including high temperatures
and pressures of hydrogen gas, to provide light oil with
low levels of sulfur compounds. Because of this, it's been
an urgent challenge to discover new methods for the
of fuel Catalytic
desulfurization (ODS) combined with extraction of

desulfurization oils. oxidative
oxygenated sulfur using a polar solvent is considered due
to favorable operating conditions. Generally, ODS
processes are achieved through the oxidation of sulfur
compounds to sulfoxides and sulfones, followed by a
separation process using appropriate extractants or
adsorbents. ODS is capable of removing the widest
possible sulfur compounds due to the nature of the
reaction and the ability to operate under mild operating
conditions with the presence of green oxidants [5].
According to the literature, various ODS systems have
been developed, such as a series of heteropolyacid
catalysts, ionic liquids systems, acetic acid catalyst [6-7],
porous glass supported with titanium silicate particles [8],
and ultrasound-assisted ODS processes [9].

Several solid catalysts had been examined for ODS
reaction, including heteropoly acid, either alone or
supported [10], and metal oxides, i.e., oxides of (Mo, Mn,
Sn, Fe, Co, Zn) metals [11-13]. However, most of it either
involved complicated and multistep synthesis techniques
or was unrecyclable. The latest literature survey shows
that ZnO as a catalyst has obtained significant interest due
to its inexpensive, non-toxic, and environmental benefits,
i.e., minimal execution time, low corrosion, waste
minimization, recycling of the catalyst, clean delivery, and
disposal of the catalyst [14]. Parangtritis beach sand is rich
in iron, silica, and alumina oxide. It is selected as the
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support material for ZnO catalyst since it is a reasonably-
priced, environmentally friendly, natural active catalyst,
and an example of higher use of natural resources [15].

Iron oxide can activate a considered clean oxidant
such as H,O,, producing active superoxide/peroxide
species [16], while the ZnO was reported for adsorptive
desulfurization [17]. ZnO is also found to be able to
remove the sulfur content without changing the main
hydrocarbon structure where non-sulfur-containing
crude fuel oil mass remains unchanged. Thus, the
combination of the adsorptive capability of zinc oxide
and oxidant activated by rich iron oxide sand will
enhance the possibility of efficient removal of a
through the ODS
technique. In addition, iron-zinc oxide material was

refractory sulfur compound
reported in the literature to have both hydrophobic-
hydrophilic characteristics [16]. It has a great potential
to act like a phase-transfer catalyst, which is further
important for the reaction that consists of immiscible
H,0; containing H,O and hydrocarbon solution.

Therefore, in this research, the ZnO-beach sand
catalysts were prepared by the physical grinding
(blending) method, which is a simple and easy method
that can also provide magneticity properties that allow
catalyst recovery at the end of the ODS-DBT reaction so
that it can be easily separated from the product by an
external magnetic bar. The comparison of catalysts'
characteristics and activities heated by microwave at
various weight ratios and heated by oven were also
studied.

m EXPERIMENTAL SECTION
Materials

The materials used in this research were sand
obtained from Parangtritis Beach, Bantul Regency,
Special Region of Yogyakarta with purity can be seen
from the XRF data, zinc oxide (ZnO 99% purity, Merck),
dibenzothiophene (Ci;HsS 98% purity, Merck), n-
hexane (C¢His 96% purity), 30% (w/w) hydrogen
peroxide (H,O, 29-32% purity, Merck), acetonitrile
(C:HsN 99.9% purity, Merck), distilled water (H.O,
technical grade), ice and filter paper (Whatman Filter
Paper, Grade 42).
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Instrumentation

Beach Sand (BS) was analyzed by an X-Ray
Fluorescence  spectrometer (XRF, RIGAKU-NEX
QC+QuanTEZ). All catalysts (BS, BS-MW, ZnO, ZnO-
MW, ZnO-BS-1-OV, ZnO-BS-1-MW, ZnO-BS-2-MW,
and ZnO-BS-4-MW) were analyzed by X-Ray
Diffractometer (XRD, Philips X'Pert MPD), Fourier-
Transform Infrared Spectrometer (FTIR, Shimadzu
IRPrestige-21), acidity test, and external magnetic field.
Zn0O-BS-1-OV and ZnO-BS-1-MW were analyzed by
Surface Area Analyzer (SAA, JW-BK112) and Scanning
Electron Microscope-Energy Dispersive X-Ray (SEM-
EDX, Hitachi SU 3500). ZnO-BS-1-OV as the best catalyst
was analyzed by Transmission Electron Microscopy (Jeol
JEM-1400 TEM).

Procedure

Catalyst synthesis

The sand collected from Parangtritis Beach,
Yogyakarta, Indonesia, was washed from any excess
chloride (CI") using distilled water. It was then dried at
100 °C overnight to remove any excess water on the
surface of the beach sand (BS). ZnO was blended with BS
in different weight ratios of 1:1, 1:2, and 1:4 and then
heated by microwave. The preparation of blended ZnO-
BS was carried out as follows: 1 g of ZnO was added by 1,
2, and 4 g of BS and blended homogeneously. Distilled
water (1 mL) was added to the mixture to form a paste and
then microwaved at 540 watts for 30 min, producing
7Zn0O-BS-1-MW, ZnO-BS-2-MW, and ZnO-BS-4-MW,
respectively. BS and ZnO were also heated by a microwave
that produced BS-MW and ZnO-MW. ZnO-BS-1 catalyst
was also prepared without microwave irradiation (oven),
producing ZnO-BS-1-OV.

Catalytic activity test

The model compound dibenzothiophene (DBT)
was dissolved into n-hexane to make a stock solution of
model fuel with a sulfur content of 500 ppm (DBT content
= 2874.5 ppm). The oxidative desulfurization (ODS)
experiment was performed in a three-necked 500 mL
round-bottomed flask equipped with a condenser fitted
with a magnetic stirrer and immersed in an oil bath
controlled by a thermometer. The mixture of 25 mL DBT
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and 0.15 g catalyst was then introduced and heated
under vigorous stirring. Once the temperature reached
60 °C, 0.12 mL of 30% aqueous solution of H,O, as
oxidant was introduced for 20 min under stirring. The
oxidized DBT solution was then transferred to a
separating funnel followed by the addition of acetonitrile
and extracted three times with the volume ratio of the
total solvent to oxidized ODS solution of 1:1. The
hydrocarbon layer of the oxidized DBT solution was
then subjected to quantitative and qualitative analysis.
The hydrocarbon layer of the oxidized DBT
solution after extraction was subjected to two different
(UV-Vis)
spectrophotometer was used to determine the efficiency

analysis  methods.  Ultraviolet-visible

of DBT removal. The removal percentage of DBT is
calculated based on the following equation:

(%)-

where C, is the DBT initial concentration in the stock

C,-C
0t +100%
C0

solution and C, is the DBT concentration of the oxidized
DBT solution in the hydrocarbon layer after reaction
time (t). In addition to UV-Vis spectrophotometry, the
hydrocarbon layer after the reaction was also subjected
to FTIR to determine the stability of DBT in n-hexane
qualitatively.

m RESULTS AND DISCUSSION
Catalysts Characterization

The crystallographic  interpretations  were
performed by X-ray diffractometer (XRD) using Cu Ka
wavelength and scanning in 20 range from 10° to 80°
with a rate of 4°/min. Each diffractogram of the material
is shown in Fig. 1.

BS and BS-MW spectra exhibit peaks at 20 of 8.46,
18.53, 18.73, 22.39, 24.09, 24.62, 28.37, 29.37, 29.57,
29.80, 30.45, 31.04, 33.21, 34.27, 34.74, 35.04, 35.35,
36.37, 36.59, 37.21, 37.42, 37.77, 40.87, 43.38, 43.61,
47.70, 49.38, 53.96, 54.17, 56.21, 57.63, 62.07, 63.88,
64.25, 66.31, 69.42, 71.34, 72.08, 72.33, 74.85, 75.13,
75.28, 79.78, and 80 degrees confirmed that the sand is
mainly containing Magnetite (Fe;O,), Hematite (Fe,Os),
Schwertmannite (FesOs(OH)¢nH,0O), and Lepidocrocite
(y-FeO(OH)) with the three strongest peaks showed as
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Fig 1. X-ray Diffractogram of (a) ZnO, (b) ZnO-MW, (c)
BS, (d) BS-MW, (e) ZnO-BS-1-0OV, (f) ZnO-BS-1-MW,
(g) ZnO-BS-2-MW, and (h) ZnO-BS-4-MW

Schwertmannite, Lepidocrocite, and Hematite. The
observed peak positions match the Crystallography Open
Database (COD) File No. 00-101-1032, 00-101-1267, 00-
901-5185, and 00-901-5156. ZnO-BS-4-MW material
displays a clear appearance of the phase of cubic-ZnFe,O,
with peaks corresponding to hkl: (111), (220), (311),
(222), (400), (331), (422), (531), (442), (620), (533), (642),
and (731) with d values of 0.500, 0.300, 0.254, 0.244, 0.193,
0.172, 0.143, 0.141, 0.132, 0.128, 0.012, and 0.109 nm,
respectively. The crystal structure of cubic-ZnFe,O;, is in
accordance with the standard COD file no. 00-151-3087
(Iattice constant: a = 0.843 nm) [18]. In ZnO-BS-2-MW,
the diffractogram shows that the extra peaks also evolved
corresponding to (220) (d = 0.302 nm), (331) (d = 0.196
nm), and (642) (d = 0.863 nm) of cubic-ZnFe,O4 The
diffraction spectrums of the blended ZnO-BS-MW
samples could not be assigned clearly as Fe,Os due to the
amount of Fe’* of BS used in the mixture is very small. In
ZnO-BS-1-MW, the diffractogram reveals that the
particles form hexagonal-ZnO, also extra planes
corresponding to (222) (d = 0.237 nm) and (400) (d =
0.214 nm) are also evolved. In addition to the hexagonal,
the phase in ZnO-BS-1-OV develops as extra planes
corresponding to (220) (d = 0.297 nm) and (222) (d =
0.238 nm) from cubic-ZnFe,O4 In the ZnO-MW, the
most intense peaks were located at 26 of 31.49, 34.14, and

35.98 degrees which corresponded to the Miller index of
(100), (002), and (101), whereas ZnO lies at 20 of 31.44,
35.93, and 56.30 degrees which correspond to the Miller
index of (100), (101), and (2-10), respectively. The most
intense and sharp peaks in Fig. 1 show that ZnO and
ZnO-MW have high crystalline and purity. These peaks
were identified by comparison with the ICDD powder
diffraction file for ZnO (No. 10800075) which
confirmed that the particles conform to the hexagonal
structure of ZnO (wurtzite type: a = 0.32 nm, ¢ = 0.52
nm). These hkl planes include (100), (002), (101), (102),
(2-10), (103), (200), (2-12), (201), (202) with d values of
0.276, 0.262, 0.249, 0.192, 0.163, 0.148, 0.141, 0.138,
0.136, and 0.124 nm, respectively.

From Table 1, it can be seen that microwave
treatment can reduce the crystallinity of the material as
happened in BS>BS-MW, ZnO->ZnO-MW, and ZnO-
BS-1-OV->ZnO-BS-1-MW. The decrease in crystallinity
indicates the occurrence of crystalline amorphization.
The level of crystallinity is also affected by the ratio of
the weight of ZnO to BS. The greater content of ZnO in
the mixture will increase the crystallinity. This is because
ZnO dominates the crystals more than BS, which is an
amorphous material.

The crystallite size of each material from XRD data
was calculated using the Debye-Scherrer equation as
follows:

K

- BcosH
where D is crystallite size in nm, K is Scherer constant
(0.89), \ is the X-ray wavelength for Cu-Ka in nm (A =
1.54059 A), B is the Full Width at Half Maximum
(FWHM) in radian, and 0 is the Bragg angle in radian.

From Table 1, it can be concluded that microwave
heating can increase the crystallite size of the material, as
happened in BS>BS-MW and ZnO->ZnO-MW. The
increase in crystallite size is possible for sintering due to
the large energy generated by the microwave. Although
7Zn0O-BS-1-OV->ZnO-BS-1-MW has decreased, this
value is considered consistent because its difference is
very small (0.34 nm). When ZnO is blended with BS, the
sintering can be prevented because the position of ZnO
and BS could be distributed evenly. The lower the ZnO
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Table 1. Crystallinity properties and acidity of materials

Material Crystallinity (%) Crystallite size (nm)  Acidity (mmol/g)
ZnO 96.87 38.70 2.1137
ZnO-MW 93.89 51.60 1.9963
BS 76.20 56.54 2.2312
BS-MW 66.00 127.89 2.1785
ZnO-BS-1-OV 90.36 51.22 2.3486
ZnO-BS-1-MW 88.34 50.88 1.7614
ZnO-BS-2-MW 7491 49.96 1.7826
ZnO-BS-4-MW 74.81 85.21 1.9251

content in the mixture, the more evenly distributed on the
BS surface, so the crystallite size will be smaller. On the
other hand, the greater the ZnO content in the mixture,
the greater the chance of forming aggregates on the BS
surface so that the crystallite size increases. This argument
does not occur in the case of ZnO-BS-4-MW because ZnO
may not be homogeneously distributed on the BS surface.

All materials that have been prepared are tested for
acidity using the gravimetric method by ammonia
adsorption. The acidity value is expressed as the number
of mmol of ammonia absorbed in grams of catalyst. Table
1 summarizes the order of the acidity of the material.
Heating the material by microwave can reduce acidity, as
happened in BS>BS-MW, ZnO->ZnO-MW, and ZnO-BS-
1-OV->ZnO-BS-1-MW. This might happen due to ZnO's
dielectric properties by microwave heating, as stated by
Omran et al. [18]. The dielectric values of ZnO at room
temperature were relatively low. The influence of
temperature on the real (¢) and imaginary (g")
permittivities indicated that temperature has a more
significant effect on the imaginary permittivity than on
the real permittivity, and the effect of temperature is more
significant at higher temperatures. Due to the low
dielectric values of the sample, ZnO is a poor microwave
absorber which makes the acidity of the samples decrease
when irradiated by microwave. In addition, acidity is also
influenced by the weight ratio of ZnO to BS. The acidity
will increase following the amount of BS content in the
mixture. This is because the largest content in BS is Fe,
where this metal contributes a lot of Lewis acid sites from
its empty p orbitals. The large amount of ZnO in the
mixture allows the formation of aggregates that cover the

acid sites of the pores of the material, thereby reducing

the acidity.
XRF is

composition contained in Parangtritis beach sand (BS).

used to determine the elemental
The analysis results are shown in Table 2, which implies
that the largest elemental contents include Fe, Si, and Al
This proves that BS contains a lot of Fe, which can be
applied as potential catalyst support for oxidative
desulfurization (ODS) [19-20].

EDX was conducted to compare the elemental
content in ZnO-BS-1-OV and ZnO-BS-1-MW. From
Table 3, it can be seen that the content of Fe and Zn
elements did not change, which indicates that the
microwave treatment did not affect the content of both
elements in the material. The second reason is possibly
the EDX measurement area was not taken correctly, so
it is not representative.

Table 2. XRF analysis result of beach sand (BS)

Element Composition (wt.%)
Al 3.17
Si 11.85
Fe 27.79
Co 0.11
Ni <0.1
Zn 0.04

Table 3. EDX analysis results of ZnO-BS-1-OV and
ZnO-BS-1-MW

Elemental content (wt.%)

Material -

O Al Si Fe Zn
Zn0O-BS-1-OV 265 4 24 09 662
Zn0O-BS-1-MW 245 43 41 09 662
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FTIR analysis was applied to determine the
functional groups present in the material. According to
the literature, magnetite displays two strong absorption
bands at 570 and 390 cm™ leading to the Fe-O stretching
mode of the tetrahedral and octahedral sites, respectively
[21]. Whereas maghemite, a defective form of magnetite,
has absorption bands at 630, 590, and 430 cm™'. Geothite
contains stretching vibrations of -OH at 3125 (v-OH),
890 (8-OH), and 800 (y-OH) cm™ [22], where the last
two bands are important diagnostic bands of goethite as
well as stretching Fe-O with weak intensity around 400
and 630 cm™! [23]. Due to their differences, FTIR is
considered as one of the suitable tools for confirming the
purity of the pure or mixed iron oxide-based material.

By analyzing the spectrum in Fig. 2, it can be stated
that the BS consists of a mixture of magnetite and
maghemite, based on the fact that the band located at
540.07 cm™ is not symmetric; some weak bands of
maghemite may also be present. There is a shift to
524.64 cm™ in BS when heated by microwave. The spectra
of BS and BS-MW show water molecule stretching and
bending vibrations of protons in hydroxyl at 3448.72 cm™

M=Zn&Fe
0=C=0 C‘fO MO

O-H
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[24] and ~OH vibration bands at 786.96 and 794.67 cm™.
This can be due to the formation of metal hydroxides as
an intermediate compound before the formation of ZnO.
The C=0 stretching between 1543.05 and 1635.64 cm™
and the C-O asymmetric stretching between 1381.03
and 1388.75 cm™ are also present [25]. The bands
observed at 2337.72 and 2368.59 cm™ are attributed to
the C=0 stretching mode, possibly due to the absorption
of CO; from the air by the metallic cation [26-27]. The
absorption band observed at 424.34-447.49 cm™ is
associated with the vibrational mode characteristic of
Zn-0 bonding [28].

In this research, an attempt was made to measure
the infrared spectra of ammonia adsorbed on BS, BS-
MW, ZnO, ZnO-MW, ZnO-BS-1-0OV, ZnO-BS-1-MW,
Zn0O-BS-2-MW, and ZnO- BS-4-MW surfaces and to
investigate the adsorbed state of ammonia on the surfaces
of the catalysts. The bands observed at 3448.72-
3456.44 cm™ involve both the ~OH stretching vibration
of surface hydroxyls bonded to NH; molecules through
hydrogen bonding and the —-NH stretching vibration of
the adsorbed NH; molecules. The absorption band at

O-H&N-H NH,

' : |
,\//(_N\/‘\f' -

(g)

~—T—rT T T | B | T
4000 3500 3000 2500 2000 1500 1000 500
Wavenum ber (cm~')

Fig 2. FTIR spectra (a) ZnO, (b) ZnO-MW, (c) BS, (d) BS-MW, (e) ZnO-BS-1-0V, (f) ZnO-BS-1-MW, (g) ZnO-BS-
2-MW, and (h) ZnO-BS-4-MW before (left side) and after (right side) ammonia adsorption
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1473.62-1635.64 cm™' may be considered as the bending
vibration of NH; molecules because it is identical to that
found in the coordinately bonded NH; molecules.
However, the intensity of this absorption band decreases
in parallel with the decrease of the broadband at 3448.72—
3456.44 cm™', which suggests that the bending vibration is
of the weakly adsorbed NH; molecules. The appearance of
the absorption band at 1473.62 cm™ implies the
formation of NH," ions on the surface of the catalyst. The
situation resembles the case of the adsorption of NH; on
the a-Fe,O; surface, where NH," ions are formed by the
interaction of NH; molecules with physisorbed H,O on a-
Fe,O; [29]. This absorption appears in the same area as
the C=0 vibration so that it is possible to overlap each
other.

The surface morphology of ZnO-BS-1-OV and
ZnO-BS-1-MW is illustrated These
morphological structures can be the evidence to show that

in Fig. 3.

ZnO and sand have been mixed and interacted well. The
materials proved to be hexagonal-cubic which supported
the previous XRD data.

The TEM image of ZnO-BS-1-OV is shown in Fig.
4. TEM studies were carried out to understand the shape
characteristics of the crystals. The image confirms that
the particles are mostly cubic with slightly hexagonal,
which corroborates the previous XRD and SEM data.

From Fig. 5, both materials exhibit Type IV
isotherms related to the characteristics of mesoporous
materials, according to the IUPAC classification. This
typical mesoporous material is represented by the
presence of a hysteresis loop at the isotherm. The type of
hysteresis possessed by these materials follows the H3
pattern described by IUPAC. The desorption branch
tends to be perpendicular to the adsorption branch in
the closure region at lower relative pressures. In the
hysteresis loop H3, the pores have a wedge or slit
geometry, resulting from agglomerates of parallel plates-
shaped particles [30].

The surface area was calculated using the BET
approach, while the pore diameter and volume were
calculated using the BJH. Based on the calculation
results in Table 4, the surface area of ZnO-BS-1-MW is

-

e :
Fig 4. TEM image of ZnO-BS-1-OV in (a) 20,000 and (b) 80,000 times magnification
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Fig 3. SEM micrographs of (a) ZnO-BS-1-OV and (b) ZnO-BS-1-MW
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Fig 5. N, adsorption-desorption isotherm of (a) ZnO-BS-
1-OV and (b) ZnO-BS-1-MW

larger than that of ZnO-BS-1-OV. This value follows
the crystallite size of XRD, where a small crystal size will
produce a large surface area. This indicates that heating by
microwave also affects the textural properties of the
material. The resulting pore diameter is also in the
mesoporous range, which is between 2-50 nm. This value
confirms the appearance of a hysteresis loop on the
nitrogen isotherm curve.
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The observation of magnetic properties was
conducted by attracting each material using an external
magnetic field. The more easily attracted indicates that
the material is more easily separated from the reaction.
Based on Fig. 6, materials containing more BS will be
attracted more easily than pure ZnO. This is because the
magnetic properties arise from the iron oxides naturally
present in the BS material. These magnetic properties
also offer benefits for catalyst separation and reuse for
ODS to meet the principles of green chemistry.
However, the ZnO-BS material was not completely
attracted by the magnet. This is based on the method
used, namely physical mixing, not chemical reactions so
that the resulting interaction between ZnO and BS is
only a physical bond.

Catalytic Activity Test

The reaction time chosen for the oxidative
desulfurization of dibenzothiophene (ODS-DBT) was
20 min after the addition of H,O,. From the literature,
insignificant sulfur removal was witnessed after 60 min
of reaction time, exceeding to longest tested time
(240 min). It was anticipated that at prolonged reaction

Table 4. Textural properties of ZnO-BS-1-OV and ZnO-BS-1-MW

Surface area

Pore volume

Material (m?/g) (cm/g) Pore diameter (nm)
Zn0O-BS-1-OV 6.649 0.025 15.259
Zn0O-BS-1-MW 7.268 0.019 10.715

' g |
Fig 6. Magneticity test of (a) BS, (b) BS-MW, (¢) ZnO, (d) Z
BS-2-MW, and (h) ZnO-BS-4-MW

Fris| e s

: _
nO-MW, (e) ZnO-BS-1-0OV, (f) ZnO-BS-1-MW, (g) ZnO-
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time, the reaction does not affect the proportion of
desulfurization due to the degradation of most oxidants.
method
discovered that most of H,O, were utilized after reaction,

Quantitative  analysis through titration

either through selective utilization or unselective
utilization due to (i) decomposition to oxygen and water,
(ii) hydrogenation to water, and (iii) direct non-selective
formation of water.

The operation temperature chosen was 60 °C
because the model fuel (n-hexane) is evaporated at higher
temperatures. Besides, high temperatures will initiate the
non-selective decomposition of H,O to produce O, and
H,O, subsequently suppressing the oxidation capability
[31]. Availability of the H,O, throughout the reaction is
crucial since it will form an active species that is capable
of oxidizing sulfur to sulfoxide and sulfone. Another
reason was the sulfur removal appeared to be unsatisfying
at a temperature of 40 °C from Li and Liu’s research,
which may be because H,O, and the catalyst cannot work
efficiently under low reaction temperature [32]. Raising
the reaction temperature from 40 to 60 °C led to a
remarkable increase in sulfur removal. However, a further
increase of the reaction temperature to 70 °C caused a
decrease in the desulfurization efficiency. This is because
the high temperature leads to the partial decomposition
of H,O,, which brings down the oxidation efficiency.

The concentrations of DBT were analyzed using a
UV spectrophotometer. The phase fractional was taken
from the n-hexane phase for DBT analysis. After the
reaction, the oxidized DBT was separated by decantation
after collecting the catalyst by an external magnetic field.
Then, the DBT concentration in the hydrocarbon layer
was calculated by UV-Vis spectrophotometer. The
absorption at 279 nm was used to monitor the DBT
concentration based on the scanning of DBT solution to
find the maximum wavelength of DBT in n-hexane
solution. The highest absorbance found was 3.629 in
wavelength of 279 nm. Therefore, 279 nm was chosen as
a maximum wavelength to further observe the absorbance
found in oxidized DBT.

The catalytic ODS-DBT process consists of two
steps. In the first step, sulfur-containing fuel oil (in this
case, DBT in n-hexane solution) was subjected to catalytic
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oxidation to produce oxidized sulfur compounds
(sulfones/sulfoxides) in the presence of an oxidant
(H20;). In the second step, the oxidized sulfur
compounds were removed from the reaction mixture
using the liquid/liquid extraction method. In this
research, a highly polar solvent, acetonitrile, was used to
extract the sulfur compounds [33].

Table 5 shows that Microwave treatment on the
material can reduce the catalytic activity as happened in
ZnO-BS-1-OV->ZnO-BS-1-MW,  BS>BS-MW, and
ZnO->ZnO-MW. In addition, the higher BS or lower
ZnO content in the mixture was able to increase the
catalytic activity. It might happen due to the availability
of Fe=O catalytic sites present in BS responsible for
activating iron superoxide for the oxidation reaction.
Other contents in BS, such as silica and alumina oxide,
may also work synergistically with iron oxide. The
highest DBT removal efficiency is shown by the use of
ZnO-BS-1-OV as a catalyst due to its highest acidity.

The ZnO-BS-1-OV catalyst has shown to be
efficient in the removal of DBT compounds. It is
believed that the reaction was initiated by nucleophilic
attack of H,O, by the Fe=O bond of ZnO-BS-1-OV
catalyst surface, which had generated active intermediate
iron peroxides. Then, nucleophilic attack of the sulfur
atom with higher electron density in DBT on iron
peroxide was conducted to form sulfoxide and
regenerated Fe=O where the sulfoxide later undergoes
further oxidation by using iron peroxide that converts it
to a corresponding sulfone and regenerates Fe=O for a
close cycle of reaction. This mechanism demonstrates
that the presence of active Fe=0 sites is important for an

Table 5. Catalytic activity in ODS and Non-ODS of DBT

. Removal of DBT (%)

Material
ODS Non-ODS

ZnO 74.17 -
ZnO-MW 73.61 -
BS 79.24 -
BS -MW 74.36 -
Zn0O-BS-1-OV 81.59 75.27
ZnO-BS-1-MW 70.54 -
7ZnO-BS-2-MW 71.53 -
7ZnO-BS-4-MW 71.53 -
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efficient ODS reaction. Thus, ZnO-BS-1-OV with a
higher amount of Fe justifies the availability of more
Fe=0 sites compared to other ZnO-BS catalysts.

The efficiency of ODS-DBT was also known as the
activity of the catalyst. It was shown that the efficiency of
ODS-DBT increase with the increase of the acidity of the
catalyst. Interaction between H,O, and acidic sites of the
catalyst improves the electrophilic attack of H,O, on DBT
as a weak nucleophile, forming intermediary per-
oxometallic complex on the catalyst surface, thus
increasing the efficiency of ODS-DBT. The ZnO-BS-1-
OV showed the highest catalytic activity because of its
highest acidity, while the ZnO-BS-1-MW showed the
lowest catalytic activity due to the lowest acidity.

Furthermore, the ZnO-BS-1-OV catalyst will be
reused to compare its activity in ODS and non-ODS
reactions. From the research results in Table 5, the
addition of H,O, as an oxidizing agent can increase the
efficiency of DBT removal. This is supported by the
presence of iron oxide contained in BS capable of
activating oxidants. It is important to highlight that
during the oxidation process, few bubbles were observed
when the fresh catalyst was immersed in the DBT
solution, indicating the presence of O, gas originated
from the decomposition of hydrogen peroxide.

The ability to remove the sulfur compound without
altering the hydrocarbon structure is crucial in preserving
the quality of fuel. Detail analysis on FTIR had been
discovered, and it confirmed that all the catalysts are not
affecting the main structure of the treated fuel.

Fig. 7 shows the FTIR spectra comparison between
the DBT and oxidized DBT. Both compounds show
almost identical bands, except that the two new bands at
nearly 964.61 cm™ at the ZnO-BS-1-OV that can be
assigned as the asymmetrical and symmetrical stretching
vibration modes of sulfoxide [34] and band at 1064.71 and
1056.99 cm™ in all samples correspond to the S=O bond
of sulfone [35]. Thus, it confirmed that the oxidation
process successfully occurred and produced an
oxygenated sulfur compound. Some of these functional
groups are still shown in the upper layer after the
extraction process due to the removal of DBT is not 100%
based on the results in UV-visible spectrometry. Other
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Fig 7. DBT solution (a) before ODS and after ODS using
(b) ZnO (c) ZnO-MW (d) BS (e) BS-MW (f) ZnO-BS-1-
OV (g) ZnO-BS-1-MW (h) ZnO-BS-2-MW (i) ZnO-BS-
4-MW

bands shown in the FTIR spectra are 2954.95-
2862.36 cm™ correspond to the C-H sp’, 1465.90-
1381.03 cm™ correspond to the aromatic C=C, and
370.33-324.04 cm™' correspond to the C-C long-chain
[36].

m CONCLUSION

Microwave treatment on the material can reduce
acidity and crystallinity level but increase the crystallite
size. High BS content or low ZnO content in ZnO-BS-
MW material can increase acidity and reduce
crystallinity level as well as crystallite size. Although the
surface area of ZnO-BS-1-OV is smaller than that of
ZnO-BS-1-MW, the material can produce the highest
catalytic activity in ODS-DBT. This proves that the
acidity of the catalyst dramatically affects the efficiency
of DBT removal. The presence of iron oxide in the beach
sand (BS) material, in addition to functioning to activate
oxidant H,O,, also offers benefits for the separation of

catalysts after the ODS reaction.
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Abstract: In the current study, the quality of groundwater used for drinking purposes
was assessed in Taluka Ghorabari, Sindh, Pakistan. Twenty-five sampling locations were
selected for the collection of groundwater. Samples were analyzed for physicochemical and
heavy metal analysis, followed by standard methods. Detection of heavy metals was
conducted using Atomic Absorption Spectrophotometer. Heavy metals which exceeded
the WHO safe limit included Cr (28%), Fe (16%), Mn (48%), and Ni (16%) from the
drinking water of the study area. The Cu and Zn were found within the safe limit in all
drinking water samples of the study area. The Daily Intake of heavy Metals (DIM) and
Health Risk Indexes (HRI) Assessments were calculated to determine risk assessments; the
order of mean DIM values was observed as Ni > Cu > Fe > Zn > Cr while HRI was
observed in the order of Cu > Mn > Zn > Fe > Cr. The HRI values were observed less than
one for both adults and children, which shows the lack of possible health hazards for the
people of the study area.

Keywords: heavy metals; WHO; DIM; HRI; risk assessments

= INTRODUCTION

Water is essential for all kinds of life. On the earth,
about 3% of fresh water is available, out of which only
0.01% can be utilized for the use of people. Anthropogenic
and lithogenic activities severely affect this little amount
of freshwater, like vehicular emission, mining,
urbanization, rapid population growth, and invalid
development in industries and agriculture [1]. Most
people of urban and rural areas of developing countries
are unable to know the quality of groundwater they use.
According to an estimation made by the WHO, yearly
deaths of 842,000 took place in developing countries due
to various reasons such as unsafe hygiene, sanitation, and
water supply. Meanwhile, about 780 million people from
the globe do not have access to safe drinking water
because of chemical and bacteriological pollutants [2].
Reports reveal that presence of heavy metals in

groundwater has enhanced threats in the world because

heavy metals may cause various types of diseases,
including cancers.

So many drinking water sources are found, such as
the accessibility of rivers, reservoirs, lakes, and aquifers.
The severe natural disaster and health risk of people may
arise from contamination of drinking water whose
origin is found from geological variations and
anthropogenic sources. Variation in water quality and
contribution to water pollution arises mostly from the
release of industrial wastewater [3]. The disease state and
main health controlling factors are associated with water
quality characteristics. Potentially toxic metals, physical,
chemical, and biological parameters are included in
water quality characteristics since heavy metals are more
toxic because of their bio-accumulative, non-degradable
and toxic nature. Non-essential or toxic and essential
elements are included in heavy metals. Regular
functioning of essential elements is extremely important
in a particular quantity since their higher amount may
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cause destructive consequences. Heavy metals, for
instance, Pb, Cd, As, and Hg, are highly detrimental for
life, even at trace levels. Unfavorable effects of toxic metals
include carcinogenesis, cardiovascular disease, nerve
disease, anemia, mental stoppage, liver, kidney and brain
problems, nausea, hypertension, irritability, vomiting,
abdominal pain, and headache [4].

Supportive information is obtained for regular
monitoring of water quality. Hence, various
investigations from developed and developing countries
focused on drinking water quality on a regular basis. The
more severe problem of water contamination is observed
in developing countries because of the high growth rate of
population and less cost on treatment features. Pakistan is
also facing severe drinking water problems in super cities
like other developing neighboring countries [5]. There are
different pathways by which extremely poisonous heavy
metals accumulate in the water system, for instance, water
drainage, industrial effluents, agricultural runoffs, range
of bedrock, and

Furthermore, the

environmental
high
contaminates the groundwater and surface water, badly

deposition  [6].

content of toxic metals
affecting water quality and human health. Toxic metals
occur naturally in the crust of the earth since variation in
their concentrations does not remain the same in different
locations [7]. Although heavy metals have distinctive
atmospheric toxicity, therefore, they cannot be converted
into a non-toxic structure. Surface water contamination
occurring due to the discharges and runoff of
groundwater has been a matter of universal ecological
distress since the liberation of heavy metals once into the
atmosphere through food, water, and air or synthetic
chemicals are taken into the human body by dermal
absorption, ingestion, and inhalation. In the case of
surface water conditions, ingestion and dermal
absorptions are major sources of introduction [8].

The steady increase of contaminants may take place
in the human body if the accumulation and entering of
these toxic metals occur faster as compared to the discard
of the detoxification mechanisms. For toxicity in the
body, higher content of toxins is not a requirement
because in body tissues amassing heavy metals may be

observed steady and eventually may get the concentration
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much more than the allowable level. It is, therefore,
necessary to determine a risk assessment of daily human
purpose. For this purpose, it is important to characterize
physical situations, recognition of potential exposure
populations and mechanisms, as well as assess the
chemical intakes and exposure concentrations. Since
heavy metals are major atmospheric contaminants and
their toxic nature is a threat of enhancing consequence
for atmospheric, nutritional, evolutionary, and
ecological reasons [9]. Some important heavy metals at
lesser content are supposed to be very important in the
metabolic movements of living things; their long-term
exposure may cause cancers, kidney, and liver problems
and therefore are believed to be harmful to human
health. Severe health problems may be caused to humans
due to toxic metals and may possibly cause numerous
diseases derived from the concentration and kind of
metal concerned [10]. Overuse of copper is a casual issue
for kidney damage, Alzheimer’s disease, mental diseases,
and gastrointestinal cancers. The main purpose of this
study was to analyze physicochemical and chemical
parameters from rural areas of Taluka Ghorabari as well
as to determine human health risk assessments. Our
focus is to assess drinking water quality and to aware the
people of the area under study because contaminated
drinking water may cause various diseases, including
different types
cardiovascular problems.

of cancers, kidney, liver, and

m EXPERIMENTAL SECTION
Study Area

Ghorabari is the study area situated in the coastal
area of district Thatta, Sindh, Pakistan. Coordinates of
Ghorabari are 24° 13' 0" N, 67° 34' 0" E (Fig. 1). Its
population is about 174,088 residing in scattered towns
form and the Sindhi is the local language spoken in the
area. The land of the villages consists of large ploughed
fields. Ghorabari is less developed since roads are
unpaved and cob houses made by the residents. Health
care centers and personal care clinics are less in the area.
Education of the area is poor. Since for three centuries,
inhabitants of Sindhi and some Baloch tribes are settled
in Ghorabari. It was observed in the present study that
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Fig 1. Sampling location map of the study area

people of the study area derived groundwater for drinking
purposes from hand pumps situated mostly in rural areas
of the Taluka Ghorabari.

Materials

The spectroscopic purity of reagents and chemicals
used in this study was about 99.9% (Merck Darmstadt,
Germany). Standard solutions of all six heavy metals were
prepared by successive dilution method from 1000 mg/L
certified standard solution of corresponding heavy metals
(FlukaKamica, Buchs, Switzerland).

Instrumentation

Heavy metals from drinking water samples were
determined by standard methods. Atomic Absorption
(Analytic Jena) was

determine heavy metals such as chromium, nickel,

Spectrophotometer used to
copper, iron, manganese, and zinc under standard
conditions. Prepared samples were transported to the
Laboratory of Pakistan Council of Research in Water
Resources (PCRWR) Government of Pakistan Ministry
of Science & Technology National Water Quality
Laboratory, Islamabad, for heavy metal analyses.
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Procedure

Sampling

The 25 groundwater samples used for drinking
purposes were collected from hand pumps fitted by the
people of the rural areas of Taluka Ghorabari. Drinking
water samples were collected after running the water
sources for five minutes or till fresh water. Sampling
bottles were labeled as GB-01 to GB-25. Most rural areas
of the Taluka Ghorabari were selected for sampling
purposes. For heavy metals determination, water
collected in sampling bottles was acidified with nitric acid.
Samples were quickly shifted to the Shah Abdul Latif
University Khairpur for further analytical processes and

stored at 4 °C.

Health risk assessment for humans

The health risk for humans through consumption of
heavy metals found in infected drinking water was
assessed with the help of formulas for health risks like
DIM and HRI.

Daily intake of metals (DIM)

There are various pathways through which heavy
metals contact the human body, for instance, oral intake,
ingestion, inhalation, food chain, and dermal interaction
since the most important role is played by oral ingestion
in amassing of heavy metals in humans. The following
equation was used to calculate the DIM adapted from
[11].

DIM:Cm><DIw (1)
BW

where Cm, DIw, and BW are the concentration of heavy

metals in water, average daily intake of water (2 L per day

for adults and 1 L per day for children) [12], and average

body weight (72.0 and 23.7 kg for adult and children

respectively).

Health risk indexes (HRIs) of heavy metals
Eq. (2) given below was used for the calculation of
HRIs of toxic metals by ingestion of water [13].
pRrr = XM )
RfD
where, DIM and RfD are average daily intake and toxicity
oral reference dose of heavy metals. TheRfD values of

heavy metals were represented as; Cr (1.5 mg/kgbw/d), Ni
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(0.02 mg/kgbw/d), Cu (0.04 mg/kgbw/d), Mn (0.033
mg/kgbw/d), Fe (0.7 mg/kgbw/d) and Zn (0.30
mg/kgbw/d). The level of selected metals is considered
safe when HRIs are less than 1 [14].

m  RESULTS AND DISCUSSION

Little quantities of Cr(III) is present in food, wine,
and water, whereas inhaled Cr(VI) is very toxic.
Stomach tumors and allergic contact dermatitis may be
caused when Cr(VI) is ingested through water [15]. The
WHO guideline of Cr for potable water is 0.05 mg/L,
since Cr was measured from 0.028 to 0.057 mg/L. The
average content of Cr from potable water of the study
area was determined as 0.044 mg/L. The higher limit of
Cr as compared to prescribed limit was measured in
samples GB-01 (0.055 mg/L), GB-03 (0.057 mg/L), GB-
10 (0.055 mg/L), GB-16 (0.056 mg/L), GB-21 (0.055
mg/L), GB-24 (0.051 mg/L), and GB-25 (0.055 mg/L)
(Table 1).

The dietary intake of Ni with a concentration of
approximately 70-100 pg/day was prescribed with less
than 10% may release in urine. Relatively high Ni
content is observed above than assessed average intake
due to stainless steel may release into food [16]. The
concentration of Ni greater than allowable level of 0.02
mg/L was observed in potable water labelled as, G-08
(0.021 mg/L), G-19 (0.021 mg/L), G-20 (0.026 mg/L),
and G-22 (0.024 mg/L). The minimum and maximum
concentration of Ni was found as 0.010 and 0.026 mg/L,
respectively, with a mean concentration of 0.017 mg/L
(Table 1).

Copper is essential for the human being. The
consequences of high Cu exposure on the well-being of
people are most probably not known. Toxic effects of
copper are recognized for high, acute Cu contact
containing acute indications such as vomiting, nausea,
and cramping in the gastrointestinal tract [17]. The
concentration of Cu greater than 30 mg/L when utilized
by polluted beverages or water causes copper-related
diseases. The concentration of Cu > 1, when ingested by
an adult, may cause acute toxemia and finally death. The
WHO guideline of Cu in potable water is recommended
as 2.0 mg/L, although all water samples showed the Cu
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Table 1. Heavy metal contents in water collected from the area under study

Sample ID Cr +SD Cu £SD Fe £SD Mn +SD Ni £SD Zn +SD

G-1 0.055+0.001 0.900£0.003 0.150+0.002 0.020+0.002 0.018+0.002 0.190+0.005
G-2 0.040+0.001 0.040£0.001 0.110+0.002 0.050+0.002 0.016%0.001 0.064+0.004
G-3 0.057£0.002  0.110+0.005  0.060+0.002  0.040+0.003  0.017+0.001  0.066+0.005
G-4 0.045+0.001 0.140+0.005 0.370+0.003 0.030+0.003 0.011£0.001 0.064+0.006
G-5 0.039+0.001 0.120£0.005 0.090+0.002 0.310+0.005 0.014£0.001 0.060+0.003
G-6 0.046+0.001 0.800+0.005 0.170£0.001 0.040+0.003 0.020£0.000 0.210+0.005
G-7 0.028+0.002 0.740+0.008 0.140+0.002 0.060+0.003 0.020£0.000 0.061+0.005
G-8 0.04£0.0010  0.042+0.003  0.190+0.003  0.030+0.001  0.021+0.003  0.062+0.003
G-9 0.036+0.001 0.041+0.002 0.120+0.005 0.040+0.003 0.015%0.001 0.071+0.007
G-10 0.055+0.002 0.048+0.003 0.320+0.003 0.050+£0.004  0.017+0.001 0.066+0.007
G-11 0.048+0.002 0.800+0.004 0.180+0.003 0.030+0.002 0.010£0.001 0.270+0.004
G-12 0.034+0.002 0.670+0.005 0.090+0.003 0.030+0.001 0.015£0.002 0.061+0.003
G-13 0.039£0.001  0.050+0.003  0.280+0.003  0.060+0.003  0.017+0.001  0.063+0.005
G-14 0.040+0.002 0.044+0.004 0.110+0.004 0.060+0.002 0.015%0.001 0.068+0.004
G-15 0.036+0.002 0.042+0.004 0.360+0.003 0.100+0.003 0.017£0.001 0.060+0.005
G-16 0.056+0.001 0.600£0.007 0.050£0.001 0.050+0.003 0.012+0.002 0.260+0.005
G-17 0.046+0.002 0.049+0.003 0.080+0.002 0.020+0.003 0.018+0.001 0.060+0.005
G-18 0.032£0.001  0.050+0.003  0.130+0.001  0.160+0.004  0.016+0.001  0.060+0.006
G-19 0.036+0.001 0.038+0.002 0.170+0.003 0.060+£0.007  0.021+0.002 0.003+0.001
G-20 0.043+0.001 0.050£0.006 0.310+0.002 0.110+0.003 0.026+0.002 0.061+0.000
G-21 0.055+0.001 1.000£0.012 0.020+0.003 0.080+0.003 0.016+0.002 0.220+0.005
G-22 0.036£0.000  0.048+0.003  0.120+0.001  0.160+0.002  0.024+0.001  0.077+0.004
G-23 0.043£0.000  0.067+0.002  0.160+0.003  0.080+0.006  0.015+0.002  0.061+0.002
G-24 0.051+0.003 0.050+0.003 0.080+0.004 0.090+0.002 0.017+0.002 0.061+0.004
G-25 0.055+0.001 0.045+0.003 0.150+0.002 0.050+0.003 0.014£0.001 0.059+0.005

concentration below the prescribed limit. Since the range
was observed as 0.040 to 1.000 mg/L, the mean Cu content
of 0.239 mg/L was found in potable water samples of the
study area (Table 1).

Iron is very important for life. The Nitrogenase
enzyme is included in repetitive iron-sulfur clusters for
the biological fixation of nitrogen. Iron-containing
proteins carry out the use, transport, and storage of
oxygen [18]. The concentration range of Fe from potable
water was measured as 0.020 to 0.370 mg/L with an
average content of 0.160 mg/L. The WHO allowable level
of Fe is recommended as 0.3 mg/L, since samples in which
higher Fe content was found comprise; GB-04 (0.37 mg/L),
GB-10 (0.32 mg/L), GB-15 (0.36 mg/L), and GB-20
(0.31 mg/L) (Tablel).

Manganese is believed to be important for growth
and human health, metabolism as well as antioxidant

system. The neurogenerative disorder known as
Parkinson’s disease is observed due to ingestion of an
excessive amount of Mn [19]. The permissible WHO
limit of Mn is recommended as 0.05 mg/L, however,
samples in which Mn content greater than allowable
limit was found include; GB-05, G-07, G-13, G-14, G-15,
G-18, G-19, G-20, G-21, G-22, G-23, and G-24 as; 0.31,
0.06, 0.06, 0.06, 0.10, 0.16, 0.06, 0.11, 0.08, 0.16, 0.08, and
0.09 mg/L, respectively (Table 1).

Zinc is extremely important for animals, humans,
plants, microorganisms, and animals. Zinc is obligatory
for the function of >300 enzymes and 1000 transcription
factors that are transported and collected in
metallothioneins. Zinc is 2™ most abundant trace metal
after Fe in humans; zinc is present in approximately
entire enzymes [20]. The WHO guideline of Zn for

potable water is set as 3.0 mg/L, since all potable water
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samples declared a safe limit of Zn from the area under
study. The range was determined as 0.003 to 0.270 mg/L
with mean Zn content of 0.094 mg/L (Table 1).

Daily Intake (DIM) of Heavy Metals

The DIM range of Cr in the drinking water of the
study area was observed for adults as 0.0008-0.0016
mg/kgbw/d. For children, it was found as 0.0009-0.0017
mg/kgbw/d, while the mean DIM concentration of Cr for
adults and children was determined as 0.0012 and 0.0013
mg/kgbw/d, respectively. For Ni, the DIM range was
found for adults and children as; 0.2800-0.7200 and
0.3100-0.8000 mg/kgbw/d, respectively. Since the average
DIM values were observed for adults and children as
0.4688 and 0.5168 mg/kgbw/d, respectively. For Cu DIM
values for adults and children were measured as 0.0010 to
0.0280 mg/kgbw/d and 0.0010 to 0.0310 mg/kgbw/d,
respectively with average level of Adult (0.0072
mg/kgbw/d) and Children (0.0080 mg/kgbw/d). The DIM

values of Mn for adults and children were measured as;
for Adult (0.0006-0.0086 mg/kgbw/d) and for children
(0.0008-0.0131 mg/kgbw/d) with mean content of
0.0020 and 0.0031 mg/kgbw/d for adults and children,
respectively. The minimum and maximum DIM values
of Fe for adults and children were determined as;
0.0006-0.0103 mg/kgbw/d and 0.0006-0.0113
mg/kgbw/d, respectively, since the average DIM values
for both adults and children were found as 0.0045 and
0.0049 mg/kgbw/d, respectively. Minimum, maximum
and mean DIM values of Zn for adults and children were
measured as; 0.0001, 0.0075 and 0.0026 mg/kgbw/d, and
0.0001, 0.0083 and 0.0029 mg/kgbw/d, respectively
(Table 2-5).

Health Risk Indexes of (HRIs) Heavy Metals

The minimum, maximum and mean HRI of Cr for
adults and children were observed as 0.0005, 0.0011 and
0.0008; and 0.0006, 0.0012 and 0.0009, respectively. HRI

Table 2. The mean daily intakes (mg/kgbw/d) and Health risk indexes of Heavy Metals via absorption of polluted

potable water

Cr Ni
Sample ID Adult Children Adult Children

DIM HRI DIM HRI DIM HRI DIM HRI
G-1 0.0015 0.0010 0.0017 0.0011 0.50 0.03 0.55 0.03
G-2 0.0011 0.0007 0.0012 0.0008 0.44 0.02 0.49 0.02
G-3 0.0016 0.0011 0.0017 0.0012 0.47 0.02 0.52 0.03
G-4 0.0013 0.0008 0.0014 0.0009 0.31 0.02 0.34 0.02
G-5 0.0011 0.0007 0.0012 0.0008 0.39 0.02 0.43 0.02
G-6 0.0013 0.0009 0.0014 0.0009 0.56 0.03 0.61 0.03
G-7 0.0008 0.0005 0.0009 0.0006 0.56 0.03 0.61 0.03
G-8 0.0013 0.0008 0.0014 0.0009 0.58 0.03 0.64 0.03
G-9 0.0010 0.0007 0.0011 0.0007 0.42 0.02 0.46 0.02
G-10 0.0015 0.0010 0.0017 0.0011 0.47 0.02 0.52 0.03
G-11 0.0013 0.0009 0.0015 0.0010 0.28 0.01 0.31 0.02
G-12 0.0009 0.0006 0.0010 0.0007 0.42 0.02 0.46 0.02
G-13 0.0011 0.0007 0.0012 0.0008 0.47 0.02 0.52 0.03
G-14 0.0011 0.0007 0.0012 0.0008 0.42 0.02 0.46 0.02
G-15 0.0010 0.0007 0.0011 0.0007 0.47 0.02 0.52 0.03
G-16 0.0016 0.0010 0.0017 0.0011 0.33 0.02 0.37 0.02
G-17 0.0013 0.0009 0.0014 0.0009 0.50 0.03 0.55 0.03
G-18 0.0009 0.0006 0.0010 0.0007 0.44 0.02 0.49 0.02
G-19 0.0010 0.0007 0.0011 0.0007 0.58 0.03 0.64 0.03
G-20 0.0012 0.0008 0.0013 0.0009 0.72 0.04 0.80 0.04

Abdul Raheem Shar et al.



474 Indones. J. Chem., 2022, 22 (2), 468 - 477

Table 3. The mean daily intakes (mg/kgbw/d) and Health risk indexes of Heavy Metals via absorption of polluted
potable water (Continued)

Cr Ni
Sample ID Adult Children Adult Children

DIM HRI DIM HRI DIM HRI DIM HRI
G-21 0.0015 0.0010 0.0017 0.0011 0.44 0.02 0.49 0.02
G-22 0.0010 0.0007 0.0011 0.0007 0.67 0.03 0.73 0.04
G-23 0.0012 0.0008 0.0013 0.0009 0.42 0.02 0.46 0.02
G-24 0.0014 0.0009 0.0016 0.0010 0.47 0.02 0.52 0.03
G-25 0.0015 0.0010 0.0017 0.0011 0.39 0.02 0.43 0.02

Table 4. The mean daily intakes (mg/kgbw/d) and Health risk indexes of Heavy Metals via absorption of polluted
potable water

Cu Mn
Sample ID Adult Children Adult Children
DIM HRI DIM HRI DIM HRI DIM HRI
G-1 0.025 0.625 0.028 0.688 0.0006 0.0168 0.0008 0.0256
G-2 0.001 0.028 0.001 0.031 0.0014 0.0421 0.0021 0.0639
G-3 0.003 0.076 0.003 0.084 0.0011 0.0337 0.0017 0.0511
G-4 0.004 0.097 0.004 0.107 0.0008 0.0253 0.0013 0.0384
G-5 0.003 0.083 0.004 0.092 0.0086 0.2609 0.0131 0.3964
G-6 0.022 0.556 0.024 0.612 0.0011 0.0337 0.0017 0.0511
G-7 0.021 0.514 0.023 0.566 0.0017 0.0505 0.0025 0.0767
G-8 0.001 0.029 0.001 0.032 0.0008 0.0253 0.0013 0.0384
G-9 0.001 0.028 0.001 0.031 0.0011 0.0337 0.0017 0.0511
G-10 0.001 0.033 0.001 0.037 0.0014 0.0421 0.0021 0.0639
G-11 0.022 0.556 0.024 0.612 0.0008 0.0253 0.0013 0.0384
G-12 0.019 0.465 0.020 0.512 0.0008 0.0253 0.0013 0.0384
G-13 0.001 0.035 0.002 0.038 0.0017 0.0505 0.0025 0.0767
G-14 0.001 0.031 0.001 0.034 0.0017 0.0505 0.0025 0.0767
G-15 0.001 0.029 0.001 0.032 0.0028 0.0842 0.0042 0.1279
G-16 0.017 0.417 0.018 0.459 0.0014 0.0421 0.0021 0.0639
G-17 0.001 0.034 0.001 0.037 0.0006 0.0168 0.0008 0.0256
G-18 0.001 0.035 0.002 0.038 0.0044 0.1347 0.0068 0.2046
G-19 0.001 0.026 0.001 0.029 0.0017 0.0505 0.0025 0.0767
G-20 0.001 0.035 0.002 0.038 0.0031 0.0926 0.0046 0.1406
G-21 0.028 0.694 0.031 0.765 0.0022 0.0673 0.0034 0.1023
G-22 0.001 0.033 0.001 0.037 0.0044 0.1347 0.0068 0.2046
G-23 0.002 0.047 0.002 0.051 0.0022 0.0673 0.0034 0.1023
G-24 0.001 0.035 0.002 0.038 0.0025 0.0758 0.0038 0.1151
G-25 0.001 0.031 0.001 0.034 0.0014 0.0421 0.0021 0.0639

values of Ni like minimum, maximum and mean for  of Cu for adults and children in the study area were
adults and children were found as; 0.0100, 0.0400 and determined as 0.0260-0.6940 and 0.0290-0.7650,
0.0232; and 0.0200, 0.0400 and 0.0260 respectively in the respectively, while the mean HRI value for adults and
potable water of the area under study. The range of HRI ~ children was found as0.1829 and 0.2014, respectively.
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Table 5. The mean daily intakes (mg/kgbw/d) and Health risk indexes of Heavy Metals via absorption of polluted
potable water

Fe Zn
Sample ID Adult Children Adult Children
DIM HRI DIM HRI DIM HRI DIM HRI
G-1 0.00417  0.005952  0.004587  0.006553  0.00528  0.017593  0.005810  0.019368
G-2 0.00306 0.004365 0.003364 0.004806 0.00178 0.005926 0.001957 0.006524
G-3 0.00167 0.002381 0.001835 0.002621 0.00183 0.006111 0.002018 0.006728
G-4 0.01028 0.014683 0.011315 0.016164 0.00178 0.005926 0.001957 0.006524
G-5 0.00250 0.003571 0.002752 0.003932 0.00167 0.005556 0.001835 0.006116
G-6 0.00472  0.006746  0.005199  0.007427  0.00583  0.019444  0.006422  0.021407
G-7 0.00389 0.005556 0.004281 0.006116 0.00169 0.005648 0.001865 0.006218
G-8 0.00528 0.00754 0.005810 0.008301 0.00172 0.005741 0.001896 0.006320
G-9 0.00333 0.004762 0.003670 0.005243 0.00197 0.006574 0.002171 0.007238
G-10 0.00889 0.012698 0.009786 0.01398 0.00183 0.006111 0.002018 0.006728
G-11 0.00500  0.007143  0.005505  0.007864  0.00750  0.025000  0.008257  0.027523
G-12 0.00250 0.003571 0.002752 0.003932 0.00169 0.005648 0.001865 0.006218
G-13 0.00778 0.011111 0.008563 0.012232 0.00175 0.005833 0.001927 0.006422
G-14 0.00306 0.004365 0.003364 0.004806 0.00189 0.006296 0.002080 0.006932
G-15 0.01000  0.014286  0.011009  0.015727  0.00167  0.005556  0.001835  0.006116
G-16 0.00139  0.001984  0.001529  0.002184  0.00722  0.024074  0.007951  0.026504
G-17 0.00222 0.003175 0.002446 0.003495 0.00167 0.005556 0.001835 0.006116
G-18 0.00361 0.005159 0.003976 0.005679 0.00167 0.005556 0.001835 0.006116
G-19 0.00472 0.006746 0.005199 0.007427 8.3E-05 0.000278 9.17E-05 0.000306
G-20 0.00861  0.012302  0.009480  0.013543  0.00169  0.005648  0.001865  0.006218
G-21 0.00056 0.000794 0.000612 0.000874 0.00611 0.020370 0.006728 0.022426
G-22 0.00333 0.004762 0.003670 0.005243 0.00214 0.007130 0.002355 0.007849
G-23 0.00444 0.006349 0.004893 0.006990 0.00169 0.005648 0.001865 0.006218
G-24 0.00222 0.003175 0.002446 0.003495 0.00169 0.005648 0.001865 0.006218
G-25 0.00417  0.005952  0.004587  0.006553  0.00164  0.005463  0.001804  0.006014

Table 6. Statistics with reference to daily intake and health risk indexes of heavy metals of potable water of area under
study

Daily Intake of Heavy Metals (DIM)

Cr Ni Cu Mn Fe Zn

Adult Children Adult  Children  Adult Children  Adult Children  Adult Children  Adult Children

Min:  0.0008 0.0009 0.2800 0.3100 0.0010 0.0010 0.0006 0.0008 0.0006 0.0006 0.0001 0.0001
Max:  0.0016 0.0017 0.7200 0.8000 0.0280 0.0310 0.0086 0.0131 0.0103 0.0113 0.0075 0.0083
Mean  0.0012 0.0013 0.4688 0.5168 0.0072 0.0080 0.0020 0.0031 0.0045 0.0049 0.0026 0.0029

Health Risk Indexes of Heavy Metals (HRIs)

Cr Ni Cu Mn Fe Zn

Adult Children Adult  Children  Adult Children  Adult Children  Adult Children  Adult Children

Min:  0.0005 0.0006 0.0100 0.0200 0.0260 0.0290 0.0168 0.0256 0.0008 0.0009 0.0003 0.0003
Max:  0.0011 0.0012 0.0400 0.0400 0.6940 0.7650 0.2609 0.3964 0.0147 0.0162 0.0250 0.0275
Mean  0.0008 0.0009 0.0232 0.0260 0.1829 0.2014 0.0610 0.0926 0.0008 0.0070 0.0087 0.0096
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The HRI range of Mn for adults and children was
0.0168-0.2609 and 0.0256-0.3964,
respectively. Though, the average HRI value for adults
and children was measured as 0.0610 and 0.0926,
respectively. Minimum, maximum, and mean HRI values

observed as;

of Fe for adults and children were measured as 0.0008,
0.0147, and 0.006; and 0.0009, 0.0162, and 0.0070,
respectively. For Zn, the minimum, maximum and mean
HRI values for adults and children were determined as
0.0003, 0.0250, and 0.0087; and 0.0003, 0.0275, and
0.0096, respectively (Table 5).

m CONCLUSION

The level of Cu and Zn were within the safe limit of
the WHO, while Cr, Ni, Fe, Mn showed alarming levels in
the drinking water of the study area. The DIM and HRI of
heavy metals were measured for adults and children since
the HRI values for all metals were < 1, which shows the
lack of possible health hazards for the people of the study
area. Finally, it can be concluded that groundwater used
for drinking purposes must be treated before use.
Otherwise, it may cause various diseases, for instance,
heart disease, kidney failure, liver disease, blood pressure,
hypertension, etc. it is, therefore, the responsibility of the
government of Pakistan to provide either clean drinking
water or to install reverse osmosis (RO) plants to clean
drinking water before use for the people of the study area.
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Abstract: Tamoxifen citrate (TC) is one of the anti-estrogen agents which has low
solubility in the water. As TC is still used as the main therapy in breast cancer treatment,

modifications are still being made to increase the solubility of TC for a successful
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treatment. In this research, co-crystallization of TC was performed using Nicotinamide
(NIC), Isonicotinamide (ISO), Saccharin (SAC), Aspartame (ASP), and Benzoic Acid
(BNZ) as a coformer with the molar ratio of 1:1, 1:2, and 2:1. Co-crystal was prepared by

solvent drop grinding (SDG) and solvent evaporation (SE) methods using methanol. The
results of the solubility test showed that TC-NIC and TC-ISO co-crystals with a 1:2 molar
ratio made using the SDG and SE methods gave the best results. Meanwhile, the best
dissolution test results were shown by TC-ISO co-crystals with a ratio of 1:2. Based on the
characterization of physical stability, the SDG method resulted in more stable TC co-
crystals than the SE method. Therefore, in this case, the SDG method could be more
advantageous to be used for development in the field of co-crystallization.

Keywords: tamoxifen citrate; co-crystallization; solubility

= INTRODUCTION

Since 2018, breast cancer cases in America have
reached around 266,120 cases with a death rate of 72,590
[1]. Breast cancer is a disease diagnosed in women and
ranks second as a cause of cancer death [2]. One of the
treatments is chemotherapy using tamoxifen citrate (TC)
[3]. TC (Fig. 1) is a salt form of tamoxifen consisting of
tamoxifen and citric acid, a poorly soluble compound.
Poor solubility based on physicochemical properties,
namely solubility in water at a temperature of 20 °C (pH
3.0-3.5) reaching 0.3 mg/L and in HCI 0.02 M at 37 °C
reaching 0.2 mg/mlL, soluble in ethanol and methanol,
and slightly soluble in acetone and chloroform. In
addition, the bioavailability of tamoxifen citrate is in the
range of 20-30% [4].

The success of a drug in achieving a therapeutic
effect is influenced by its physicochemical properties,
especially its solubility. Therefore, the solubility of the
active substance greatly affects the performance of a drug
[5]. Active substances with low solubility are a challenge
in the pharmaceutical field in drug development and drug

Ha

O\/\T/C
— G CH O
H
T A
o} CH

Fig 1. Structure of tamoxifen citrate (TC) [6]

dosage forms so that they can show a good profile in
terms of solubility, dissolution, and bioavailability of a
drug.

Previous studies reported efforts made to increase
the efficiency of TC performance through the inclusion
of TC complexes with cyclodextrins [6]. Subsequent
studies observed PLGA nanoparticles containing TC as
an anticancer drug [7], as well as increasing the solubility
of TC through solid dispersion [2,4]. Some of the
methods that have been carried out still have some
drawbacks, such as the use of a lot of matrices, low drug
loading, quite high process energy, and difficulties in the
up-scaling process [8]. Thus, it is still possible to develop
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methods with simple processes with considered results
such as co-crystals.

Co-crystal is an approach that can be used to
improve the physicochemical properties of an active
substance (such as solubility, dissolution, bioavailability,
and stability) without affecting the pharmacological
activity of the active substance [9-10]. Co-crystallization
can also be applied to acidic, basic, neutral, and ionic
compounds [11], so it can be used on TC to increase its
solubility. Several methods are used to produce co-
crystals, namely solution-based crystallization (addition
of solids to a crystallized solution, cooling crystallization,
and solvent evaporation) and milling (dry or wet
conditions) [9].

To achieve good results, the co-crystallization
technique relies heavily on accuracy in coformer
selection. The coformers used must have a synthon
supramolecular group in order to interact with the active
pharmaceutical ingredients to form hydrogen bonds.
Requirements coformers must be inert and have low
toxicity [12]. Some examples of commonly used
coformers that successfully form co-crystals with active
drug substances are nicotinamide-trimethoprim [12],
isoniotinamide-furosemide [13], saccharin-ibuprofen
[9], aspartame-glibencalamide [14], and benzoic acid-
theophylline [15]. The chemical structure of TC, which
has four hydrogen bond donors and nine hydrogen bond
acceptors, opens the opportunity for co-crystal formation
when interacting with co-crystal coformers, which also
have synthon supramolecular groups. The interaction of
co-crystal synthons with coformers can be predicted
using a computational method approach (in-silico) [16].

So far, not much has been reported regarding the co-
crystallization approach to increase the solubility of TC.
Therefore, this study was carried out to increase the
solubility of TC by using a co-crystallization approach
using  nicotinamide,  isonicotinamide,  saccharin,
aspartame, and benzoic acid as coformers using solvent
drop grinding and solvent evaporation methods, followed
by evaluation of physicochemical properties and
characterization using Fourier Transform Infrared
(FTIR), Differential

Spectrophotometry Scanning

479

Calorimetry (DSC), Powder X-Ray Diffraction (PXRD),
and Scanning Electron Microscopy (SEM).

m EXPERIMENTAL SECTION
Materials

The materials for the experiment include
Tamoxifen citrate (TC) (Pharmaceutical Industries Ltd.,
China), ethanol pro analysis (Merck), nicotinamide
(Sigma Aldrich), isonicotinamide (Sigma Aldrich),
benzoic acid (Sigma Aldrich),
Aldrich), aspartame (Sigma Aldrich), distilled water,

and potassium bromide (pro analysis (brand).

saccharin  (Sigma

Instrumentation

UV-Vis
spectrophotometer (Specord 205 Analytical Jena), USP
dissolution apparatus type 2 (SotaX AT7 Smart
(Pan-
Analtycal), Differential Scanning Calorimetry (DSC)
(Linseis PTA ST 1600), Fourier-Transformed Infrared
Spectrophotometer (FTIR) (Specord 100), and Scanning
Electron Microscope (SEM) (SU3500 SEM, HITACHI).

The instruments included

dissolution tester), X-ray diffractometer

Procedure
Screening in-silico

Initial screening of co-crystals was carried out
based on predicting hydrogen bond formation between
TC and coformers. The two-dimensional structure of
TC and coformers were obtained from PubChem
Database and then converted into pdb format using
v.16.1.0.15350. The
interaction of two molecules (TC with each coformer)

Discovery Studio Visualizer

was observed using the AutoDockTools version 1.6
program. The parameters observed were the type of
interaction such as hydrogen bonds, van der Walls
bonds or m electron bonds and Gibbs free energy, and
the distance of the bonds that occurred.

Polarizing microscope

Pure TC powder, pure coformer powder, and
physical mixture were observed with a polarizing
microscope. About 3 mg of TC powder and coformers
(nicotinamide, isonicotinamide, saccharin, aspartame,
and benzoic acid) were each placed in an object glass,
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dropped with methanol, and left in contact until the
methanol evaporated (supersaturated). The results of the
interactions that occur are observed under a polarizing
microscope equipped with a digital camera.

Co-crystal preparation

Before the co-crystallization process, a phase
solubility test was carried out by making a series of ratios
of active pharmaceutical ingredients (API) and coformers
from 1:9 to 9:1 and then put into a vial containing 25 mL
of distilled water. Then the sample was stirred using a
mechanical stirrer at 25 °C for 24 h. The sample was then
filtered, and dissolved API levels were measured and
analyzed by UV-Vis spectrophotometry.

The phase solubility test was carried out to
determine the ratio or the right number of coformers in
the formation of co-crystals so that it is expected to
change the physicochemical properties of the active
substance, especially its solubility. The obtained phase
solubility curves are used to describe the concentration of
solutes in various concentrations of coformers. Thus, the
solvent drop grinding and the solvent evaporation
processes use a ratio of 1:1, 1:2, and 2:1.

Solvent drop grinding (SDG). TC and coformer were
mixed with a molar ratio of 1:1, 1:2, and 2:1; and then
grinded together in a mortar for 5-10 min while dripping
with a suitable solvent (such as methanol), drop by drop
until it looks wet during the grinding process. Then the
obtained co-crystals were stored at room temperature for
24 h to obtain a dry crystal precipitate [17].

Solvent evaporation (SE). TC and coformer were
mixed with a molar ratio of 1:1, 1:2, and 2:1; and dissolved
in a suitable solvent such as methanol, shaken for 10 min,
then evaporated in a water bath at 30 °C for 24 h to obtain
a dry crystalline solid. Thus, the obtained co-crystals are
stored at room temperature [18].

Co-crystal evaluation

Solubility test. Saturated solubility was measured by the
shake flask method. 100 mg of co-crystal TC was mixed
with 50 mL of distilled water in an Erlenmeyer flask. Then
the sample was stirred using a mechanical stirrer at 25 °C
for 24 h. The sample was then centrifuged at 5000 rpm for
10 min. The supernatant was then separated by filtering
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using filter paper, then diluted and analyzed using a UV-
Vis spectrophotometry at a wavelength of 200-800 nm.
After obtaining the maximum wavelength of TC, the
concentration of dissolved in the filtrate is determined
from the results of the solubility test by looking at the
absorption of UV-Vis light in the sample solution.
Dissolution test. The dissolution test was carried out
on the co-crystals formed and showed the best solubility
results, using a type 2 dissolution test apparatus with 900
mL HCI pH 1.2 at a rotation speed of 50 rpm for 60 min
at 37 °C. The sample was weighed carefully then
compacted to form a tablet. The tablets were then put
into the media, then 10 mL of the sample solution was
taken periodically at intervals of 10, 20, 30, 45, and 60
min, and each intake was replaced with new media and
the same volume. The sample was then filtered using
filter paper and analyzed using UV spectrophotometer
at a wavelength of 200-300 nm. Then the dissolved TC
levels were calculated at each collection time interval
with a sampling factor.

Characteristics of co-crystal

Powder X-ray diffraction (PXRD). Diffractogram
patterns of co-crystal, physical mixture, and pure TC
were obtained using an X-ray diffractometer with Cu Ka
radiation (\ = 1.54 A) and a voltage of 40 kV and a
current of 30 mA. The slit width is 0.2 inches, with a
scanning speed of 0.2-0.5°/min and a scanning distance
of 20 = 5-50° (organic compounds). Samples were
measured then the results obtained were compared with
the pure TC and TC co-crystals formed.

Differential scanning calorimetry (DSC). Thermal
analysis of co-crystal, physical mixture, and pure TC
were carried out with 3-5 mg of sample put into an
aluminum pan, then measured on a programmed DSC
device with a temperature range of 50-300 °C with a
heating rate of 10°C/min. The thermogram results
obtained will be compared with the pure TC
thermogram to see any differences before and after
treatment.

Fourier transform infrared (FT-IR)
spectrophotometry. The IR spectra of co-crystal,
physical mixture, and pure TC were analyzed at
wavenumbers of 4000-400 cm™. 1 mg of sample was
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mixed with 10 mg of KBr until homogeneous and then
pellets were formed with a pressure of 20 psi using a KBr
plate press. This procedure was carried out to see the
functional groups of pure TC and TC co-crystals formed,
the functional groups present in TC must also be present
in TC co-crystals.

Scanning electron microscopy (SEM). SEM was used
to study the morphology of co-crystals, physical mixtures,
and pure TC. The light sample was sprinkled over an
aluminum chamber and then covered with platinum 10 A
thick under an argon atmosphere using a mas module
placed in a high vacuum evaporator. After that, the
container containing the sample is placed on a scanning
electron microscope.

Physical stability test

Physical stability testing was carried out on TC co-
crystals which showed an increase in the solubility and
dissolution profile and showed the typical characteristics
of the co-crystals. Physical stability test was carried out at
40 °C and 75% relative humidity using a climatic
chamber, by observing changes in the diffractogram
pattern and comparing it with the initial storage
conditions.

m RESULTS AND DISCUSSION
Initial Characterization of TC

The diffraction pattern of tamoxifen citrate (TC) in
Fig. 2 shows the form II polymorph. This is confirmed by
the report of Gamberini et al. [19], with the characteristic
high-intensity diffraction peak form II detected at 26 =
5.69°, 13.15° 14.05°, 21.01°, 24.15°, and 28.40°. TC, which
is widely used as a pharmaceutical ingredient, exists in
two main polymorphic forms, and the relatively stable

481

polymorphic form is in form II
Coformer Screening with In-Silico

TC has a structure containing functional groups as
proton acceptors and donors. TC has nine functional
groups that act as acceptors with acting atoms namely
oxygen and nitrogen, and four functional groups that act
as proton donors (Fig. 3).

The coformers selected for the formation of
tamoxifen citrate co-crystals must be inert, have no
pharmacological effects, and have hydrogen acceptor or
donor groups that will form hydrogen bonds with TC.
The (NIC),
isonicotinamide (ISO), saccharin (SAC), aspartame
(ASP), and benzoic acid (BNZ). Table 1 shows the results

of in-silico screening, which predicts the hydrogen

coformers used were nicotinamide

bonds formed in the formation of co-crystals between
the active substance and the coformer. Prediction results
show that hydrogen bonds are only formed in the NIC
and ISO coformers. The hydrogen bond formed between
TC and NIC occurs between the amide group (-CO-
NHa) on the NIC with the ether group (-O-) on the TC,
so the synthon formed N-H--O-C is called a monomer
with  ISO
hydrogen bonds that occur between the amide group in
ISO and the amine group (R;N) in TC, so that the synthon

e = Cn

Fig 3. Donors and acceptors of TC

heterosynthon. Meanwhile, coformers,
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Fig 2. Diffractogram pattern of form II polymorphic form TC
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formed N-H--N-C is called a homosynthon monomer
[20].

The Gibbs free energy formed from the NIC and ISO
coformer is -1.3 kcal/mole (Table 1), this indicates an
interaction (hydrogen bond between coformers and TC),
and the bond distance formed by each coformer is 2.34
and 2.20 A, respectively. A good hydrogen bond has a
distance of 2.8 A. The number and distance of hydrogen
bonds will affect the strength of the binding affinity
between the ligand and the receptor [21]. Hydrogen
bonds are said to be weak bonds, but in complex
structures, these hydrogen bonds are strong enough to
form supramolecular synthon in the co-crystal system

and stabilize the molecular structure [10]. Hydrogen
interactions between TC with NIC and ISO form
parameters to increase the solubility of TC.

In the other three coformers SAC, ASP, and BNZ,
no hydrogen bonds are formed. However, it has a
smaller Gibbs free energy value compared to the
formation by the NIC and ISO coformers. The
formation of hydrogen bonds is not caused by the
distance between the atoms that are too far apart. The
bond free energy indicates the ability of the ligands to
interact. A compound is said to have a good interaction
if the value of free energy is lower so that the bond that
occurs is more stable [21].

Table 1. Simulation results of interaction of TC and coformers with in-silico

Gibbs ener Bond
Compounds 2D interaction Bond interaction &Y ]
(kcal/mol)  distance
Tamoxifen citrate-nicotinamide 4 hydrogen ;
. . -1.3 234 A
(TC-NIC) interactions
4 hyd
Tamoxifen citrate—isonicotinamide . ty rc;gen a1 13 220 A
interactions, an -1. .
(TC-ISO) . .
-t interaction
Tamoxifen citrate-saccharin No hydrogen L7
(TC-SACQ) interaction ’
Tamoxifen citrate—aspartame No hydrogen 25
(TC-ASP) interaction ’
Tamoxifen citrate-benzoic acid No hydrogen 12
(TC-BNZ) interaction )
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Polarizing Microscope

Fig. 4 is the result of polarization microscopy
between the TC mixture and the five coformers, which
shows the presence of a new crystal habit only in the NIC
and ISO coformers, while the other three coformers (SAC,
ASP, and BNZ) show mixing with TC, but do not produce
new crystal habits. If the crystal habit obtained through
recrystallization of the API mixture is significantly different
from the single habit, then the mixture is indicated to
show interaction. Differences in crystal habit and thermal
behavior indicate a solid interaction between the two
components of the active substance and the conformer.

Co-crystal Preparation

The results of the TC in-silico test with five
coformers were then made in-vitro co-crystals using
solvent drop grinding (SDG) and solvent evaporation

(SE) methods with molar ratios of TC and coformers of
1:1, 1:2, and 2:1 (30 variations), which resulted in a solid
powder according to provided that the co-crystal form is
a solid powder at room temperature. Co-crystallization
using SDG does not require a lot of solvent so this
method is environmentally friendly [22]. The purpose of
adding solvent (methanol) in this method is to accelerate
the interaction of the two components, which will
accelerate the achievement of an amorphous state in
each component so that both components become more
reactive.

Co-crystallization using SE method using the
principle of dissolving API and coformer with a suitable
solvent. Molecular interactions are expected to occur in
the dissolution process of the two compounds so that
hydrogen bonds are formed, where this interaction is
expected to occur in the co-crystallization process. The SE

" TC-NIC

TC-SAC

TC-ASP
Fig 4. Polarizing microscopy of mixed TC and coformers

TC-BNZ

Dolih Gozali et al.



484

process aims to remove the solvent so as to form a
crystalline solid that has different physicochemical
properties from the pure substance. Methanol is used as a
solvent, because each material is soluble in the solvent and
the result is solid at room temperature. Dissolution with
organic solvents can affect changes in the crystal structure
of a substance. This change in crystal structure will affect
changes in the physicochemical properties of the
substance [23].

Co-crystal Evaluation

The TC co-crystal approach was carried out to
improve the solubility properties and dissolution profile
of TC. Therefore, solubility and dissolution tests were
carried out to find the best co-crystal variation, in terms
of molar ratio, type of coformer, and method of
preparation.

Solubility test

Fig. 5 shows the solubility results of TC co-crystals
from the SDG method. The increase in solubility in TC-
ISO co-crystals reached 55-74% with a ratio of 1:1, 1:2,
and 2:1, respectively 368.184, 367.448, and 327.807
mg/mL compared to the saturated solubility of pure TC
(211.940 mg/mL). Theoretically, coformers that have high
solubility in water will affect the solubility of the active
ingredient, the higher the hydrophilic nature of a
material, the co-crystals formed will show high solubility
[24]. The SDG method shows that the increase in
saturation solubility is relatively small compared to the SE
method, this may be due to the less solvent catalytic
process at the time of manufacture.

The increase in the saturation solubility of TC co-
crystals from the SE method also occurred in TC-ISO co-
crystals reaching 61-103% from the ratios of 1:1, 1:2, and
2:1, respectively, for 347.333, 430.666, and 342.175 mg/L
(Fig. 6). The increase in solubility that occurs is due to the
hydrogen bonds formed in the TC-ISO co-crystal. Besides
being able to change the crystal lattice, it can also increase
the solubility by attracting more solvent so that the
interaction of TC with the solvent is more. The increase
in solubility was due to the increase in solvent affinity for
TC due to the presence of coformers. Coformers are
compounds that are polar so they will be linear with
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affinity for water. With this, the NIC and ISO coformers
provide effectiveness in increasing the solubility of TC
through the co-crystallization technique. In another
study, co-crystallization with NIC coformer was
reported to increase trimethoprim [12]. In addition, ISO
coformer was also used to increase the solubility of
furosemide which showed an increase of 5.6 times
higher than pure furosemide [13].

Dissolution test

The drug dissolution profile was studied for TC-
NIC and TC-ISO co-crystals which showed increased
solubility of TC. Fig. 7 shows the dissolution profile of
the TC-NIC co-crystal drug. Increased dissolution
occurred in TC-NIC 1:2 co-crystals prepared by the SE
method. In the SDG method, the drug dissolution profile
is not higher than pure TC. The choice of the molar ratio
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Fig 5. Comparison of solubility of TC co-crystal with
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Fig 6. Comparison of solubility of co-crystal TC with SE
method
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Fig 7. Dissolution profile of pure TC and TC-NIC co-crystal

also greatly determines the success of co-crystal
formation. If the correct molar ratio is used, there will be
an increase in solubility caused by several mechanisms,
including the formation of a new co-crystal crystalline
phase which can change the physicochemical properties
(e.g., solubility). The increase in dissolution in the process
with the NIC coformer occurs due to the formation of
hydrogen bonds between the amide functional group and
the nicotinamide carboxyl group. Therefore, in relation to
TC, it increases the polarity of the hydro-carboxyl
hydroxyl thereby increasing its solubility [25].

The dissolution profile of the TC-ISO co-crystal
drug is presented in Fig. 8. Like drug release in TC-NIC
co-crystals, increased drug release occurred in TC-ISO 1:2
co-crystals using the SE method. However, the release that
occurred was higher than that of TC-NIC co-crystals. ISO
is reported to increase the dissolution rate because it

80 -
70 4

o =]
[=] o
L M

Drug dissolution (%)
(4] -
(=] o

forms complexes with drug compounds through a
mechanism as a donor and acceptor in the formation of
hydrogen bonds. It also causes an increase in solubility
through the formation of co-crystal complexes [17]. ISO
is a hydrophilic conformer, that causes increased wetting
of hydrophobic drug particles with the dissolution
medium and has a positive effect on the dissolution
profile. The results of the dissolution test have a linear
relationship with the saturated solubility test and in-
silico test where there is an increase in the solubility and
dissolution profile of the TC-NIC and TC-ISO co-
crystals with a molar ratio of 1:2 due to hydrogen bond
interactions between the TC and NIC and ISO coformers.

Co-crystal Characterization

TC-ISO co-crystals with a ratio of 1:2 made by
SDG and SE methods showed that the best solubility and

—+—SDG 1:1
—a—SDG 1:2
—+—SDG 2:1
SE 1:1
—t—SE 1:2

20 - —e—SE 2:1
Pure TC
10 <
0 10 20 30 40 50 60 70
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Fig 8. Dissolution Profile of pure TC and TC-ISO co-crystal
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dissolution profiles were followed by characterization
stages, namely PXRD, DSC, FTIR, and SEM.

Powder X-ray diffraction (PXRD)

The results of the TC, ISO, and TC-ISO co-crystal
diffractograms with a ratio of 1:2 made by SE and SDG
methods are presented in Fig. 9. The TC diffractogram
shows the highest intensity at an angle of 20 = 5.47°, 9.56°,
10.80°, 12.51°, 13.57°, 14.75°, 17.57°, 19.41°, 20.59°, 23.86°,
and 28.90° indicates that TC is a crystal. Meanwhile, ISO
shows the highest intensity at 20 = 17.31°, 17.50°, 17.62°,
20.69°, 23.11°, 23.19°% 24,15°, 25,60° 26.18° 29.66°
31.16° and 32.16°. The diffraction pattern of TC-ISO 1:2
co-crystal with SDG has almost the same diffraction as the
physical mix (PM), but there are several new peaks at 20
= 11.08° 13.05°, 13.84°, 15.00°, 17.03°, and 20.77° which
indicates the new crystal phase of TC. Meanwhile, in the
TC-ISO 1:2 co-crystal with SE method, several new peaks
were seen at 20 = 3.33°, 4.98°, 5.18°, 6.50°, 7.99°, and 8.38°
which also shows the phase change of the formed crystals.

The phenomenon of decreasing the degree of
crystallinity that occurs in co-crystals is also one of the
causes of the increased solubility and dissolution of TC.
Changes in the crystalline phase in each of these co-
crystals will affect the physicochemical properties (such as
solubility and dissolution) and mechanical properties. X-
ray diffraction is a commonly used technique to confirm
the shape of new solids from multicomponent crystals,
because the crystal shape of each compound will give a
distinctive characteristic to the diffractogram pattern [26].
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Differential scanning calorimetric (DSC)

The decrease in the melting point of the co-crystal
is directly correlated with the increase in the solubility
value of the active substance in the co-crystal. The
melting point of the co-crystal will be between or below
the melting point of the active substance and its coformer
so that the physicochemical properties of the co-crystal
can be predicted from the polarity of the conformer.
Based on Fig. 10, lower melting point values of pure TC
and ISO are seen in TC-ISO 1:2 co-crystals with the SE
method. The endothermic peak is in the temperature
range of 81.71-104.05 °C with a sharp peak at 90.50 °C,
which is the melting point. Meanwhile, TC-ISO 1:2 co-
crystal with SDG method showed an endothermic peak in
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Fig 9. Comparison of pure TC and TC-ISO co-crystal
diffractograms
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Fig 10. Thermogram profile of TC and TC-ISO 1:2 co-crystal
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the range of 113.70-135.11 °C with a melting point of
116.78 °C, which was indicated by a sharp peak. Not much
different from the physical mixture (PM), the endothermic
peak is found at a temperature of 114.19-124.77 °C with a
sharp peak as the melting point at 119.49 °C. TC-ISO co-
crystal with PM and SDG method showed a similar
thermogram profile. In the process, PM and SDG
methods involve a mechanical process to mix the
coformer and TC. In this case, it is possible in the PM
mechanical process involving strong pressure, which
results in the similarity of the thermogram profile.
Meanwhile, the TC-ISO co-crystal with the SE method
doesn't involve a mechanical process but uses a solvent to
mix the coformer and TC as well as solvent evaporation.
The solvent evaporation process is considered imperfect,
resulting in a different shape of the thermogram profile.

When the melting point of the co-crystal solid
mixture decreases, the TC-ISO 1:2 co-crystal has a higher
solubility than pure TC. The endothermic peak that
appears has the possibility of transforming in the co-
crystals formed. The shift is caused by the interaction
between TC and coformers, which changes the shape of
the crystal lattice and forms a relatively different internal
crystal structure, as shown in the diffractogram pattern
[18]. The co-crystals formed have different melting point
characteristics from the starting material.

Fourier transform infrared (FTIR) spectrophotometry

To confirm the formation of co-crystals, FTIR
analysis was used to evaluate the changes in the
vibrational frequencies of the specific functional groups
of the crystals compared to their constituent components.
Changes in hydrogen bonds at the intermolecular level
provide a marked shift in the vibration frequency [27].
The FTIR spectrum of the TC crystal can be seen in Fig.
11.In the form IT IR TC spectrum, it can be seen that there
is a stretch of OH group at a wavenumber of 3400 cm™.
In addition, the peaks at 2800 and 2600 cm™ are due to
the OH stretching of the citric acid carboxylic group
forming two distinct hydrogen bonds. Peaks indicating
C=0 strain were also observed at 1738 cm™ with new
peaks at 1720 and 1703 cm™, indicating the presence of
two carboxylic groups with different bonds.

ISO has an aromatic ring and an amide group in its
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molecular structure which gives it its characteristics in
the IR spectrum (Fig. 11). The C-H stretching vibration
on the aromatic ring is seen at 3160 cm™', and the C=C-
C vibration on the aromatic ring is seen at 1618 cm™.
The presence of nitrogen atoms in the aromatic ring
gives a C-N vibration (stretch) at the peak of 1404 cm™.
While the carbonyl group on the amide is shown at 1680
cm " with high intensity, and the strain vibration N-H is
shown at 3364 cm™ [25].

The IR spectrum of the TC-ISO 1:2 co-crystal (Fig.
11) shows a similar pattern to the two constituent
components. Based on the in-silico simulation, TC and
ISO form hydrogen bonds between nitrogen atoms. In
the spectrum, it can be seen that there is a shift in the N-
N strain vibration in the TC-ISO 1:2 co-crystal. The
hydrogen bonds formed were indicated by a shift in the
vibration of the N atom from 3198 to 3329 cm™ in the
TC-ISO 1:2 co-crystal. Another characteristic pattern of
the FTIR spectrum is a shift from the carbonyl group,
which usually appears at wavenumber 1760 to 1620 cm™.

Scanning electron microscopy (SEM)

The morphology of the active ingredient includes
changes in the crystal habit of an active ingredient so that
it can affect the physicochemical properties and
ultimately affect the performance of the preparations
made. The results of the SEM analysis (Fig. 12) show a
change in the crystal habit of the co-crystals of its
constituent components. TC crystal habit has a beam-like
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shape at 500x magnification, while ISO forms irregular
lumps. Morphological analysis of co-crystals showed a
more compact structure with a higher density and
combined to form larger molecules. This phenomenon is
caused by the interaction of hydrogen bonds of TC and
coformers in supramolecular synthons.

Physical Stability Test

Physical observations were made to observe the
physical stability of the co-crystals before and after
storage, resulting in a diffraction pattern (Fig. 13). TC-
ISO co-crystal with drop grinding dissolution did not
change from the aspect of peak number and peak shift at
an angle of 26, as well as peak intensity. This indicates that
the stability of the TC-ISO co-crystal is relatively stable.

Indones. J. Chem., 2022, 22 (2), 478 - 490

However, at co-crystal TC-ISO 1:2 with the SE method,
changes are seen in the aspect of peak number and peak
shift at an angle of 20. At angles of 3.33° and 4.98°, they
were not seen after co-crystal storage for one month.
Therefore, the SDG method is more stable than the SE
method. Stability examination by x-ray diffraction is a
very sensitive method to see changes in the three-
dimensional structure of a molecule [18].

m CONCLUSION

Increasing the solubility of TC through the co-
crystallization approach in this study showed success
using the NIC and ISO coformers. Through the in-silico
approach, only the two coformers exhibit hydrogen
interactions. However, based on the evaluation of
solubility and dissolution tests, TC-ISO co-crystal
showed the best results than TC-NIC at a ratio of 1:2.
The formation of TC co-crystals will decrease the degree
of crystallinity of TC, so that it becomes one of the causes
of increased solubility and dissolution of TC. The
increase in solubility was also caused by a decrease in the
melting point value of TC after the formation of TC co-
crystals. In addition, the morphology of TC co-crystals
is more compact with higher density. In the physical
stability test, the manufacture of co-crystals using the
SDG method resulted in the stability of TC co-crystals
which were more stable than the SE method.
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Abstract: The application of composite membranes consisting of SiO. from the volcanic
ash of Mount Sinabung, TiO,, and PVA on a laboratory scale has been investigated to
improve the Silau River’s water quality in Asahan Regency. The purpose of this study is
to determine the optimal combination of SiO,, TiO,, and PVA for treating river water to
minimize its heavy metal content and color intensity to achieve clean water requirements.
The membranes were prepared by drop-casting with varied compositions of
PVA/40TiO5/60Si0O,, PVA/60TiO,/40SiO, PVA/80TiO,/208i0,, and PVA/100TiO,/0SiO-.
PVA was dissolved in aquadest, mixed with SiO; and TiO,, then imprinted and dried for
24 h at 50 °C. A photocatalyst test was performed on each composition variation to see
how the Silau River water’s color changed over time. The PVA/80TiO,/20SiO,
membrane’s composition fluctuated the highest during photocatalyst testing, with 45.95%
degradation. The parameter results on the Silau River water test, namely turbidity, color,
and chromium values, were reduced by photocatalysis of a PVA/80TiO,/20SiO,
composite membrane to 16 NTU, 30 TCU, and 0.013 mg/L, respectively. These results
met the clean water quality criteria specified by Minister of Health of the Republic of
Indonesia Decree No. 416/ MENKES/PER/IX/1990.

Keywords: silica-based composite membrane; photocatalyst; river water treatment

m INTRODUCTION

surroundings will become polluted due to community

The Silau River is a vast river that flows from Asahan
Regency’s southern edge to the city of Tanjung Balai. The
Silau River is the second biggest river in Indonesia, next
to Asahan, and plays a significant role in the people who
live along its banks. The Silau River benefits from
abundant agricultural goods such as sand mining, fish,
and shellfish. The Silau River watershed is also adjacent to
community settlements and numerous community
activities that significantly influence the Silau River water
as a source of pollution. The Silau watershed provides
numerous benefits to the surrounding community.
However, it is feared that the Silau watershed area and its

and industrial activities near the river. Hence,
monitoring and evaluation of the condition of the waters
in the community are necessary as a form of prevention
[1].

According to the Ministry of the Environment of
the Republic of Indonesia data year 2014, residential
garbage contaminated more than 60% of waterways [2].
Numerous techniques for resolving the pollution
problem caused by liquid waste are being explored, one
of which is the photocatalyst process. Photocatalysis is a
chemical reaction that happens in the interaction
between light and a photocatalyst. Due to its efficacy and
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adaptability, photocatalytic degradation has become an
increasingly attractive solution for water pollution
concerns [3-4]. Photocatalysts are a favorable method in
treating dirty water and textile waste. Titanium dioxide
(Ti0,) is a frequently used photocatalyst material due to
its high stability and non-toxicity. TiO, is a photocatalyst
that stands out for its photodegradation of organic dyes
(4].

photocatalytic activity [5-7]. One of the properties of TiO,

with an anatase structure has
is determined by its crystallinity, crystal size, and crystal
phase. Increasing the capability of TiO, material can be
done by adding oxides substances such as Fe,Os [6], SiO,
[8], and other oxides. Since TiO, has a limited surface
area, it can affect the performance of TiO, materials [9].
To address this issue, it is required to incorporate an oxide
material with a high surface area, such as SiO,. Silica with
the chemical formula of SiO, may be produced by
extracting volcanic ash from Mount Sinabung, where it is
known that the silica concentration after extraction is 48%
[10]. SiO, that is combined with TiO, has several benefits,
including being one of the most promising heterogeneous
photocatalytic options for the degradation of various
chemical molecules, heavy metal reduction, and selective
oxidative processes [9].

m EXPERIMENTAL SECTION
Materials

The materials used to fabricate SiO, composite
membranes included volcanic ash extracted from Mount
Sinabung as a silica source, polyvinyl alcohol (PVA;
Sigma-Aldrich, Mw = 145,000) as a matrix, TiO, (Sigma-
Aldrich) as an active photocatalyst, and Silau River water
from Asahan Regency, North Sumatera as a sample in the
photocatalyst process.

Instrumentation

Fourier transform infrared (FTIR) spectroscopy
(Shimadzu, IR Prestige 21),
microscope-energy dispersive X-ray (SEM-EDX, FEI,
Inspect-S50), and X-ray diffractometer (XRD,
PANalytical, X’Pert PRO) were employed to characterize
the composite

scanning electron

membrane samples. Furthermore,
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(UV-Vis)
(Analytik Jena, Specord 200 Plus) was used to monitor

ultraviolet-visible spectrophotometer

the degradation process.
Procedure

A 10% PVA solution was prepared by dissolving
1.111 g of PVA in 10 mL of distilled water and heating it
for 1 h at 90 °C. Then, using a 100-mesh sieve, SiO, and
TiO, were sieved. As a filler, SiO, was combined with
TiO; in this research. PVA and filler are combined in a
4:1 ratio. The mixture was then molded and dried for 24
h at 50 °C. The following table summarizes the
differences in the composition of the filling material
(Table 1).

After fabricating the PVA/TiO,/SiO, composite
membrane, the next stage was to test the membrane
material, precisely the degree of the swelling test, which
was used to determine the membrane’s resistance to
water absorption. The degree of swelling was
determined by submerging it in aquadest for varying
periods. Additionally, FTIR and SEM analyses were
performed to identify the functional groups and
morphology of the PVA/TiO,/SiO, composite
membrane.

Additionally, the photocatalyst test was conducted
to ascertain how the color content of Silau River water
may be decreased by adding a PVA/TiO,/SiO,
composite membrane. The photocatalyst process was
carried out in a box fitted with a ten-watt ultraviolet
lamp for 1, 2, 3, 4, 5, 6, and 8 h. The solution’s
absorbance was determined following the treatment
using a UV-Vis spectrometer. Eq. (1) was applied to
calculate the percentage of watercolor decrease in the

water sample.

0 . _ ST
% Decrease in water content = %100 (1)
c
(o]

Table 1. Variations of Filler Composition as TiO2:SiO,

Sample TiO; (%) SiO; (%)
I 100 0
1I 80 20
111 60 40
v 40 60
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where ¢, denotes the initial concentration of Silau River
water, and ¢, is the concentration after t time of the
photocatalyst process.

The characterization of river water was conducted at
the Environmental Health Engineering Center of Class I
in Medan. The purpose of this test was to investigate the
effect of adding a PVA/Ti0,/SiO, composite membrane
towards river water content parameters.

m RESULTS AND DISCUSSION
FTIR Characterization

FTIR was wused to visualize the

membrane’s functional groups. A functional group is a

composite

collection of one or more atoms with distinct chemical
characteristics covalently connected to other compounds
[11]. The FTIR spectra are presented in Fig. 1. The band
around 3500 and 1700 cm™ corresponds to the absorption
of the O-H stretching and bending functional groups,
which are the hydroxyl groups present in PVA [12]. A C-
H stretching functional group with an absorbance of
around 2900 cm™ suggests the existence of residual
organic molecules. An absorption at a wavenumber of
around 1100 cm™ was assigned to C-O bonds from PVA

493

[13]. This peak overlap with Si-O-Si asymmetric
stretching vibration [14]. The absorption of about 960
cm™ is owing to the stretching of Si-O-Ti, which
suggests the presence of a covalent bond between TiO,
and SiO,, rather than Van der Waals attraction [6].
However, this peak fuses with other peaks so that it looks
unclear. Moreover, absorption at approximately 770 cm™
is due to the Si-O stretching functional group as well as
Ti-O [14-15].

SEM-EDX Characterization

The morphology of the PVA/Ti0,/SiO, composite
membrane was observed using SEM. The SEM test
results are depicted in Fig. 2. The PVA/TiO,/SiO,
composite membrane appears to have a uniform
distribution of TiO, and SiO, fillers [16]. The
morphology of the PVA/60TiO,/40SiO, and
PVA/80TiO,/20SiO, samples was more homogenous
than that of the filler material, whereas the
PVA/40TiO,/60SiO, and PVA/100TiO,/0SiO, samples
exhibited an agglomeration [17].

Agglomeration may occur due to the uneven
mixing of the PVA matrix with the TiO, and SiO; fillers
[18]. Agglomeration decreased the surface area of TiO,

i Si—O-Ti (Stretchi
! ; :A Si-0-Si (StritChm;g).Ti—O andior
| PVA/100TiO,/0SiO, -0 Streghing
3
= PVA/80TiO,/20Si0,
<]
(3]
[=
1]
E
E . -
7} PVA/60TiO5/40SiO,
c
o
-
PVA/40TiO,/60Si0,
] ] ] ] ] ] ]
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm_1)
Fig 1. FTIR spectra of (a) PVA/40TiO,/60SiO,, (b) PVA/60TiO,/40SiO,, (c) PVA/80Ti0O,/20Si0,, and (d)

PVA/100TiO,/0SiO, composite membrane
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Fig 2. SEM images of (a) PVA/40TiO./60SiO,, (b)
PVA/100TiO,/0SiO, composite membrane

and SiO,, both of which act as degrading agents in river
water. This can affect the membrane’s performance
during the photocatalytic testing process. The bigger the
surface area of the particles, the higher the surface area of
contact between the membrane and the test sample in the
form of river water, resulting in a quicker rate of color
degradation of river water.

The distribution of the components that comprise
the PVA/TiO,/SiO, composite membrane is depicted in
Fig. 3. As can be observed, the filler in TiO, and SiO;
particles is dispersed equally. This will impact the
photocatalyst process’s outcome later. PVA/TiO,/SiO,
composite membranes are composed mainly of C and O
elements, also found in PVA [16]. The contents of the
membrane elements are determined using EDX, as stated
in Table 2.

m USU

PVA/60TiO,/40Si0,, (c) PVA/80TiO,/20SiO;, and (d)
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- 4. " Agglom

HL D58 x1.0k 100um

XRD Characterization

The crystal structure of the PVA/TiO,/SiO,
composite membrane was characterized using XRD. The
diffractogram in Fig. 4 illustrates the XRD test results.
Two crystal structures were identified in the XRD
analysis, namely the Anatase and PV A peaks.

The XRD analysis reveals a crystal structure in the
form of anatase for TiO, [19]. Anatase’s crystal structure
in Fig. 4 shows a tetragonal crystal system with lattice
37845 and ¢ = 9.5143 A,
corresponding to COD:9015929. According to Jiang et

parameters of a =

al. [20], the anatase phase was found in this study at
angles of 20 = 25.12° 36.80°; 37.64°; 38.48°; 47.98° and
53.70° with Miller indices of (011), (013), (004), (112),
(020), and (015). As indicated by the XRD pattern,

Table 2. Composition of PVA/TiO./SiO, Composite Membrane

Percentage (%)

Composite Membrane

C (@] Si Ti
PV A/40Ti0O,/60Si0, 59.58 35.26 2.74 243
PVA/60TiO,/40SiO, 63.94 32.33 0.72 3.01
PVA/80TiO,/20Si0O, 62.26 33.97 0.07 3.70
PVA/100TiO,/0SiO, 62.78 33.17 NA* 4.05
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i

Fig 3. Elemental mapping of (a) PVA/40TiO,/60Si0O,, (b) PVA/60TiO,/40Si0,, (c) PVA/80TiO,/20Si0;, and (d)

PVA/100TiO,/0SiO, composite membrane

A A: Anatase (TiO,)
¢:PVA

3
©
> b ¢ A A AA
‘@
c A
L
£
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14
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Fig 4. XRD patterns of (a) PVA/100TiO,/0SiO,, (b)
PVA/80Ti0,/20Si0,, (c) PVA/60Ti0,/40Si0,, and (d)
PV A/40TiO,/60Si0,

no peak indicates the structure of SiO,. The structure of
SiO; is amorphous, and as a result, the peak does not exist
in this diffractogram. This is consistent with the findings
in Ref. [21].

Meanwhile, the amorphous peak visible in the XRD

results corresponds to the PVA peak. PVA is an
amorphous polymer. With a Miller index of (101), PVA
was found at an angle of 20 = 21.92°. These findings were
supported by the previous research [22]. Moreover, the
intensity of the anatase was observed to increase with the
addition of TiO..

Swelling Characterization

Swelling is a property that may be used to assess the
rate of membrane absorption and the saturation point of
solution absorption [23]. The swelling test results are
depicted in Fig. 5.

After adding SiO; to the membrane composition,
the degree of swelling was relatively modest. This
demonstrates that the membrane is superior in terms of
resistance to absorption but affects the photocatalytic
process [23] since the catalyst process requires strong
absorption when the membrane is put into the test
solution to initiate a photocatalytic process [24-25]. The
swelling values for the PVA/100TiO,/0SiO, and the
PV A/40Ti0,/60Si0, membrane composition were 171%
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Fig 5. Swelling test of PVA/TiO,/SiO, composite
membrane

and 128%, respectively. It is reasonable to suppose that the
amount of SiO, added is proportionate to the degree of
swelling reduced [26]. The increased surface area of the

Indones. J. Chem., 2022, 22 (2), 491 - 500

PVA/TiO,/SiO,
significantly to its increased processing and swelling

composite membrane contributes

rates. Swelling also affects the membrane’s mechanical
properties [9].

UV-Vis Analysis

UV-Vis spectroscopy was used to examine the
color degradation. Water samples from the Silau River
were passed over a membrane having a surface area of
1.5 x 1.5 cm®. The water added to the membrane is then
placed in a box equipped with a UV lamp, and the
irradiation procedure is repeated for a specific duration.
Fig. 6 illustrates the test results.

UV-Vis spectroscopy was used to measure the
degree of color degradation in river water. The
measurement results indicate that the optimal
composition is PVA/80TiO,/20SiO,. As seen in Fig. 6,
the cleanest water appears after 8 h, while the
PV A/40TiO,/60SiO, composite membrane produced the

Fig 6. Images of Silau River water treated using (a) PVA/40TiO,/60SiO,, (b) PVA/60TiO./40SiO,, (c)
PVA/80TiO,/20SiO;, and (d) PVA/100TiO,/0SiO; for 1-8 h (from left to right)
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lowest yield. The longer the photocatalyst process
continues, the more significant the decrease in watercolor
levels [6], resulting in cleaner Silau River water.

Fig. 7 shows the percentage of color degradation of
river water. The most optimum degradation occurs at a
rate of 4595% by PVA/80TiO,/20Si0, composite
membrane. According to the graph in the illustration,
degradation will occur at a maximum rate over time.

The length of irradiation in the photocatalyst
process indicates the time required for the
PVA/TiO,/SiO, composite membrane to interact with the
inner light and form «OH radicals from river water. With
increasing duration, the PVA/TiO,/SiO, composite
membrane absorbs more proton energy, making it
simpler to lower the color content of river water. The
longer the irradiation period, the more the photocatalyst
process will continuously operate until the optimum
condition is reached [27].

The matrix plays a role as a support for dye
absorption in the absence of decomposition. Increased dye
decomposition efficiency might be attributed to improved
TiO, dispersion. Additionally, photodegradation’s efficacy
depends on the degree of swelling, enabling the lower
TiO, concentration to degrade the color efficiently and
rapidly. Moreover, the carboxylate anions increase the
electrostatic and hydrophilic repulsion of the hydrogel’s

polymer chains. As a result, the PVA membrane increases

50
40 A =
3
c
S 30 - =
: e
] /)r
? .
o 20
=
s 2
°
(& ,rfy
- / —m— PVAJ40TIO,/60SIO,
/ —o— PVA/EOTIO/40SI0,
/ —A— PVA/SOTIO,/20Si0,
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Time (h)
Fig 7. Color degradation of the river water after

photocatalytic process
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the surface area, allowing TiO, particles to come into
contact with a greater degree of swelling [28]. On the
other hand, excessive TiO, can cause this compound
coating to thicken, which can cause obstruct light
transmission and reduce the specific surface area [6].

River Water Characterization Before and After
Treatment by PVA/TiO,/SiO; Composite
Membranes

Following the photocatalyst test on river water, the
best composition was used to determine its composition.
Table 3 summarizes the test results. They can absorb
heavy metals from river water due to the presence of
SiO, particles. SiO; is a porous solid. The porous
structure is proportional to the surface area: the smaller
the silica particle, the higher the surface area. Hence, the
more significant the adsorption capacity.

From the results of the FTIR characterization,
there are silanol (Si-OH) and siloxane (Si-O-Si) groups
that can bind specific metal ions [15] so that the levels of
heavy metals dissolved in river water decrease. This
silanol group has low acidity and oxygen as a weak donor
atom. Two groups, namely straight-chain Si-O-Si, and
siloxane groups, form a circular structure. Straight chain
siloxanes are unreactive with common reagents but are
highly reactive to alkali metal compounds. The siloxane
group with a circular shape has high reactivity and can
absorb water, ammonia, as well as methanol. The reaction
of those with water will produce the Si-OH group [6].

Changes in functional groups are due to the
transformation of certain silanol groups into others.
Other
interactions during the adsorption process. Other

groups should give advantages, such as
groups facilitate adsorption by creating compounds with
metal ions. Adsorption can occur by ion exchange if the
replacement group is ionic. This transformation enables
interaction with metal ions. Adsorption of metal ions on
SiO; can be used to separate metal ions present in a
solution, such as industrial waste or wastewater [6].
Table 3 demonstrates that the test results indicate
a change in the value of each parameter. The initial
turbidity, color, and chromium parameter values were
115 NTU, 63 TCU, and 0.389 mg/L, respectively, which

initially did not meet the clean water standard. After
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Table 3. Characterization of river water before and after treatment by PV A/80Ti0,/20SiO, composite membranes

. Test results Test results after Maximum

Parameters Units

before treatment treatment content
Turbidity NTU 115 16 25
Color TCU 63 30 50
Dissolved solid mg/L 70.6 69 1000
Taste - Tasteless Tasteless Tasteless
Scent - Odorless Odorless Odorless
Fe mg/L 0.19002 0.09002 1
Hardness mg/L 67.02 59.1 500
Mn mg/L 0.12451 0.11893 0.5
Nitrite mg/L 3.3 2.3 10
Detergent mg/L <05 <05 <0.05
Hg mg/L 0.00079 0.00043 0.001
As mg/L 0.00024 0.00018 0.05
Cd mg/L 0.00043 0.00037 0.005
Cr(IV) mg/L 0.389 0.013 0.05
Se mg/L 0.00093 0.00089 0.01
Zn mg/L 0.00191 0.00178 15
Pb mg/L 0.00067 0.00058 0.05
Organic substance  mg/L 15.848 2.139 10

treatment, the parameters of turbidity, color, and
chromium values were reduced to 16 NTU, 30 TCU, and
0.013 mg/L, respectively, following the treatment with a
PVA/80TiO,/20SiO, composite membrane using the
photocatalyst method. that
treatment, the test results for river water fulfilled the

It demonstrates after

criteria for clean water quality established by Minister of
Health of the Republic of Indonesia Decree No.
416/MENKES/PER/IX/1990 dated September 3, 1990.

m CONCLUSION

The PVA/80TiO,/20Si0,
membrane showed the most optimum composition in

composition of the

this study throughout photocatalyst testing. Degradation
occurs at a rate of 45.95%. The membrane can effectively
degrade the color of river water in this composition after
8 h. As for the Silau River water test results, it can be seen
that each parameter has changed. The initial turbidity,
color, and chromium parameter values were 115 NTU, 63
TCU, and 0.389 mg/L, respectively, which initially did not
meet clean water standards. After being treated with a
PV A/80TiO,/20Si0,
photocatalyst method, the turbidity, color, and chromium

composite ~ membrane by

parameter values were changed to 16 NTU, 30 TCU, and
0.013 mg/L, respectively. These results indicate that the
Silau River water test satisfied the clean water quality
criteria established by Minister of Health of the Republic
of Indonesia Decree No. 416/MENKES/PER/IX/1990
dated September 3, 1990. Additionally, given the results
of this study shown that the watercolor could be
degraded, it is expected that this composite membrane
might be used to clean dye waste in regions with high
river flow, such as Asahan Regency.
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compound potentially act as anti-diabetic activity, which can be developed for further
research.

Keywords: diabetic; in silico; Orthosiphon aristatus; metabolomics; PCA

m INTRODUCTION type 2 DM is caused by the ineffectiveness of the insulin
The International Diabetes Federation reported that horm](:))rll\c/e[ prodcil'c.tlon procle)ss.d R
in 2019, 463 million people were suffering from diabetes conditions can be determined by calculating
mellitus (DM) in the world. It is predicted that this

number will continue to increase to reach 700 million

blood sugar levels that exceed normal conditions
(hyperglycemia). The chronic phase of hyperglycemia

people by 2045 [1]. Indonesia's position is in the top 10 causes some of the glucose to undergo auto-oxidation.

. . . . . Glucose auto-oxidation creates reactive oxygen species
under China, America, Pakistan, Brazil, and Mexico. The Y8 P

population of Indonesian people affected by DM is 10.7 that act as free radicals, significantly affecting vascular

million people. According to the Ministry of Health of the endothelial disorders and leading to complications [7-

Republic of Indonesia, DM is the number 3 cause of death 8]. One way to prevent hyperglycemia is to inhibit the a-
in Indonesia [2]. Even so, about 30-50% of diabetics are

not aware of it [3], so the disease condition develops into

glucosidase enzyme [9]. Determination of the target of
a-glucosidase enzymes has been commonly used, and
complications, such as nephropathy [4], cardiovascular sevefal drugs that have been developed are acarbose and
(5], gangrene, or impaired wound healing, to stroke [6]. voglibose. However, there are reported adverse effects
DM is divided into two, namely, type 1 DM and type 2

DM. Type 1 DM occurs due to damage to the f-pancreatic

from the usage of the standard drugs, namely
gastrointestinal disturbances in diarrhea, dizziness,
nausea, vomiting, liver disorders, and central nervous

cells that cannot produce insulin properly. In contrast, . i
system disorders [10-11]. Therefore, alternative
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compounds are needed that can inhibit the activity of the
a-glucosidase enzyme.

It was known that bioactive compounds from plants
are able to prevent diabetes due to fewer side effects [12].
One of the plants with antioxidant activity tested for a-
glucosidase inhibition activity is Orthosiphon aristatus.
Research from Mohamed et al. [13] has proven the
antidiabetic activity of O. aristatus by in vitro study
against the a-glucosidase enzyme. Sinensetin is thought to
play a role in the inhibitory activity of O. aristatus extract.
Although a lot of O. aristatus-based research has been
performed, a clear classification of the natural compounds
based on their polarity and a-glucosidase inhibition
activity has not been established. In addition, there may
also be other active compounds in O. aristatus leaves that
have antidiabetic activity, inducing insulin secretion.
Based on this research, further investigations are needed
to determine the bioactive compounds that play a role in
the antidiabetic activity of O. aristatus. A metabolomics
approach based on a statistical analysis of chemometric
complex datasets can be used to obtain information on the
role of active chemical compounds [14-16].

This study used Principal Component Analysis
(PCA) as the chemometric technique. PCA is a
multivariate approach to analyze data tables where many
correlated quantitative dependent variables determine
observations. The aim is to extract important information
from statistical data, express it as a new set of orthogonal
variables called principal components, and visualize
patterns of similarity between observations and variables
[17]. By reducing the number of variables, PCA helps
overcome the problem of data overfitting. PCA generates
many variations, which will help visualize the data while
eliminating related factors such as noise and outliers that
have nothing to do with the data. Furthermore, the best
compounds that act as the antidiabetic agent will be
searched using in silico studies. Therefore, the purpose of
this research was to determine the metabolite profile of
the methanol and ethanol extracts of the O. aristatus using
LC-MS/MS, classify them using PCA, to determine the
inhibitory activity of a-glucosidase, and to study the
potential active compounds of O. aristatus by in silico
approach.

Indones. J. Chem., 2022, 22 (2), 501 - 514

m EXPERIMENTAL SECTION
Research Time and Location

This research was carried out in August-October
2021. This type of research is empirical research in
blended activities, online and offline. Offline activities at
the IPB Leadership Dormitory, Food Process Engineering
laboratory, Tropical Biopharmaca Research Center
(Trop-BRC), and IPB Advanced Laboratory and online
using supporting media such as WhatsApp, zoom, and
google meet applications for three months.

Materials

The main ingredients used in this study were O.
aristatus powder consisting of leaves, twigs, and flowers
obtained from Trop-BRC in powder form, O. aristatus
compound ligands, filter paper, ethanol, methanol,
KH,PO,, KHPO,, p-nitrophenyl-a-D-glucopyranoside,
(DMSO),
carbonate, a-glucosidase enzyme, PTFE membrane

dimethylsulfoxide acarbose,  sodium
filter, aquades, and three-dimensional structure of a-

glucosidase enzyme (PDB 2QM]).
Instrumentation

The tools used in this research are cabinet dryer,
blender, freezer, rotary evaporator, freeze dryer, 100 mL
beaker, 250 and 500 mL Erlenmeyer flasks, stir bar,
funnel, analytical balance, incubator, microplate reader,
LC-MS/MS (Liquid
Spectrometry/Mass Spectrometry) UHPLC Vanquish
Plus  Orbitrap HRMS
(ThermoScientific, Germany), computer set, software

Chromatography-Mass
Tandem Q  Exactive

e.g., YASARA Structure, Discovery Studio Visualizer,
Avogadro, and PyMol.

Procedure

0. aristatus extraction

O. aristatus powder from Trop-BRC will be stored
in the freezer until extraction is carried out. Extraction
simplicia O. aristatus (50 g) 6 samples with each 3 to
solvent of ethanol and methanol is made by the method
of maceration add solvent until the tera in Erlenmeyer
flasks of 250 mL. The mouth of the flask was covered
with aluminium foil and then allowed to stand for one
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day. Furthermore, the filtrate is filtered. Extraction was
repeated three times (triplo). The extract is concentrated
with a rotary evaporator. The results of the concentration
are then weighed and separated into different vials.

a-Glucosidase enzyme activity inhibition test
Procedure modified from Aziz et al. [18]. A total of
50 puL 0.1 M phosphate buffer pH 6.9, 25 uL p-
nitrophenyl-a-D-glucopyranoside solution (dissolved in
0.1 M phosphate buffer pH 6.9), 10 pL O. aristatus extract
was dissolved in DMSO. Acarbose as a positive control
was dissolved in distilled water, 25 pL a-glucosidase
0.04 U/mL in 0.1 M buffer solution pH 6.9 was mixed.
This reaction was incubated at 37 °C for 30 min. The
reaction was stopped by adding 100 uL of 0.2 M sodium
carbonate solution. The enzymatic hydrolysis reaction
was measured at a wavelength of 410 nm using a
microplate reader. The test was carried out two times. The
a-glucosidase inhibitory activity was expressed as percent
inhibition and was calculated as follows:
[(AB—ACS)—(AS—ACS) ]
(AB-ACB)
whereas AB = absorbance of the blank, ACB = absorbance
of control blank, AS = absorbance of the sample, and ACS

% Inhibition = x100%

= absorbance of the control sample.

Identification of O. aristatus extract compounds with
LC-MS/MS and PCA multivariate data analysis

Procedure modified from Elhawary et al. [19]. A
total of 10 mg of sample extract was dissolved in 5 mL of
LC-MS/MS grade methanol. The extract dissolution
process was carried out with an ultrasonicator for 30 min
at room temperature. Then the solution was filtered using
a 0.2 um PTEFE filter membrane, and 5 uL of the filtrate
was injected in LC-MS/MS. The composition of the
mobile phase is adjusted to the best composition of the
mobile phase. Raw data *. RAW analysis results from LC-
MS/MS can be processed with Compound Discoverer 3.2.
After processing, identification was carried out by
matching the MS and MS2 spectra of the analyzed
compounds with online databases (PubChem,
ChemSpider, HMDB, and literature).

The O. aristatus extract whose metabolites have
been identified are then classified based on the solvent
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using PCA. The peak area values of the 86 identified
compounds were used as variables. The data were
imported into excel form, then transposed on the data.
After that, they were pre-processed in a center and scaled
on the transposed data. Center and scale data are
grouped using PCA to obtain at least 70% of the two PCs.
The results of the identification of compounds that have
been carried out will be continued by in silico studies to
see the compounds with the most potential as
antidiabetics associated with in vitro.

In silico studies

Procedure modified from Rather et al., Zafar et al.,
Krieger and Vriend [20-22]. The protein used has a PDB
code of 2QM]J with a resolution of 1.90 A, with a natural
ligand on the catalytic site in the form of a complex
molecule of acarbose with N-acetylglucosamine.
Receptor preparation by adding hydrogen atoms,
removing water molecules, and not using ligands was
carried out using the YASARA Structure software. Then
the grid box validation was carried out by redocking 999
times against the 2QM] receptor until the best grid box
validation was obtained at 3 A. Ligand preparation is
done by minimizing the bond energy of the ligand
molecules by adding solvent molecules (water) in the
system, then saving the files in *.pdb and *.sdf formats.
After that, all ligands were collected in one *.sdf file as
input for virtual screening with menus (join > object)
and atomic coordinates equalization with menus
(transfer > all).

After obtaining the best gridbox size from the
structure (Table 1), a screening analysis of the O.
aristatus test ligand was carried out for the receptor. The
molecular screening method is carried out by preparing
the *_receptor.sce and *_complex.sce files and then
preparing the dock_runscreening file with *.mcr format
as the command to run the screening process. The
prepared ligand file is uploaded before starting the
virtual screening process. From virtual screening
analysis, the ligands which have higher affinity energy
than acarbose was taken. Pharmacokinetic predictions
can be made on the webserver provider
http://biosig.unimelb.edu.au/pkcsm/prediction_single/

adme_1633876478.78.
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Table 1. Gridbox area and binding energy
Gridbox (A) Binding energy (kcal/mol)
1 1.668
1.5 1.806
2 2.673
2.5 2.276
3 3.216
35 -8.259
Molecular docking using YASARA Structure

software. The protein and ligand docking process were
carried out 100 times to obtain *.yob and *.txt files
containing free energy values (AG), inhibition constants
(Ki), and amino acid residues. The analysis of the docking
results was carried out by comparing the highest free
energy, the value of the inhibition constant, and the
interaction of amino acid residues using excel. Analysis of
bond types using Discovery Studio Visualizer software
and 3D visualization using PyMol software.

Data analysis
The data was collected primary data obtained from
the

computationally. The problems found were analyzed

research and research in laboratory and
qualitatively and quantitatively based on the results of
data collection. Quantitative data were obtained and
analyzed from in silico data and LC-MS/MS instruments.

Qualitative data were analyzed to determine the O.

Indones. J. Chem., 2022, 22 (2), 501 - 514

compare the types of compounds dissolved in 2 different
organic solvents. Based on the data below, it can be
concluded that the ethanol and methanol extracts of
herbal formulations started with simplicia weights
approaching 50 g. The simplicia was then macerated in
ethanol and methanol in a 250 mL volumetric flask. The
weight of the extract obtained from the ethanol solvent
is shown in Table 2.

a-Glucosidase Enzyme Inhibition

Percent inhibition of O. aristatus extract is shown
in Table 3 for various concentrations. In vitro results
showed that the higher the
concentration, the higher the inhibition percentage.

shown in Fig 1
Differences can influence these results in geographical
origin where they grow, the type of solvent, and the part
of the plant used to affect the bioactive content to cause
differences in the biological activity of the O. aristatus
plant [23]. The percentage yield that is not too high can
be caused by the extract used being still in a crude form
where there are still many compounds in the extract. The
use of methanol as a solvent for the extraction of the O.
aristatus plant is known to extract more active
compounds and has a higher phytochemical constituent
as well as total phenolic content than other solvents [24].

Table 2. Extract yield with ethanol and methanol solvent

Simplicia weight  Extract weight .
aristatus active compounds that potentially as an Label P @ & @ 8% % Yield
inhibitor of a-glucosidase. The data is processed, and then El 50.01 554 5.08
conclusions are drawn from the results of the study. E2 4978 2.5 507
= RESULTS AND DISCUSSION E3 4978 328 7.17

M1 50.01 3.42 6.83
0. aristatus Extract M2 50.16 3.70 738
This study used ethanol and methanol as solvents to M3 49.96 3.36 6.73
Table 3. %Inhibition of O. aristatus extract
Concentration %Inhibition
(ppm) El E2 E3 M1 M2 M3

1250 12.096 10.603 13.650 17.946 15.296 9.537

1000 8.775 5.728 8.592 14.473 13.193 5.210

750 6.399 3.778 7.313 9.537 5.424 3.077

500 5.667 2.864 7.130 2.468 4.906 2.468

250 2.651 2.438 5.698 0.030 3.504 -1.158
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Fig 1. Graph of % inhibition at all concentrations

O. aristatus plant is rich in phenolic compounds,
including flavonoids [25]. Some literatures stated that
compounds inhibiting the activity of a-glucosidase
belong to this group [26]. Therefore, in the next stage,
metabolite analysis of ethanol and methanol extracts was
carried out to see the differences in the content of the
compounds by classifying them using PCA, which would
then look for compounds that play a role in a-glucosidase
inhibition in the in silico study.

Compound Profile and PCA Classification

LC-MS/MS is an analytical technique that combines
the separation capabilities of liquid chromatography with
the specificity of mass spectrophotometric detection. Data
in the form of chromatograms of each plant sample based
on different solvents were combined into a
chromatogram as shown in Fig. 2. The results of the
chromatograms have different patterns, which explain the
differences in the composition of compounds detected in
each solvent. The chromatogram was processed using
Compound Discoverer software and obtained 86
compounds identified in the O. aristatus plant extract
with various solvents. These compounds result from MS-
MS fragmentation compared with the literature, so the
identification of these components is putative. These
of alkaloids,

coumarins,

compounds consist phenolic acids,

flavonoids, steroids, and other group
compounds (Table 4).

Analysis with PCA aims to summarize complex data
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9.54
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Fig 2. LC-MS/MS chromatogram results, (a) E1, (b) E2,
(c) E3, (d) M1, (e) M2, (f) M3

and show the variance and how the sample is different
from other samples. Cluster formation on a particular
PC is the most influential function in this analysis. The
PCA score plot shows the grouping of each sample based
on the variable peak area of the chromatogram (Fig.
3(a)). This PCA analysis aims to see that the metabolite
profile of each sample can be distinguished by solvent.
The most frequently used components in PCA analysis
are component 1 (PC1) and component 2 (PC2). The
plot of scores generated from this study resulted in a
diversity of data from both PCs of 70.3%. This shows
that 70.3% of the data diversity can be explained by the
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Table 4. O. aristatus compound identification using LC-MS/MS

Molecular Rt

Peak Compound Formula . . El E2 E3 M1 M2 M3
weight [min]

1 3-Amino-2,3-dideoxy-scyllo-inosose CHuNO, 161.06868 1.003 Y v v oA
2 Kanosamine CHiNOs  179.07926 1004 N N N A A A
3 Linamarin CiHi;NOg  247.10535  1.025 VoA N A
4  y-Aminobutyric acid CH,NO, 103.06354 1.028 N N v 4
5  N-Acetyl-L-ornithine GHuN,O; 17410029 1036 V v ~  ~
6 Adenosine CioHisNsO;  267.09610  1.039 VoA
7  Lotaustralin CuHNOg  261.12114  1.040 R Y
8  Cytidine CoHpiN;Os  243.08537  1.045 Xl
9  L-glutamine C:HiN,O;  146.06902  1.048 Xl
10  5-Oxo-L-proline C:H,NO;  129.04262 1050 V |
11 5-aminopentanoate CsH;;NO,  117.07900 1055 v N N N AN
12 N-Dimethylethanolamine phosphate CHpNOP  169.05042 1.060 V
13 3,6-dihydronicotinate CH,NO,  125.04767  1.063 v oA A
14  Phenylglyoxylate CsHeO;  150.03147 1106
15 (R)-1-Amino-2-propanol O-2-phosphate C:HieNOP  155.03477 1.106 v oA N
16 Adenine CsHsN; 13505442  1.120 Xl V
17  Sucrose CpH»On  359.14216 1174 N v~ A A
18  4-O-Acetyl-N-acetylmannosamine CoHi;NO;  263.10034 1227 VoA
19 Nicotinic acid CHsNO, 123.03207 1316 Y N A
20  Uridine CoHpN,Og  244.06926  1.385 \
21 Uracil CHN,0,  112.02753  1.387 V
22 L-Pyroglutamic acid C:H,NO;  129.04253 1387 v N W
23 Adenine CsHsN; 13505442 1389 V
24  Adenosine CioHisNsO4  267.09617  1.402 VoA V
25 L-tyrosine CH,NO; 181.07388 1440 Y v
26 L-isoleucine CHiNO, 131.09453 1549 v N A A o
27  Adenine CsHsNs; 13505446  1.551 v oA
28  Adenosine CioHisNsO;  267.09612 1573 v oA
29  (S)-2-Amino-6-oxohexanoate CHuNO; 14507370 1599 N v N A A A
30 D-proline CHNO, 11506341 1727 N N N v A A
31  L-pipecolate CHyNO, 12907898 1853 N A A A
32 L-phenylalanine CH,NO, 16507884 2130 Y v V
33 Pantothenate CoH;;NOs  219.11060 2.411 \
34 L-tryptophan CuHpN,O, 20408970 4307 N v o
35 Kynurenate CioH,NO;  189.04246 4878 N N N A A A
36 Kaempferol 7-O-glucoside CuHyO1  448.09977 7763 N N N N A A
37 Methyl eugenol CiHuO,  178.09932  8.648 V
38  Kaempferol 7-O-glucoside CuHyO1  448.09963 8985 N v N A A
39  Caffeic acid CoHyO,  180.04188 9526 v ~ N A W
40  Rosmarinic acid CisHisOs 36008328 9528 N A o
41  Umbelliferone CHeO,  162.03130 9529 v ~ N v
42 Versiconal CisHi,0s  358.06844 9978 N N A A A
43 Versicolorin B CisH,O; 34005786 9978 N N A Ao
44  Salvianolic acid B CsH30y 71815274 10050 N N v N A A
45 Damascenone C;H150 190.13564 11020 v v N N A 4
46 Kaempferol CisH10Os  286.04750  12.470 V
47  5-Hydroxy-6,7,3',4'-tetramethoxyflavone CiwH;s0; 35810407 12595 N A Ao
48  (3r)-sophorol CieH,0s  300.06291 13.884
49  Sinensetin CaoHx0; 37211952 14021 N v N A Ao
50 2-hydroxyformononetin CisHiOs  284.06786  14.265 v oA
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Table 4. O. aristatus compound identification using LC-MS/MS (Continued)

507

Peak Compound Formula ~ Moleeulr R p b B3 M1 M2 M3
weight [min]
51 Eupatorin CisHisO;  344.08837 14347 N N A Ao
52 Aflatoxin B2 CyH,Os 31407792 14474 N N N A A A
53  Scutellarein 5,6,7,4"-tetramethyl ether CiwH;s0s 34210913 15143 N A A o
54 (1's,5's)-hydroxyaverantin CoHOs  388.11527 15307 V
55  Gibberellin A36 CaoHxOs 36217207 15309 v N A A A
56 2-hydroxyformononetin CieH;,0s  284.06801 15402 V
57  Aflatoxin G2 CyH,,0; 33007303 15863 N A Ao
58  (9s)-hpode CisH30, 31222963 15896
59  Curcumin CuH,0s  368.12532 16376
60 Hyperxanthone E CisHisOs  328.09345 17378 N N A A o
61 Orthosiphols R CsHipOy 63427567 17600 N VoA
62 Neoorthosiphol A CysHuOp, 69228068 17.714 VoA
63  Gibberellin A24 CoHyOs  346.17718  17.903 VoA A
64 Orthosiphols S CsH30s 58823481 18363 N A A o
65 Norstaminols C CsH30y 55622938 18375 V v v N A A
66 Norstaminolactone A CxHuNOp, 70729349 18.736 VoA A
67 Estrone CisH»0,  270.16144 18854 N A A 4
68 Androsta-1,4-diene-3,17-dione CiwH,0, 28417705 18854 N A A o
69 Indole CsH,N 117.05784 19233 N W V
70  Orthosiphonone A CysHypOy 67427064 19235 N N v A A A
71 9a-Hydroxyandrosta-1,4-diene-3,17-dione CiwH,0s 30017193 19236 V v N A Ao
72 9,10-Epoxy-10,12Z,15Z-octadecatrienoate CisHy0s 29220319 19323 N A A o
73 Demethylphylloquinone CyHuO, 43633339 19437 N A A A
74  B-Ionone CiH,O 19215125 19659 Y v A N A A
75  A-Linolenate CisH30, 27822398 19696 N A A A
76  Colneleate CisH30; 29421877 20283 N N A A o
77  Hydroxybetulinic acid CsHysOs 47235439 20347 N N N A Ao
78  17-B-Hydroxy-5-a-androstan-3-one CiwH30, 29022392 21901 v N A A A
79 4g-Hydroxymethyl-4[3-methyl-5a—cholesta-8,24— CoHuO, 42836455 24347 N
dien-3p-ol
80 Violaxanthin CioHs0s  600.41643 24464 N
81  4,4-Dimethyl-cholesta-8,12,24-trienol CpHiO 41035380 24514 VoA
82  Linoleate CisH3,0, 28023965 25427 N
83  Ent-kaurene CaoHs, 27224986 26009 Y N N N A A
84 Cycloeucalenone CyHisO 42436959 26353 N v A N A A
85  14-hydroxylanosterol CiyHsO, 44238044 26353 v o N
86 4a-Hydroxymethyl-4p-methyl-5a-cholesta-8,24- CoHiO, 42836391  27.260 N

dien-3p-ol

Rt: Retention time in min

El: Ethanol sample 1
E2: Ethanol sample 2
E3: Ethanol sample 3

MI1: Methanol sample 1
M2: Methanol sample 2
M3: Methanol sample 3

variable area of the peak chromatogram of O. aristatus

plant based on the solvent. The value of the two PCs
shows a fairly good two-dimensional visualization
because the diversity value of PC1 and PC2 is greater than

70% [27].

Biplot of the PCA is a multivariate method that
uses rows and columns in a chart. This method displays
the object and the variables with the object under study
[28]. Based on Fig. 3(b), the compound that plays a role

in the inhibitory activity of a-glucosidase is the number
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Fig 3. PCA results, (a) Score plot, (b) Biplot
Table 5. Virtual screening of O. aristatus extract
No. Ligands Effi Bind. energy Dissoc.
[kcal/(mol*Atom)]  [kcal/mol]  constant [uM]
1  Rosmarinic acid 0.3153 8.197 0.01
2 Kaemferol 7-O-glucoside 0.2521 8.066 0.98
3 Acarbose 0.1770 7.787 1.96
3 4a-Hydroxymethyl-4p-methyl-5a-cholesta-8,24-dien-3p-ol 0.2266 7.025 7.08
5  Uridine 0.3882 6.599 14.50
6  Umbelliferone 0.5126 6.151 30.99
7  5-Oxo-L-proline 0.6683 6.015 38.89
8  (S)-2-Amino-6-oxohexanoate 0.5849 5.849 51.59
9  Nicotinic acid 0.6216 5.594 79.34
10 Lotaustralin 0.3102 5.584 80.70

of compounds that approach glucose inhibitors. The
number of compounds that can be seen on the document
the results of the identification of compound LC-MS/MS
(Table 5) with 10 compounds. The tenth compounds
further studies will be carried out in silico.

In silico Study

Receptor protein structure stability

The structure of the receptor used in this study is a
complex of a-glucosidase and acarbose enzymes with the
code 2QM]J. The technique used to determine the 3D
structure of this enzyme is X-ray diffraction with a
resolution value of 1.90, which is relatively high [29]. The
following analysis is the stability of the receptor. The
analysis carried out on the PROCHECK page produces a

Ramachandran plot with the percentage of residues in
quadrant I (most favored regions) of 87.2% with 654
residues, quadrant II (additional allowed regions) of
11.6% with 87 residues, quadrant III (generously allowed
regions) of 0.8% with six residues, and quadrant IV
(disallowed regions) of 0.4% with three residues. The
quality of the protein structure is said to be good if it has
a percentage of residues in the preferred region > 90%
[28].

Grid box validation

Validation of the 2QM] receptor was carried out by
first cleaning water and natural ligands attached to its
structure, such as sulfate ions and glycerol. Acarbose
(AC1) binds to N-acetyl D-glucosamine to form an
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inhibitor complex used as a comparison. AC1 and N-
acetyl-D-glucosamine, which have been attached to the
receptor, are separated and prepared. The anchoring
validation was carried out by re-docking the complex
molecule of AC1 and N-acetyl-D-glucosamine to the
enzyme 999 times, and the best pose was taken. Validation
was carried out by testing the molecular anchoring of the
grid box from size 1 to 5 A. The increase in grid box size
was based on an interval value of 0.5 A. The highest
affinity energy value was obtained when the grid box size
was 3 A.

Virtual screening

The inhibition constant is proportional to the bond
free energy value, the greater the bond free energy value,
the greater the inhibition constant and vice versa. The
value of the binding free energy and the inhibition
constant obtained by each ligand is influenced by the
interaction between the ligand and the receptor [30].
Therefore, visualization of molecular docking was carried
out to determine the various types of interactions with
amino acid residues. In addition, there is a ligand

efficiency parameter that interprets the ratio of the
average binding energy value per atom obtained from
the free Gibbs energy divided by the number of atomic
weights (LE = -AG/N) with units of (kcal/(mol.Atom)).
Fragments with the high-efficiency value of ligand are
directly proportional to the strength of the binding
affinity of the ligand and receptor to guide the discovery
of potential compounds [31].

Virtual screening with the YASARA structure
filters and determines the interaction between ligands
and receptors as drug candidates. Two ligand identifiers
that have the best results against acarbose are
kaempferol 7-O-glucoside and rosmarinic acid. The
binding energy value (AG) of rosmarinic acid, kaempferol
7-O-glucoside, and acarbose was 8.197, 8.066, and 7.787
kcal/mol, respectively. In addition, the obtained values
of Ki of each of 0.0081, 0.980, and 1.9595 uM, and the
value of the efficiency of the ligand respectively 0.3153,
0.2521, and 0.177 kcal/(mol*Atom), respectively.

Acarbose as a ligand comparison has interactions
with amino acid side active, i.e., Tyr299, Asp327, Asp443,

Interactions
van der Waals
Conventional Hydrogen Bond
Carbon Hydrogen Bond
Pi-Anion

2 pi-pi stacked
Pi-Pi T-shaped

Interactions
van der Waals
Conventional Hydrogen Bond
Carbon Hydrogen Bond
Pi-Anion
Pi-Pi Stacked
Pi-Pi T-shaped

Fig 4. Amino acid residue, (a) kaempferol 7-O-glucoside, (b) rosmarinic acid, (c) acarbose
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Fig 4. Amino acid residue, (a) kaempferol 7-O-glucoside, (b) rosmarinic acid, (c) acarbose (Continued)
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Fig. 5. 3D structure of a-GOX, (a) kaempferol 7-O-glucoside, (b) rosmarinic acid, (c) acarbose

Asp542, Phe575, His600 (hydrogen bond) and Trp406,
Trp441, Phe450, Arg526 (Van der Waals bond).
Rosmarinic acid interacts with residues Tyr299, Asp327,
Phe450, Asp542, Phe575 (hydrogen bond) and Asp203,
Trp406, Trp441, Asp443, Arg526, His600 (Van der Waals
bond) (Fig. 4(b)). Kaempferol 7-O-glucoside interacts with

residues Asp203, Asp443, Asp542, Phe575 (hydrogen
bond) and Tyr299, Asp327, Trp406, Trp441, Phe450,
Arg526, His600 (Van der Waals bond) (Fig. 4(a)). This
interaction is also presented in 3D, as shown in Fig. 5.
The correlation analysis between binding energy,
inhibition constant, and ligand efficiency as shown in
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Fig. 6 shows a negative correlation (purple color) between
the binding energy value and the inhibition constant. Still,
there was no correlation whatsoever to the efficiency
value. This is because many other factors are involved in
determining the value of the efficiency of the ligand, such
as the number of atomic weights in the ligand [31].

Regression analysis showed a correlation between
the binding energy of the ligands and the inhibition
constant (Fig. 7). The decrease in the value of the
inhibition constant is inversely proportional to the
increase in the binding energy of the ligand, so the smaller
the value of the inhibition constant indicates the stronger
the ligand is attached to the receptor and vice versa, the
greater the inhibition constant, the weaker the ligand is
bound to the receptor. This result is in accordance with
the research by Iman and Saadabadi [30].

Ligand bioavailability analysis

The two best compounds, rosmarinic acid and
kaempferol 7-O-glucoside were analyzed bioavailability is
based on the rules of Lipinski [32]. Five parameters that
are used, among others, molecular weight < 500 Da,
hydrogen acceptors < 10, hydrogen donors < 5,log P <5,
the value of PSA < 140 A, and the number of rotatable
bonds < 10 [33-34]. On pharmacokinetic analysis, the
ligand that violates more than two rules of Lipinski
otherwise does not qualify and does not proceed to
subsequent analysis [35]. In addition, the ligand with a
value of Log P < 0 marked shows the value of which is less
than ideal in the rules of Lipinski, so that did not pass the
test analysis of the pharmacokinetic [36].

00
0.000  5.000

-2.0

10.000

40

-6.0

-8.0

-10.0
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15.000 20.000

Rosmarinic acid has a molecular weight of
360 g/mol, hydrogen acceptors 8, hydrogen donors 5, log
P value equal to 1.65, the value of PSA 144 A, and the
number of the rotatable bond as much as 7. In
comparison, kaempferol 7-O-glucoside has a molecular
weight of 448 g/mol, hydrogen acceptors 11, donor
hydrogen 7, the value of log P -0.23, the value of PSA
190, and rotatable bond as much as 4. Ligand rosmarinic
acid violates the rules of Lipinski, while for the ligand
kaempferol 7-O-glucoside breaking the Log P < 0, then
it is not suitable to be used as an oral drug.

O. aristatus has a high rosmarinic acid content with
53-299 mg/g among other herbal plants [37]. Antidiabetic
activity of this compound showed that treatment with
rosmarinic acid (120-200 mg/kg) for 7 days fixed the

LE

Bind

Ki

Fig 6. Result of correlation analysis between binding
energy (Bind), inhibition constant (Ki), ligand efficiency
(LE)

30,000

25,000 35.000 4000

-
]
o

Inhibition Constant (uM)
“Binding energy conversion to negative value (-)

Fig 7. Regression analysis of binding energy and inhibition constant
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hypoglycemic effect of rat type 1 diabetes induced by
streptozocin. Experiments also showed an increase in
glucose absorption from the 5.71 be about 7.42 mmol/L,
and insulin sensitivity from 36.60 to 74.76 pyU/mL in mice
with type 2 diabetes induced by a high-fat diet [38].
Therefore, the
compounds of potential developed as a new herbal remedy.

compound rosmarinic acid into

m CONCLUSION

Extracts of O. aristatus plant in methanol and
ethanol solvents have different compositions of the
existing compounds using PCA chemometrics with the
diversity of PC data was 70.3%. O. aristatus plant is
proven to inhibit the activity of the a-glucosidase enzyme.
To find the compounds that play a role in the antidiabetic
activity, in silico test found the best compounds to be
developed into a new herbal remedy, namely rosmarinic
acid. This study is still in the in vitro and in silico stages.
Therefore, more procedures, such as in vivo as pre-clinical
and toxicity tests, are required before it can be proceeded
into clinical trials.
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This supplementary data is a part of paper entitled “Computational Design of Nanobody Binding to Cortisol

to Improve Their Binding Affinity Using Molecular Docking and Molecular Dynamics Simulations”.
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Abstract: Currently, nanobody binding cortisol has been deposited in the database.
Unfortunately, the affinity is still in micromolar order. Substituting hydrophobic residues
in the binding pocket and utilizing CDR2 and CDR3 is the strategy to improve the affinity.
A single and double substitution at positions 53 and 101 have been introduced to the
nanobody structure through molecular modeling. The affinity toward cortisol was
evaluated using molecular docking to get the binding pose. The highest binding energy
pose was used as the initial coordinate to analyze further using 100 ns molecular
dynamics simulations. The binding affinities calculated by MMGBSA showed that MT3,
MTS5, and MT6 have better binding affinity than WT. In contrast, the ligand movement
through MD simulations reveals that MT1, MT3, and MT5 are relatively stable. Hence,
docking and MD simulations showed that MT3 is the best mutant than others. This
mutant is substituting the threonine to isoleucine at position 53. New hydrophobic
interactions occurred and caused the increase of binding. Eventually, this study provides
valuable structural information to improve the binding affinity of nanobody binding
cortisol for further development of this molecule to antibody-based biosensor design.

Keywords: nanobody; cortisol; molecular dynamics simulations; molecular docking

m INTRODUCTION

single polypeptide chain, has several advantages. For
example, bacteria can produce it because of its low

Antibodies play a crucial role in the immune system.
The molecule produced by B lymphocytes recognizes the
foreign biological or chemical substance in high
specificity [1]. They have a high affinity and selectivity for
a molecule with low molecular weight (hapten) [2-3].
Antibodies are widely used in various applications,
including  diagnostic,  therapy, and  research.
Unfortunately, their significant molecular weight (MW:
150,000 g/mol) and the high total number of disulfide
bonds make them challenging to produce in bacteria or
eukaryotic cells’ cytoplasm [4-5]. The small molecule of
the single-chain variable fragment (scFv), which consists
of the variable domain of the heavy and light polypeptide
chains joined together with a synthetic linker to form a

molecular weight (MW: 30,000 g/mol). However, their
fragile behavior leading to denaturation or aggregation
or a spontaneous dimerization into diabodies remains
an obvious flaw that complicates further application [6].

Fortunately, Camelidae family members (e.g.,
camels, llamas, and alpaca) have a subset of IgG
antibodies that lack light chains, resulting in antibodies
with only a single variable domain, VHH, that bind
target molecules. This nanometer-sized antibody,
approximately 2.5 nm in diameter and 4.2 nm in length,
is called nanobodies (Nb) [7]. Aside from its small
molecular size, some advantages include resistance to
organic solvent, high solubility, and ease of production
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in bacteria as a recombinant protein. This molecule is
widely used in basic life science research, drug discovery,
cancer diagnosis and treatment, and neurodegenerative
and infectious diseases [8]. Some VHH bound to haptens
have been reported to date: Spinelli et al. [9] determined
the complex structure of azo-dye bound by VHH
antibody; Fanning et al. [3] determined the structure of
nanobodies attached to methotrexate (MTX); Rosa et al.
[2] determined the structure of nanobodies bound to
triclocarban (TCC), and Ding et al. [10] determined the
structure of nanobodies attached to cortisol.

Cortisol, a steroid hormone, is a biomarker for some
diseases and is essential in regulating psychological
processes such as blood pressure, glucose levels, and
carbohydrate metabolism [11]. Cortisol deficiency can
result in Addison's disease. On the other hand, a
persistent cortisol excess can result in Cushing's
syndrome, leading to severe fatigue, depression, anxiety,
cognitive difficulties, obesity, and cardiovascular disease
[12-13]. Cortisol is commonly referred to as the "stress
[14].
Continuous monitoring of cortisol levels is essential to

hormone" because of its fluctuating levels
preserve good health. Lately, cortisol measurements have
been developed to determine whether variations in
cortisol levels can be used as precursors for medically and
psychologically relevant events like stress and, more
recently, post-traumatic stress disorder (PTSD) [15-16].
Total cortisol is currently defined as the sum of the
free cortisol and the protein-bound fraction. However,
free cortisol is the only biologically active fraction [17-18]
and is responsible for all cortisol-related activities in the
body. As a result, regular estimation of free cortisol is
required for accurate diagnosis and treatment. For the
most part, current strategies are still limited to laboratory
techniques such as chromatography, immunoassay, or
electrochemical immuno-sensing [19] that are laborious,
time-consuming, require large sample sizes, are
expensive, and cannot be implemented as rapid test kits
[20-21]. However, because of its high stability and
tolerance to highly concentrated organic solvents, VHH
antibodies can displace fragile traditional IgG antibodies
in an ELISA and chip-based micro-detection system.

Ding et al. determined the crystal structure of the VHH
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complex with cortisol [10]. Cortisol mainly binds to the
CDR1 of the VHH antibody. The interaction occurred
in forming a hydrophobic pocket into which the
majority of the hydrophobic portion of cortisol molecule
inserted itself. Unfortunately, the binding affinity was
not sufficiently high.

Therefore, we designed new mutants to improve
the binding affinity by replacing amino acids at CDR2
and CDR3 with hydrophobic amino acids in the present
study. The binding affinity was addressed using
molecular docking and molecular dynamics (MD)
simulations. It is hoped that the results will aid in
developing Nb with a higher affinity to cortisol for
diagnostic purposes.

m COMPUTATIONAL METHODS
Modeling of Mutants

All mutants were built using the comparative
modeling method using MODELLER 9.19 [22]. As a
starting point, the structure of Nb-Cor (PDB ID: 6ITP)
was used as a modeling template. The selection of the
template is an essential step in comparative modeling.
The quality of the template's structure is 1.57 A
resolution, and the quality of mutants was assessed using
the Discrete Optimized Protein Energy (DOPE) score,
Ramachandran plot, and Z-score. All mutants were
designed based on the initial interaction observed in WT
and substituted hydrophobic amino acids at residue
numbers 53 and 101. All mutants are listed in Table 1.

Molecular Docking

The structure of Nb and its mutants were prepared
using BIOVIA Discovery Studio 2017 Visualizer by
separating the cortisol ligand, discarding the water
molecules, and completing the structure by adding

Table 1. List of mutants

No. Mutant Description
1 MT1 T53V
2 MT2 T53L
3 MT3 T53I
4 MT4 S101V
5 MT5 T53V/S101V
6 MT6 T53L/S101V
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hydrogen atoms. AutoDockTools-1.5.6 was used to
convert all structures into PDBQT format. The crystal
structure of Nb-Cor (PDB ID 6ITP) was redocked to
validate the molecular docking method. The grid box size
of 50 x 50 x 50 points with a spacing of 0.375 A was placed
in the center of the Nb binding site. The pre-calculated
binding affinity of the ligand's atom type was prepared
using Autogrid [23].

AutoDock
conformational search and energy evaluation. The

program is  responsible  for
Lamarckian Genetic Algorithm (LGA) parameter was set
at 100 runs, elitism of 1, the mutation rate of 0.02, the
population size of 150, a crossover rate of 0.800, and
energy evaluation of 2,500,000 [24]. The resulting docked
conformations were clustered using a root-mean-square
deviation (RMSD) tolerance of 1.0 A. The ligand
conformational with the lowest free energy of binding
(AG) was selected for further MD simulations.

Molecular Dynamics Simulations

The ligand conformational obtained from molecular
docking was used as an initial coordinate. MD
simulations were used to evaluate the binding of cortisol.
MD simulations were carried out on a computer running
Ubuntu 20.04.2.0 LTS and equipped with an Intel Xeon °
CPU E5-2678 v3 @2.5 GHz x 24, a GPU NVIDIA Ge
Force RTX 2080Ti 6 GB, and 16 GB of RAM. The MD
simulations procedure was adapted from our prior
research [25]. In brief, the ligand (cortisol) parameter was
calculated using the AM1-BCC approach by antechamber
program [26]. The other parameter was calculated using
Generalized Amber Force Fields 2 (GAFF2) [27], while
FF19SB was assigned to Nb and its mutants' amino acid
residues. All complex system was prepared using tleap
program in AmberTools20. The solvent system of a box
TIP3P water was added to the solute with the shortest
distance of 10 A between the protein and the box edge. To
neutralize the system, the chloride ion was added. GPU-
accelerated Particle-Mesh Ewald Molecular Dynamics
(PMEMD) and periodic boundary conditions, as
implemented in Amber20, were applied for each protein-
ligand complex. Initially, energy minimization was
implemented in three stages. First, 1,000 steps of the

steepest gradient algorithm followed by 2,000 steps of
conjugate gradient minimization with a harmonic
restraint of 500 kcal/mol A? were applied to the
backbone atoms. A final 1,000 steps of unrestrained
conjugate gradient minimization were performed to
remove any sterically clashes among the atoms.

The system was gradually heated to room
temperature (298 K) over 60 ns in the NVT ensemble. In
this stage, a harmonic restraint of 5 kcal/mol A? on the
complex was applied to the complex. In addition, 1 ns of
NPT equilibration was conducted. Harmonic restraint is
gradually reduced by 1 kcal/mol A? at this stage until it
reaches zero. The production stage was run in the NPT
ensemble for 100 ns. The time step at the production run
was 2 fs since the SHAKE algorithm was used. Langevin
thermostat was used to control the temperature. The
collision frequency was set to 1 ps™'. The pressure was
controlled using a Berendsen barostat. The coupling
constant parameter and target pressure were set to 1 ps
and 1 bar, respectively. The nonbonded cutoff value was
set to 9 A. Particle Mesh Ewald was activated to treat the
long-range electrostatics.

Trajectory Analysis

We utilized the cpptraj program in AmberTools20
to analyze MD trajectories. The analysis includes
computation of Root-Mean-Square  Fluctuation
(RMSF), Root-Mean-Square Deviation (RMSD), and H-
bond conservation.

Binding Energy Calculation

We used the MMPBSA.py program to calculate the
pairwise interaction energy using a single trajectory
method [28]. Binding free energy (AGuima) between
nanobody and cortisol was calculated based on
MM/GBSA method:

AGy,q = AH-TAS = AEy 1y, +AG,,| — TAS
AEMM = AEint ernal T AEelectrostaﬁc + AEvdw
AGg | =AGgp +AGgy

In these equations, AH denotes enthalpy, and T denotes
temperature (K). AEwy is the molecular mechanical
(MM) energy change in the gas phase, which comprises
of AEiema (internal energy), AEeectosaic (Coulomb
and AE.., (van der Waals

electrostatics term),
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interaction term). AG,, is the solvation free energy,
consists of AGgs (electrostatic solvation energy or polar
contribution calculated by GB method) and AGs, (non-
electrostatic ~ solvation component or nonpolar
contribution). The interval step and salt concentrations
were 1 ns and 150 mM in the binding energy calculation,

respectively.
m RESULTS AND DISCUSSION

Nanobody, which are small antibody derivatives
made up of only the heavy chains of camelid antibodies,
have a wide range of applications, including diagnostic,
therapeutic, and research [1]. Nb can be designed to have
a high binding affinity to cortisol to diagnose cortisol.
Based on the initial non-bonding interaction in the crystal
structure, hydrophobic interaction between V24 and W34
to the cortisol in CDR1 occurred (Fig. 1). To improve the
binding affinity of cortisol, other CDR should be utilized
by modifying the amino acid to interact with cortisol. The
anti-MTX-VHH was modified by introducing five
residues from the original CDR4 loop into the CDRI1-3
graft, resulting in a 1,000-fold increase in affinity. The
non-hypervariable loop of CDR4 is well-posed for direct
interaction with the MTX ligand. The five replaced
residues were located in residues number 76 to 80 [3].

Based on the size of the binding pocket of Nb,
cortisol already fits into the pocket. Hence, the
substitution amino acid was selected to be the same size
but more hydrophobic. Threonine 53 and serine 101 have
the shortest distance with the ligand at approximately 3 A.
These polar residues should be in an h-bond interaction,
but their orientation did not support the h-bond
interaction. Besides, ligand and amino acid orientation
are relatively meaningless in hydrophobic interaction.
The interaction of antigen-antibody is mainly contributed
by hydrophobic interaction [29]. As a result, we designed
six mutants with single and double substitutions. Valine,
isoleucine, and leucine are hydrophobic amino acids
composed mostly of carbon and hydrogen, have very
small dipole moments, and tend to be repelled from water.
Threonine 53 and serine 101 are not exposed to the
surface protein either. Hence substitution in this position
will not disturb the overall structure. The size of replaced

Fig 1. Initial interaction between Nb and cortisol. The
red, blue, and green ribbons show the CDR1, CDR2, and
CDR3, respectively. Cortisol is visualized in the pink
stick, hydrophobic interaction in the pink dashed line,
and residues around cortisol in the grey stick

amino acid is relatively not much different than
previous. This was chosen to accommodate the ligand-
binding pocket. Molecular docking and MD simulations
were applied to evaluate and validate our design.

Modeling of Mutants

The mutant models were constructed from the WT
structure. The crystal structure of Nb was resolved at
good resolution, i.e., 1.57 A. Because there were only one
and/or two different amino acids, the identity of
template and mutants was high.

The DOPE score, Ramachandran plot, and z-score
were used to evaluate the quality of the mutants' model.
According to the DOPE profile, all mutants have the
same pattern as the template. Furthermore, the
Ramachandran plot revealed that more than 90% of the
residues in all mutants were located in the most favored
regions, with no residues located in the disallowed
region. A protein structure with more than 90% of its
residues in the allowed region is classified as a good
model [30]. In addition, the z-score of all mutants was
equal to the quality of the structure source from X-ray
and NMR (Fig. S1-S3).

Ligand Binding

To validate the methods, complex Nb-cortisol was
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redocked. The binding energy was found to be
-9.05 kcal/mol with an RMSD of 1.16 A (Fig. 2). The low
RMSD score (< 2A) indicated that this pose was similar to
the pose found in the crystal structure [31]. In contrast,
the binding energy of all mutants varied in the score. MT1
and MT3 had higher affinity than WT with the binding
energies of -9.12 and -9.87, respectively, compared to
-9.05 kcal/mol. These mutants have CDR2 mutations.
MT1 formed new hydrogen bonds with $30 and N77 and
a new hydrophobic interaction with V53. While in MT3,
a new hydrogen bond formed with S30 and K80 and a
hydrophobic interaction with I53 (Fig. 3). It was indicated
that our modification could generate new interactions.

MD simulations revealed that the WT, MT1, MT2,
MT3, and MT5 are relatively stable, as evidenced by
ligand snapshot every 20 ns and ligand's RMSD (Fig. 4).
Furthermore, it showed that the ligand could maintain its
conformation throughout the simulations. MT1 and MT3
also showed a stable RMSD, although a fluctuation was
around 30-40 ns. Nonetheless, both systems can maintain
the ligand's binding. Interestingly, MT5 showed stable
movement although having the highest docking score
than other mutants, -7.03 kcal/mol. The RMSD graph at
around 40 ns indicates that almost all systems have a high
deviation when viewed as a whole.

The binding energy calculated from molecular

519

docking and MD simulations revealed an interesting
value. Although MT1 and MT3 have better binding
affinity calculated from molecular docking, the affinity
calculated from MD simulations showed differently.
MT3, MT5, and MT6 were higher affinity than WT in
MD simulations (Table 2). The Spearman's rank
correlation coefficient of the binding energy from
docking and MD simulation is -0.07. It revealed that
there was no correlation between the value. Hence, it was
suggested that MD simulations are necessary to evaluate
the binding from molecular docking. Interestingly, after
MD simulations, MT5 and MT6, which demonstrated
lower binding affinity in molecular docking, have a
higher affinity than WT. Nevertheless, the RMSD of the

Fig 2. Superimpose of the docked pose (blue) and crystal
structure (green)

(b)

Fig 3. Interaction of cortisol and receptor in MT1 (a) and MT3 (b). Cortisol is represented in brown stick, the amino
acid around ligand is shown in orange (MT1) and pink (MT3) stick, respectively, while the hydrogen bond and
hydrophobic interaction are represented in green and pink dashed lines, respectively
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Fig 4. Timestep evolution snapshot and RMSD of ligand every 20 ns throughout MD simulations

Table 2. Binding energy calculation from molecular docking and MD simulations

Docking MD Simulations
System  Binding energy Binding energy  Std. Deviation Average RMSD Average RMSD

(kcal/mol) (kcal/mol) receptor ligand
WT -9.05 -35.03 3.56 1.82 0.45
MT1 -9.12 -33.68 3.48 1.98 0.37
MT2 -8.99 -30.02 7.05 2.09 0.45
MT3 -9.87 -36.84 3.24 1.94 0.49
MT4 -8.51 -26.09 5.01 2.07 0.64
MT5 -7.03 -35.75 7.71 2.15 0.49
MT6 -8.44 -37.61 6.94 2.29 0.49

ligand in MT6 revealed the conformational changes at 80
ns indicating the ligand is unstable.

MMGBSA calculated every 20 ns cumulative,
computed from a single trajectory every 1 ns, showed that
MTS3 has a stable value in the average of -36 kcal/mol and
has a better value than WT, -35.03 kcal/mol, although at
100 ns MT6 has lower energy binding, -37.61 kcal/mol

(Fig. 5). A stable value implied that the ligand could bind
to the receptor in a stable conformation required for
ligand binding. In addition, a stable molecule indicates a
fit interaction between the detected molecule with the
capture molecule and is required for diagnostic purposes.

The intramolecular interaction was calculated
from all systems showed differences in interaction from
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Fig 5. Binding energy trajectory of cortisol bound receptor in every 20 ns cumulative

Table 3. Nonbonded interaction between cortisol and Nb reveal from molecular docking (D) and at the end of MD

simulations
WT MT1 MT2 MT3 MT4 MT5 MT6
Interaction
b MbO D MD D MD D MD D MD D MD D MD
H-Bond 1 2 2 2 2 2 6 3 6 6 3
Carbon H-bond 1 2 2 1 2 1
Alkyl 2 2 3 2 4 2 4 2 1 2 4 3 2
Pi-Alkyl 2 5 3 2 5 1 5 6 2 1 1 2
Pi-sigma 1

Note: in MD simulations, the nonbonded interaction was extracted from the last frame of MD trajectories

molecular docking and MD simulations. MT3, MT5, and
MT6 were found to have better binding energy from MD
simulations showed that there were only 2 hydrogen
bonds occurred in MT3, 3 h-bond in MT6, and there was
no h-bond occurred in MT5. In addition, hydrophobic
interaction occurred the most in MT3. This hydrophobic
interaction is described in the alkyl, pi-alkyl, and pi-sigma
interaction. Besides, MT4, MT5, and MT6, which have the
highest sum of H-bond in molecular docking, decreased
interaction at the end of MD simulations (Table 3).
H-bond interaction from MD simulations is shown
in Table 4. MT1, MT2, MT3, and MT6 showed longer h-
bond occurrences than WT. Although MT4 has the
largest number of interactions, it was not strong enough
to keep the ligand in place when it only occurred for 1 ns.
This finding is also in line with the RMSD of ligand that
showed fluctuating value. Surprisingly, MT3, which

demonstrated the better binding energy from docking or
MD, only has seven atoms that contribute to H-bond.

Nevertheless, this h-bond was occupied for 57 ns
with S30, also occupied in WT for 45 ns. According to
our findings, hydrophobic interaction donates a lot in
the binding energy calculation. It is in line with the fact
that hydrophobic interaction is the most common non-
covalent interaction observed in protein-ligands from
PDB [32]. In addition, VDW interaction energy
calculated along MD simulations revealed that MT3 was
lower than others (Table 5). This finding corresponded
well to the interaction at the last frame of MD
trajectories.

Structural Effect

The substitution made on the WT structure can
alter the overall conformation. Therefore, we evaluate the
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Table 4. Hydrogen bond formation in Nb-cor complex throughout 100 ns of MD simulations
System  Acceptor Donor Occ System  Acceptor Donor Occ
(ns) (ns)
WT SER_30@0 HCY_127@02 45 MT1 SER_30@0 HCY_127@02 55
HCY_127@01 SER_101@0G 14 HCY_127@04 ASN_77@ND2 16
HCY_127@04 ASN_77@ND2 6 ASN_77@0D1 HCY_127@03 7
HCY_127@04 GLN_75@NE2 4 HCY_127@04 GLN_75@NE2 6
ASN_77@0D1 HCY_127@03 2 HCY_127@01 SER_101@0G 1
HCY_127@04 ASN_77@ND2 1
ASN_77@0D1 HCY_127@05 1
MT2 SER_30@0 HCY_127@02 52  MT3 SER_30@0 HCY_127@02 57
SER_101@0G HCY_127@03 12 HCY_127@04 ASN_77@ND2 12
THR_28@0 HCY_127@05 9 HCY_127@04 GLN_75@NE2 8
GLY 29@0 HCY_127@02 7 ASN_77@0D1 HCY_127@03 4
HCY_127@01 GLN_75@NE2 3 ASN_77@0D1 HCY_127@05 3
TYR_33@0 HCY_127@03 3 HCY_127@01 SER_101@0G 2
GLY_29@0 HCY_127@05 3 HCY_127@03 THR_28@0G1 1
ALA_54@0 HCY_127@02 3
MT4 HCY_127@04 THR_28@N 23 MT5 SER_30@0G HCY_127@02 39
GLY_32@0 HCY_127@05 17 HCY_127@05 GLY_29@N 25
SER_30@0O HCY_127@03 13 HCY_127@01 GLN_75@NE2 22
SER_30@0 HCY_127@02 13 HCY_127@02 SER_30@0G 12
THR_28@0G1 HCY_127@03 12 HCY_127@05 THR_28@N 7
THR_31@0Gl1 HCY_127@02 10 ASN_77@0D1 HCY_127@02 3
HCY_127@03 GLN_75@NE2 8 HCY_127@02 ASN_77@ND2 2
ASN_77@0D1 HCY_127@03 7 THR_28@0G1 HCY_127@03 2
THR_28@0G1 HCY_127@05 7 GLY_29@0 HCY_127@03 1
HCY_127@05 THR_28@0G1 6 HCY_127@01 THR_51@0Gl1 1
HCY_127@05 THR_53@0G1 6 VAL_24@0 HCY_127@03 1
THR_31@0 HCY_127@05 5 HCY_127@03 THR_28@N 1
SER_30@0O HCY_127@05 3
HCY_127@05 THR_53@N 3 MTé6 GLN_75@0E1 HCY_127@03 60
HCY_127@04 GLY 29@N 3 HCY_127@04 GLN_75@NE2 18
HCY 127@04 SER_30@N 5 ASN_77@0D1 HCY_127@02 8
HCY 127@05 GLY 32@N 5 HCY_127@04 ASN_77@ND2 7
GLY 29@0 HCY 127@02 1 ASN_77@0D1 HCY_127@03 6
THR_31@0Gl1  HCY_127@03 1 GLN_75@OEl  HCY_127@05 4
HCY_127@04 THR_28@0Gl1 1 HCY_127@03  GLN_75@NE2 3
TYR_33@0 HCY 127@05 1 HCY_127@04 ASN_77@ND2 3

structural effect to ensure that the protein's conformation
remains unchanged. RMSD, RMSF, and radius of
gyration (Rg) were calculated from all systems and
showed a similar trend (Fig. 6). The RMSD graphic

displayed an excellent value, which shows that all
systems have a value lower than 2.5 A. In contrast, the
RMSF graphic revealed some high fluctuation in the same
position across the entire system. The highest fluctuation
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Table 5. VDW and electrostatic interaction calculated from MD simulations

System VDW (kcal/mol) Electrostatic (kcal/mol)
WT -44.58 -16.55
MT1 -43.25 -17.29
MT2 -38.27 -17.88
MT3 -45.20 -17.85
MT4 -33.82 -15.16
MT5 -41.09 -17.79
MT6 -44.91 -18.56
(a) 38 (b) ®©
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Fig 6. Profile of RMSD (A), RMSF (B), and radius of gyration (C) of receptor throughout 100 ns MD simulations,

respectively

occurs around residues number 30, 40, and 60 ns which
describe a flexible loop. Residue around 30 is the CDRI, a
flexible loop to which the ligand bind, while residue
around 40 is a loop located far from the ligand binding.
Besides, the residues around 60 are the CDR2. The highest
fluctuation in MT4 at residue was around 60 (CDR2),
flexible loop, which corresponds to the ligand-binding,
indicating that the ligand is not stable in MT4 and could
not maintain its conformation. Other analyses showed
that the Rg of all systems showed the same trend. Rg is
defined as a protein's atom distribution around its axis
[33]. All systems have a linear graph that indicates the
compactness of protein structure throughout MD
simulations. As a result, these findings implied that our

modification had no effect on the conformational
structure but did affect ligand binding.

m CONCLUSION

Increasing the affinity of Nb-cortisol is quite
challenging. The CDR is the main area that contributes
to the ligand binding. Because CDR1 plays an important
in ligand binding, therefore our modification did not
affect it. The addition of hydrophobic amino acids to
CDR2 and CDR3 can improve the affinity, particularly
at MT3, MT5, and MT6. Based on the docking energy,
MM/GBSA energy, and ligand movement, MT3 has the
highest binding affinity and is relatively more stable than
others. The new hydrophobic interaction contributed to

Umi Baroroh et al.
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the VDW energy calculation, which yielded the highest
value compared to the others. It has been proposed that
MT3 can increase the binding affinity of cortisol and is
relatively stable. These results can guide the production of
Nb in a recombinant laboratory.
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Abstract: Vernonia amygdalina was reported to be used as a therapy for Diabetes
Mellitus (DM). One of the mechanisms of therapy DM was to inhibit the action of the a-
amylase enzyme. This study aimed to prove the presence of compounds that could inhibit
the action of a-amylase. Vernonia amygdalina leaves were macerated with methanol and
partitioned into n-hexane, dichloromethane (DCM), and ethyl acetate (EtOAc).
Furthermore, they were tested for a-amylase inhibitory activity and analyzed using liquid
chromatography-high resolutions mass spectrometry (LC-HRMS). Molecular docking
and molecular dynamics simulation (MD simulation) examined unique compounds in
the extract with good activity and chromatogram results. The EtOAc extracts showed
potential as a-amylase inhibitors indicated by their ICs, values, namely 3.0 ug/mL. There
are five unique compounds in the EtOAc extract predicted as 3-[(2Z)-3,7-dimethylocta-
2,6-dien-1-yl]-2,4-dihydroxy-6-(2-phenylethyl)benzoic ~ acid  (compound 1), 2-
hexylpentanedioic acid (compound 2), (2E,4E)-5-[1-hydroxy-2,6-dimethyl-4-o0xo0-6-
(13,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl] oxyjmethyl)cyclohex-2-en-1-yl]-3-
methylpenta-2,4-dienoic acid (compound 3), 3,5,5-trimethyl-4-(3-{[3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-1-yl)oxy}butyl)cyclohex-2-en-1-one (compound 4), and 2-{[(6E)-
2,10-dihydroxy-2,6,10-trimethyldodeca-6,11-dien-3-ylJoxy}-6-(hydroxymethyl)oxane-3,
4,5-triol (compound 5). The molecular docking analysis showed that compound 3 had
better interaction energy (E;) (-8.59 kcal/mol) and inhibition constant (Ki) values (0.503 yM)
than acarbose. These data were supported by MD simulations based on the parameters
of RMSD value, the radius of gyration, and protein-ligand interaction energy.

Keywords: ethyl acetate extract; diabetes mellitus; LC-HRMS; protein 4GQR; molecular
dynamic simulation

m INTRODUCTION

an important molecular target for the treatment of type
2 DM [4]. Acarbose is one of the DM medicines that act

Indonesia is one of the countries with the highest
diabetes cases, particularly type 2 diabetes mellitus
(T2DM) [1]. One of the mechanisms for treating DM is to
suppress the hydrolysis of glucose from carbohydrates by
inhibiting the action of digestive enzymes, such as a-
amylase and a-glucosidase [2]. The a-amylase is the first
digestive enzyme that breaks down dietary carbohydrates
such as starch into simpler parts in the digestive system,
which would then be degraded further by the a-
glucosidase into glucose which is readily absorbed and
enters the bloodstream [3]. Inhibition of the a-amylase is

as an a-glucosidase inhibitor [5]. A combination of a-
amylase and a-glucosidase could be a potential approach
to treat DM. However, none of the DM medicine has
been reported to inhibit a-amylase.

Vernonia amygdalina leaves or often known as
insulin leaves, are believed to be diabetes mellitus drugs.
Vernonia amygdalina plant, commonly known as
African leaves, is consumed by people with diabetes for
therapeutic purposes in African countries [6]. The use of
Vernonia amygdalina leaves for the treatment of DM is
also carried out by people in Central Indonesia
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(Makassar). Drinking tea from Vernonia amygdalina has
been reported to be successful in lowering blood glucose
levels [7]. This plant is also reported to treat various
diseases other than DM [8]. These biological effects could
be attributed to polyphenols in the extract, especially
dicaffeoyl-quinic acid and its isomers [9]. In other studies,
Vernonia amygdalina leaves were also shown to have the
potential as a natural source for managing diabetes. In
vitro, the extract of this plant was proven to contain a lot
of mineral elements (potassium, magnesium, and
calcium) and a little content of chromium through the
microwave-assisted extraction method [10].

Phytochemicals in plants are very complex, with
various concentrations. High-resolution MS was reported
can be employed to do a high throughput metabolite
profile. LC-HRMS was reported to identify compounds in
large quantities in a short time. LC-HRMS was a high-
resolution mass spectrometry linked to a database of
compounds. Previous research identified 120 compounds
from Diaphragma juglandis, of which 20 compounds are
bioactive compounds, using LC-HRMS [11]. From the
results of the analysis with LC-HRMS, it could be seen the
structure of the identified compounds. This information
helped perform in silico tests. An in-silico approach,
namely through molecular docking, could be used to see
if a compound had the potential to act as an a-amylase
inhibitor [8-7,11]. In silico research had been conducted
to prove to inhibit the work of a-amylase and a-
glucosidase by several compounds. Several compounds
were able to inhibit the work of a-amylase in silico,
including Luteolin (LUT), Hesperetin (HES), and
Quercetin (QUE) [12]. The compounds that could inhibit
the action of a-glucosidase in silico were myricetin-3-O-
rhamnoside (myricitrin) and epigallocatechin-3-gallate
(EGCG) [1]. Molecular docking could be a valuable tool
for proving an activity [13] and facilitating the discovery
of new compounds in inhibiting a-amylase [14].

This study aimed to identify the secondary
metabolites of Vernonia amygdalina that could be
responsible for the antidiabetic activity, especially as an a-
amylase inhibitor. Metabolite profile of the active extract
followed by docking the discovered compounds from the
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profile used as tools to accomplish the goal.

m EXPERIMENTAL SECTION
Materials

Fresh leaves of Vernonia amygdalina were
obtained from a self-grown plant. The authenticity of the
plant was confirmed by The Plants Systematics
Laboratory, Faculty of Biology, Universitas Gadjah
Mada. All chemicals used were the analytical reagent
grade, such as methanol (MeOH), n-hexane,
dichloromethane (DCM), and ethyl acetate (EtOAc),
and were commercially purchased from Merck
(Darmstadt, Germany). a-amylase from hog pancreas
was purchased from Sigma USA. Dimethyl sulfoxide
(DMSO) and 3,5-dinitrosalicylic acid (DNSA) were
purchased from Sigma-Aldrich.

Instrumentation

The instruments used were rotary evaporator
(Buchi), LC-HRMS
Thermo Exactive Orbitrap (Thermo Scientific), and

incubator oven (Memmert),
spectrophotometer UV-vis (Thermo Fisher Scientific
G10S). Molecular docking assay was implemented using
AutoDock Tools (ADT, version: 1.5.7), provided with
the AutoDock 4.2 package (Autodock 4.2, Autogrid 4.2,
AD4.1_bound, and AD4_parameters). Docking and
MD simulation were running in a PC Computer using
an AMD ThreadRipper 3970X processor.

Procedure

Plant extract preparation

Fresh leaves were dried in the shade with the
sunlight exposure and aerated for 3-4 days. The dried
leaves were powdered using a blender machine (Philips).
Powdered leaves (500 g) of Vernonia amygdalina were
macerated with 2000 mL methanol (MeOH) at room
temperature for 3 x 24 h for each extraction. The MeOH
extracts were concentrated by a rotary evaporator at
40 °C to 100 mL. The concentrated methanol extracts
were partitioned with hexane-water (1:1) followed by n-
hexane, DCM-water (3:1), and DCM. All extracts of
partition were evaporated under vacuum at 40 °C. All
extracts were stored in the refrigerator until further use.
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In vitro a-amylase inhibitory studies

The method used for the a-amylase inhibition assay
was the 3,5-dinitrosalicylic acid (DNSA) method [13-14].
Each extract was dissolved in a minimum amount of 10%
DMSO and was further dissolved in buffer
((Na,HPO4/NaH,PO, (0.02 M), NaCl (0.006 M) at pH
6.9). The 200 pL of a-amylase solution (5 units/mL) was
mixed with 200 uL of the extract in a test tube and was
incubated at 30 °C for 10 min. The test tubes were added
200 pL of the starch solution (1% in water (w/v)) and
incubated for 3 min. The reaction was terminated by
adding 200 uL DNSA reagent (12 g of sodium potassium
tartrate tetrahydrate in 8.0 mL of 2 M NaOH and 20 mL
of 96 mM of 3,5-dinitrosalicylic acid solution) and boiled
at 85-90 °C for 10 min. The mixture was cooled to
ambient temperature and was diluted with 5 mL of
distilled water, and the absorbance was measured at
540 nm using a UV-Visible spectrophotometer. The blank
with 100% enzyme activity was prepared by replacing the
plant extract with 200 pL of the buffer. A blank sample
was prepared using the plant extract at each concentration
in the absence of the enzyme solution, while acarbose
(100 pg/mL-2 pug/mL) was used as a positive control. The
a-amylase inhibitory activity was expressed as percent
inhibition and was calculated using the equation given
below: The % a-amylase inhibition was plotted against the
extract concentration, and the ICs, values were obtained
from the graph.

AbS1009, Control ~ ADSsampl
% a amylase inhibiton =100 x Lo bl

AbSlOO% Control

Using LC-HRMS analysis

The methanol extract, n-hexane extract, DCM
extract, and EtOAc extract were analyzed using LC-
HRMS. Five mg of extract dissolved in 5 mL of methanol
then filtered with 0.2 pm PTFE membrane and 5 pL
sample was injected. The LC-HRMS employed UHPLC
Vanquish Tandem Q Exactive Plus Orbitrap LC-HRMS
ThermoScientific. The column used was Accucore C18,
100 x 2.1 mm, 1.5 um (ThermoScientific). The eluents
used were H,O with 0.1% formic acid (A) and acetonitrile
with 0.1% formic acid (B). The flow rate was 0.2 mL/min.
used gradient 5-60% B (0-15 min), flowed by 60-95% B
(15-22 min), and kept until 25 min before finally
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returning to 5%B (25-30 min). The MS/MS scan was set
at m/z = 200-2000 with full scan and ddMS2 using
positive and negative mode. The raw data was then
analyzed using compound discoverer 2.0 software using
untargeted metabolomics. The precursor ions and their
fragmentation pattern of particular peaks on the sample
chromatogram were matched with the mzCloud
compound database during the identification process.
The results of LC-HRMS were clarified by comparing
the measured molecular weight with the proposed
molecular weight. After that, check the molecular
formula at www.chemcals.com and the structural
formula at www.pubchem.com.

Molecular docking studies
Ligand preparation. The
compounds 1 to 5 was obtained from the results of the

ligand structure of
LC-HRMS analysis. These structures were drawn using
Marvin [15] in 2D format, and the clean 3D structure
was optimized using the Orca program [16]. A Density
functional theory (DFT) based on the proposed three-
fold corrected (3c) Hartree-Fock method, termed PBEh-
3c, was applied to optimize geometry ligand structure
[17]. The optimized structure of the ligand was loaded
partial charge by Gasteiger charge and kept in *.pdbqt
format using AutodockTools 1.5.7.

Receptor preparation. The protein structure was
downloaded from the protein data bank with PDB ID
4GQR. For docking purposes, water molecules were
clean, and the Co-Crystal ligand code in Myricetin
(MYC) was separate. Hydrogen atoms were added to the
protein structure using the PyMOL program. Partial
charges using the Gasteiger charge were loaded into the
structure by AutodockTools 1.5.7. The Final file *.pdbqt
was ready for docking.

Grid and docking parameter File. Using MYC ligand
reference, the grid box for the search location was
centered at [13.047 14.631 39.633] coordinate. The grid
box dimensions were 60 x 60 x 60 A with a 0.375 A
spacing. Autodock 4.2.6 was used as a docking program.
Lamarckian Genetic Algorithm was used as a search
parameter with ga run was 100 times running,
ga_pop_size was set to 300 and ga_num_evals using
comprehensive evaluation, 25000000. Docking results

Norainny Yunitasari et al.



Indones. J. Chem., 2022, 22 (2), 526 - 538

are visualized using Ligplot software version 4.4.2
(EMBL-EBI, Cambridgeshire, UK).

Molecular dynamics (MD) simulation
MD preparation. Complex structure from the best
results of the docking step was used as the initial structure
for MD simulation. Preparation uses the pdb4amber
module for checking gaps, adding hydrogen, and missing
atoms and residues. The protonation state (pK) of amino
Web  Service
Ligands

acid was computed using H++
(http://newbiophysics.cs.vt.edu/H++/).

parameterized using semi-empirical AM1-BCC methods

were

using the Antechamber program. The complex protein-
ligand was solvated using the TIP3P water model in a 14 A
cubic box. The final topology file (*.top) and coordinate
file (*.crd) were built using the LEap module from
AMBER?20.

MD step. Molecular dynamics simulation consists of four
steps. They are minimization of energy, heating,
equilibration, and production. Energy minimization is
needed to eliminate steric hindrance and bad contact.
Energy minimization consists of 5 stages. Each stage has a
different constraint value that gradually decreases. The
last stage of minimization was set to be free from
constraint. The combined algorithm, Steepest Descent,
and Conjugate Gradient were used in the minimization
step. The heating step is needed to make the solvent reach
the final temperature, 300 K. The simulation system was
set to the NVT ensemble when entering the heating step,
and a small constraint of about 10 kcal/mol was applied
only for C-alpha atoms. The Langevin method was used
with gamma_ In 1 for the heating process. The
Equilibration step was to get the appropriate density of
the system. In this step, an NPT ensemble was used, and a
constraint from the heating process was released
gradually. The final step, production run, was the
molecular dynamics without any constraint and in
natural conditions. The NPT ensemble was used from the
equilibration step. The Periodic Boundary Condition was
set to on, 9 A was used as a cutoff, and 2 fs was used as
timestep. Production of data evaluations was divided into
50 parts. Each part equals 2 ns simulation time and gives
100 ns in total. All MD step was carried out using the
pmemd module as part of the AMBER program [18].

529

m RESULTS AND DISCUSSION
a-Amylase Inhibition Activity

The inhibitory ability of the extract was observed
from their ICs value. The smaller ICs, value indicated a
higher ability to inhibit a-amylase. Acarbose, a widely
used and marketed antidiabetic drug, was used as a
positive control. Acarbose worked by inhibiting a-
glycosidase and was chosen as a positive control because
no commercial anti-DM worked by inhibiting a-
amylase [14]. Acarbose as a positive control in a-amylase
inhibition was not as good as a positive control in a-
glucosidase inhibition. In the study on Vitex doniana
leaf extract, the ICs, value of a-glucosidase inhibition
was smaller than when inhibited a-amylase, namely
55.59 pg/mL and 256.66 ug/mL, respectively [19].

The results of the a-amylase inhibition assay of the
four types of extracts are shown in Table 1. The EtOAc
extract was the extract that had the smallest 1Cs, value,
namely 3.0 ug/mL. This extract had a smaller ICs, value
than the positive control. These findings indicated that
the EtOAc from Vernonia amygdalina was potent to be
further studied in searching for the compounds for the
a-amylase inhibitor. In another study, EtOAc extract
from Eugenia dysenterica leaves exhibited inhibitory
capability against -amylase, with an inhibitory ability of
above 50% at 10 ug/mL [20]. Similar results were also
found in the study on Vitex doniana leaf extract, where
the EtOAc extract had the smallest ICs, value [19]. The
ICs value of a-amylase inhibition from the Vernonia
amygdalina leaf extract was not as strong as the a-
amylase inhibition from the Vitex doniana leaf extract,
the ICs, values were 3.0 pg/mL and 1.67 pg/mL,
respectively.

Table 1. The results of a-amylase inhibition assay on
various extracts of Vernonia amygdalina and acarbose

ICs
No. Extract
(ng/mL)

1  Methanol 5.0
2 n-hexane 29.3
3 DCM 6.7
4 EtOAc 3.0
5  Acarbose 23.6
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Profiling of Compounds Using LC-HRMS Analysis

LC-HRMS results showed that 7 compounds only
appeared in the EtOAc extract. There were 5 of them had
good chromatogram results; namely, a single signal only
appeared in the sample (Table 2). These compounds had
not been reported as inhibitors of a-amylase.

The peak at RT 10.005 min identified the presence
of compound 1 and was characterized by fragment ions at
m/z 99.87447 and 136.13499. At the RT 11.347 min,
compound 2 was identified and indicated by the fragment

Indones. J. Chem., 2022, 22 (2), 526 - 538

ions at m/z 57.03340, 61.98717, and 85.51666.
Compound 3 was identified at RT 7.722 min and
characterized by the fragment ions at m/z 135.08040 and
83.02869. Fragment ions at m/z 101.02333, 137.02327,
and 161.02336 indicated the presence of compound 4
and exited at RT 8.290 min. Compound 5 was
characterized by the presence of fragment ions at m/z
68.86910, 145.20244, and 163.03885 and exited at RT
8.739 min. One of the LC-HRMS results could be seen
in Fig. 1.

Table 2. LC-HRMS data of unique compounds in the EtOAc extract

RT Compounds Molecular weight ~ Production
. Formula
(min) No. Name (MW) (m/z)
10.005 Compound1 3-[(2Z)-3,7-dimethylocta-2,6-dien-1- CysH300, 394.21441 99.87447;
yl]-2,4-dihydroxy-6-(2- 136.13499
phenylethyl)benzoid acid
11.347 Compound 2 2-hexylpentanedioic acid CiiH04 216.13616 57.03340;
61.98717;
85.51666
7.722  Compound 3  (2E,4E)-5-[1-hydroxy-2,6-dimethyl-4-  C;H30O10 442.1839 135.08040;
0x0-6-({3,4,5-trihydroxy-6- 83.02869
(hydroxymethyl) oxan-2-yl] oxy}
methyl) cyclohex-2-en-1-yl]-3-
methylpenta-2,4-dienoic acid
8290 Compound4 3,5,5-trimethyl-4-(3-{[3,4,5- CioH3,0; 372.214805 101.02333;
trihydroxy-6-(hydroxymethyl) oxan- 137.02327;
1yl) oxy} butyl) cyclohex-2-en-1-one 161.02336
8.739  Compound 5 2-{[(6E)-2,10-dihydroxy-2,6,10- C1H350s 418.25667 68.86910;
trimethyldodeca-6,11-dien-3-yl] oxy}- 145.20244;
6-(hydroxymethyl) oxane-3,4,5-triol 163.03885
100 -
o
& g
E 1
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2 40 -
g
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T 2 ’
Il : L | - | 1 -
50 100 200 miz 250

Compound 1

Fig 1. The LC-HRMS results in EtOAc extract
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Fig 1. The LC-HRMS results in EtOAc extract (Continued)

Molecular Docking Assay

Re-docking results

The RMSD value obtained from the re-docking
results was 1.998 A. This value was obtained from the
second conformation, and the interaction energy (E;) was
-7.16 kcal/mol. Re-docking MYC ligand was used as a
validating docking parameter since MYC are Co-Crystal
ligands of 4GQR (Fig. 2).

The type of interaction between MYC and human
pancreatic alpha-amylase before and after re-docking
was shown in Fig. 3. Hydrogen bond interactions
between MYC and amino acid residues Asp197, GIn63,
and Trp59 could still be seen. On the results of re-
docking could also be obtained the value of the
inhibition constant that was 5.6 uM.
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Docking results
The docking results of 5 unique compounds in the

EtOAc extract can be seen in Fig. 4. These results indicated
that not all the docked compounds occupied the active
site of the human pancreas a-amylase (Table 3). Human
pancreas a-amylase had an active site on Asp197, Glu233,
and Asp300 [21]. At the same time, acarbose (as a positive
control and as a diabetes drug) inhibited the action of a-
amylase through its active site, which was attached to
amino acid residues Asp197, Glu233, and Asp300 (Fig. 5).

Aspl9TiA)

_ His101(A)

h:m;f
.\In-m.%

Le nuf%
Theit. u%

Compound 2

Compound 1
Fig 4. Docking of the unique compounds in the EtOAc extract
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Val.

Compound 3

Compound 5

Argl98(A)

Compound 4

Fig 4. Docking of the unique compounds in the EtOAc extract (Continued)

Based on E; and K; values, there were two of five
unique compounds in the EtOAc extract, which had a
better value than the E; and K; values of the original ligand
and acarbose, namely compound 3 and compound 4
(Table 4). A drug candidate could be better than the
standard drug if E; and K; were lower than the standard
drug [22]. The more negative the interaction energy, the

more stable the ligand interaction with the protein. A
negative value of the interaction energy indicated that
the binding of the ligand to the protein was a
spontaneous process [23]. The value of the inhibition
constant could be said to be proportional to the ICs
value with the assumptions: 1) for competitive

inhibition, the substrate concentration is close to zero;
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Table 3. The hydrogen bond distance of each compound in the molecular docking analysis

Compound Compound Compound Compound Compound

Acarbose
1 2 3 4 5
. Aspl97  2.38;2.46 - - 3.12 3.02 -
=
é Asp300 3.11; 3.15 - - - - 2.63;2.88
@ Glu233 2.95 - - 2.77 2.89;3.21 -
5 Asp356 2.34 - - - - -
3 Tyr62 3.01 - - - - -
2 His101 2.89 : : : 2.90 :
% Thr163 - 2.58;3.02 - 2.61 - -
2 Lys200 - - 2.84 3.18 - -
g Ile235 - - 2.71 322 - -
Az GIn63 - - - 2.54;2.98 - 2.75
a Trp59 - 2.59 - 2.53 - -
Tyr151 - - 2.82 - - -
His201 - - 2.82 3.12 - -
His305 - - - - 2.80 -
Argl95 - - - - - 3.16
:;“-m:m__\} P and 2) for non-competitive inhibition, the substrate
: :_ -\'-319':}{:' _.._.'f'_ " concentration is infinite. For Ki, smaller values denote
% o 3.-"-'. T tighter binding [24].
TrpS8(a) F P The location of the hydrogen bond formed
:\‘Pmm.“:_ ' : ‘:.‘.' “.“.‘“U 'f‘“ between compound 3 and a-amylase was on the active
c. 5 4 ...0... site of a-amylase, namely on the amino acid residues
ot o Asp197 and Glu233 and in the amino acid residues
Asp3s6(a) ¥ JUnkO) ¢ 26s(a) Thr163, Lys200, 1le235, GIn63, Trp59, and His201.
mmqm _.g"' T‘i,';.;itA} Compound 4 inhibited the protein's active site, notably

Fig 5. Results of docking acarbose with alpha-amylase
(PDB ID 4GQR)

Table 4. List of interaction energy values and inhibition

constants
Interaction energy/E; Inhibition
Name
(kcal/mol) constants/K; (uM)

Acarbose -6.44 19.09
Compound 1 -6.15 31.14
Compound 2 -4.34 659.75
Compound 3 -8.59 0.503
Compound 4 -7.26 4.75
Compound 5 -5.70 66.76

the Asp197 and Glu233 amino acid residues, and
established hydrogen bonds with the His101 and His305
amino acid residues. The number of hydrogen bonds
formed between compounds 3 and 4 with alpha-amylase
was what causes compounds 3 and 4 to have the most
negligible interaction energy and inhibition constant
compared to other ligands.

The value of the interaction energy and the
inhibition constant of compounds 1, 2, and 5 was less good
than acarbose. These facts were possible due to the
absence of hydrogen bonds formed with the active site of
a-amylase.

Molecular Dynamics Simulation Analysis

This MD simulation analysis was helpful in the
analysis of molecular docking results [25]. There were
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several parameters in the MD simulation, including Root
Mean Square Deviation (RMSD), Radius of Gyration,
Root Mean Square Fluctuation (RMSF), and Protein-
Ligand Interaction Energy.

Root mean square deviation (RMSD)

RMSD was a measure of conformational change
concerning the reference conformation. In this simulation,
the reference used was the initial confirmation at the start
of the production run stage. The conformational changes
of the five ligands are shown in Fig. 6. Compound 5 had a
high fluctuation at 10 ns. There were also high
fluctuations in compound 2 when after 40 ns. However,

25
225
2
1.75

16

RMSD (A)

0.75 §

0.25

535

compound 3 has relatively no high fluctuations. At 20 ns
to 40 ns, the five compounds converged in 1.25 to 1.5 A.
Overall the RMSD of all compounds/ligands was stable
in the change range of 1.5 A. This RMSD result showed
that the presence of the bound ligand did not
significantly change the conformation of the protein, so
it did not change the protein's function.

Radius of gyration

The radius of gyration showed the compactness of
the structure and could see whether the structure was
swelling or shrinking. The value of the radius of gyration
of the five compounds can be seen in Fig. 7. The radius

] 10 40

50

60 T0 80 20 100

Time of Simulation (ns)
Fig 6. The conformational change of the five compounds during simulation time 100ns (blue: compound 1; grey:
compound 2; green: compound 3; yellow: compound 4; and red: compound 5)

239
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8
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8
£ 3

Radius of Gyration (A)
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] 10 20 30 40
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60 70 80 90 100

Time of Simulation (ns)

Fig 7. The radius of gyration of the five compounds during simulation time 100 ns (blue: compound 1; grey: compound
2; green: compound 3; yellow: compound 4; and red: compound 5)
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of gyration showed the globular shape of the protein
structure. The graph showed the shape of the globular
structure was not swelling. The value of the radius of
gyration had a slight difference in the conformational
system of compound 3. The results of the radius of
gyration analysis were in line with the results of the RMSD
analysis, which showed that compound 3 did not have
high fluctuations.

Root mean square fluctuation (RMSF)
RMSF was the dynamic fluctuation of each amino
acid residue in the protein structure. This fluctuation

Indones. J. Chem., 2022, 22 (2), 526 - 538

indicated a particular part of a protein structure that
could have certain flexibility. Fluctuations that were not
high allow for relatively easy interactions with ligands
(Fig. 8). The RMSF graph showed the portion of amino
acid residues that could have hydrogen bond interaction
and other interactions, including Aspl197, Glu233,
Ala198, Leul62, His101, Trp59, and Tyr62. Furthermore,
these residues could be considered when designing drugs
targeting a-amylase. According to the docking results,
compound 3 could form a hydrogen bond with amino
acid residues Asp197, Glu233, and Trp59. Compound 4

150

5)

Energy (kcalimol)

-140 |

ber of Ami

0 10 20 30 40

6 6 70 80 %0 100

Time of Simulation (ns)
Fig 9. Protein-ligand interaction energy (blue: compound 1; grey: compound 2; green: compound 3; yellow: compound

4; and red: compound 5)
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could form hydrogen bonds with amino acid residues
Asp197, Glu233, and His101.

Protein-ligand interaction energy

The interaction energy was calculated using
NamdEnergy from the NAMD program by looking at the
non-bond interaction between protein and ligands. The
calculated interactions included Van der Waals and
electrostatic interactions. The total energy was the sum of
the two energies—the more negative, the stronger the
interaction between the ligand and the receptor (Fig. 9).
Compounds 3 and 4 had the most substantial interaction
energy values, with an average of -96.45 and -62.92
kcal/mol, respectively. Based on the graph, the interaction
of the two ligands was relatively stable, only slightly
experiencing insignificant fluctuations. The other three
ligands appeared to be binding unstable.

m CONCLUSION

The extract with the most potential as an a-amylase
inhibitor was the EtOAc extract. From the LC-HRMS
analysis, the EtOAc extract contained seven unique
compounds. Five of the seven unique compounds had
good chromatograms and were analyzed by molecular
docking and MD simulations. This analysis could prove
compounds with potential as a-amylase inhibitors,
including compound 3.
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Abstract: This article evaluates the impact of the addition of zinc (Zn) and magnesium
(Mg) on the structural, morphological, and antibacterial characteristics of B-tricalcium
phosphates (hereafter called Zn/Mg-BTCP) prepared using the microwave (MW) assisted
wet precipitation method in which the Ca deficient apatite [Cao. vy Mg Zn,(HPO,)(POy)s
(OH)] was calcined for 2 h at 1000 °C. The prepared samples were characterized using
XRD, FTIR, and FESEM measurements. The XRD patterns of the samples showed a
steady decrease in the lattice parameters with an increase in Mg** and Zn** content. The
FESEM images of the samples disclosed the morphological changes due to the Mg*+/Zn*
co-doping. The inclusion of Mg** and Zn** into the BTCP was shown to induce excellent
bioactivities that were absent in the pristine STCP. Enhancement, coupled with good
antimicrobial properties against Escherichia coli (E. coli), suggests that Mg**/Zn** co-
doping TCP can be developed further into antibacterial bone cement. As synthesized, it
would be considered a potential biomaterial for orthopedic applications.

Keywords: f-tricalcium phosphates; Co-doping; microstructure; phase purity;

antibacterial

= INTRODUCTION

Microbes infecting the bone create osteomyelitis, an
inflammation of the bone that may be fatal. Osteomyelitis
is often treated with basic surgical debridement of
diseased bones, appropriate soft tissue covering, and
antibiotics. Long-term antibiotic medication is necessary,
usually lasting 4-6 weeks but sometimes much longer [1].
Oral antibiotics may cause systemic toxicity, including
renal and hepatic problems, and have low penetration
into the targeted region [2-4]. It is thus necessary to
investigate other methods of administering antibiotics.
The wunique bioactivities, biocompatibilities, and
osteoconductive traits of the calcium phosphates (CPs)
based materials make them ideal for a wide range of
biomedical uses. They are very effective for implant-bone
tissues in dental and orthopedic reconstructive medicines
[5-8]. Presently, Hydroxyapatite (HA) and B-tricalcium

phosphates (BTCP) are extensively used for bone tissue
grafting due to their non-stimulating nature of bone
generation and resorption inhibition [9-10]. BTCP and
HA-based materials doped with trace elements such as
Zinc (Zn) and Magnesium (Mg) have been shown to
stimulate exceptional bioactivities that are missing in
their parent counterparts [11-12].

In recent years, the inclusion of different dopants
(Mg*, Sr**, and Zn?*) ions into the structure of the CPs
received focused attention due to their significant role in
diverse biological processes [13]. Zn is one of the most
vital trace elements responsible for various cellular
processes in the human body, such as DNA replication,
behavioral responses, reproductions, virilities, bone
generation, bone growth, and wound healing.
Furthermore, Zn is essential in genetic expression,
cellular growth regulation, and cell differentiation [14].
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A recent study revealed a clinical correlation between
osteoporosis and a deficiency of Zn in the human body
[15]. The main reason for the biocompatibility of Zn is
due to its matching ionic radius (0.075 nm) with the bone
tissue element. Meanwhile, the bone tissues’ slow resorption
of the BTCP ceramics makes them highly biocompatible
[16]. Chen et al. synthesized nanorods of Zn doped HA
and found that the presence of Zn inhibited the growth of
Aggregatibacter actinomycetemcomitans, Fusobacterium
nucleatum, and Streptococcus mutant bacteria [17].
Bhattacharjee et al. demonstrated that incorporation of
Zn improved the antibacterial efficacy of HA against
Escherichia coli and Staphylococcus aureus bacteria [18].

The element of Mg participates in diverse biological
activities of humans, such as cellular proliferation and
differentiation, cell-matrix interactions, and the usual
functions of the organs [19]. The significance of Mg
concerning the human bone structures is well-known,
especially the prevention of the potential risks related to
osteoporosis [20]. On top of that, Mg is crucial for the
calcification processes, bone fragility, and minerals’
metabolic activities [21]. Synthetic materials containing
metal ions can be destructive if the ions are highly
concentrated and are poisonous to human cells in high
concentrations [8]. Materials containing metal ions such
as Zn*, Ag', and Cu*" can be used to combat post-
operative infections, as these ions exhibit antimicrobial
activity and are non-cytotoxic at low concentrations.
Because of the significance of the indispensable elements
Zn and Mg in the human body’s functioning, some
Zn/Mg co-doped PBTCP were synthesized via the
microwave (MW) assisted wet precipitation technique
and characterized using different analytical tools. The
structures and morphologies of the as-prepared samples
were evaluated as a function of varying Zn/Mg contents
to determine the feasibility of improving bioactivities. The
antibacterial efficiency results were analyzed, interpreted,
and discussed.

m EXPERIMENTAL SECTION
Materials

The Zn/Mg-TCP was prepared using analytical
grade high purity chemical reagents (Qrec, New Zealand)
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of calcium nitrate [Ca(NO3),-4H,0], diammonium
hydrogen phosphate [(NH,),HPO,), magnesium nitrate
[(Mg(NOs)»-6H,0)], zinc nitrate [Zn(NOs);], and
ammonium hydroxide [(NH4OH)].

Instrumentation

The samples crystal structures and purity of the
phases were examined using the X-ray diffractometer
(Bruker D8 Advance XRD). The samples morphology
was imaged via a field emission scanning electron
microscope (FESEM, Zeiss-LEO 1530). The elemental
compositional analyses of the samples were carried out
using an energy dispersive X-ray spectrometer (EDX,
Swift ED 3000 from the Oxford Instruments, operated at
20 kV). The chemical functional groups in the samples
were detected wusing Fourier transform infrared
spectroscopy  (FTIR, Nicolet iS50 spectrometer)
following the classic KBr pellet technique. The FTIR
spectra (in the transmission mode) were recorded in the
range of 400-4000 cm™ with 32 scans at a resolution of
4 cm™". All the characterizations of the calcined samples
(at 1000 °C) were performed at room temperature.

Procedure

The experimental steps, including the preparation
of Zn/Mg-BTCP and antimicrobial test, as a flowchart,
are presented in Fig. 1.

Preparation of Zn/Mg-BTCP materials

The pristine PTCP and Zn/Mg-PTCP were made
via the MW-assisted wet precipitation technique where
the Ca/P and (Ca+Mg+Zn)/P molar ratio was kept at 1.5.
The [Ca(NO;),-4H,0](4.250 g) was first dissolved in
100 mL of double-distilled water (DDW), then drops of
[(NH,),HPO,] were added, and the mixture was
continuously stirred. The pH of the mixture was set at
7.4 via the addition of NH,OH solution (8 M). Next, the
resultant mixture was processed for 5 min in an MW
oven (SHARP, model R-218LS, operated at 800 W)
before being filtrated and rinsed using DDW. Then, the
filtered specimen was dried for 17 h in an oven at 80 °C,
then calcinated for 2 h at 1000 °C to achieve the BTCP.
The Zn/Mg-TCP was prepared in the same manner,
using the appropriate amounts of [Mg(NOs),-6H,0]
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Antibacterial test
Viable count method
versus E. coli

Fig 1. Experiment flow chart

(0.2, 0.3, 04, 0.5 M) (0.780, 1.170, 1.561, 1951 g
respectively), [Zn(NOs),] (0.2, 0.3, 0.4, 0.5 M) (0.757,
1.136,1.515 and 1.894 g respectively), and [Ca(NOs),-4H,O]
(8.6, 8.4, 8.2 and 7 M) (4.061, 3.967, 3.872 and 3.306 g
respectively. Table 1 enlists the chemical compositions (in
mol) of the produced samples with various concentrations
of Zn and Mg with their respective codes. The production
of the BTCP and Zn/Mg-BTCP can be described using the
following chemical reaction pathways:
Pathway I:
9-(x+y)Ca(NO:s), + xMg(NOs), + yZn(NOs), +
6(NH,4),HPO, + 6NH,OH >
(Cayg.(x+y))Mg:Zny) (HPO,)(PO,)s(OH) + 1ISNHNO; +
5H,0
Pathway II:

1000°C/2h

Cag.(x+y)ngZny)(HPO4)(PO4)5(OH) _
3(Can(x+y)/3ngl32ny/3)(PO4)2 + H,O

Table 1. Chemical compositions (in mol) of the obtained
samples with their codes

Sample code Ca®* PO Mg* Zn** Mg+Zn
BTCP 9 6 0.0 0.0 0.0
(0.4)Zn/Mg-pTCP 8.6 6 0.2 0.2 0.4
(0.6)Zn/Mg-pTCP 8.4 6 0.3 0.3 0.6
(0.8)Zn/Mg-BTCP 82 6 04 04 08
(1.0)Zn/Mg-BTCP 70 6 05 05 1.0

=

L —s s i

The filtered specimen dw“ 'é';‘l’:hf:,{ Mg L

was dried for 17 hin phasphate The powder calcined

an oven at 80 °C for 2 h at 1000 °C
XRD analysis¢———— { ‘

FESEM/EDX analysis¢———

FTIR analysis¢——1%

Antimicrobial tests

The antibacterial efficiency of pure and Zn/Mg
doped

BTCP materials were evaluated quantitatively
through the viable count method versus Escherichia coli
(E. coli, ATCC 25922 strains). A standard mixture of 1
mL E. coli and 9 mL Luria-Bertani (LB) broth was
incubated at 37 °C for a day, shaking at 250 rpm. The
materials were sterilized and blended with the standard
solution. The sterilized mixture (0.10 mL) was
immunized on LB agar plates, then brooded at 37 °C.
Lastly, the number of colonies developing units was
tallied.

m  RESULTS AND DISCUSSION

Fig. 2 displays the XRD patterns of the produced
samples, which consisted of several crystalline peaks at
25.82°, 27.77°, 29.64°, 31.02°, 32.4756°, and 34.38°
corresponding to the growth along the (1010), (21 4),
(300), (0210), (12 8),and (22 0) lattice plane
orientations. The observed indexed peaks were matched
with JCPDS card number of 09-0169 for the crystalline
BTCP. Table 2 shows the lattice parameters, cell volume,
and degree of crystallinity of the studied samples
obtained from the XRD data analyses. The lattice plane
directions for the pristine BTCP verified the growth of
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Fig 2. XRD patterns of the BTCP (JCPDS 09-0169) (a), BTCP (b), (0.4)Zn/Mg-BTCP (c), (0.6)Zn/Mg-BTCP (d),

(0.8)Zn/Mg-BTCP (e), and (1.0)Zn/Mg-BTCP (f)

Table 2. Lattice parameters, cell volume, and degree of crystallinity of the studied samples

Lattice parameters

Samples code Chemical formula 2 &) &) VA DC
BTCP (JCPDS 09-0169)  Cas(PO,), 10.429  37.380 3520.9 ---
BTCP Cay(PO,)s 10.460 37.391 3532.6 88
(0.4)Zn/Mg—[3TCP CassMgo2Zno2(PO4)s 10.445 37.360 3529.7 81
(0.6)Zn/Mg-pTCP CasMgosZnos(POs)s 10421  37.354 35240 77
(O.S)Zn/Mg-BTCP CagAzMgo,4ZnoA4(PO4)6 10.415 37.254 3521.5 69
(1.0)Zn/Mg-BTCP CaroMgosZnos(POs)s 10410  37.222 35142 64

*Degree of crystallinity, **Cell volume

the hexagonal crystals with the lattice constants ofa =b =
10.4592 A and ¢ = 37.3914 A as depicted in Table 2. The
inclusion of Mg**/Zn*" into the BTCP lattice structures

the the
accompanied by a shift toward higher diffraction angles

diminished intensity of Bragg’s peaks
(values of 20), as indicated in Fig. 2. The observed
reduction in the sample’s degree of crystallinities (from 88
to 64) was due to the replacement of the Ca** ions, which
have larger ionic radii (0.99 A) by the Mg* (0.65 A) ions
and Zn?* (0.74 A) which they have smaller ionic radii.
Furthermore, the XRD pattern did not reveal any
other crystalline phases, confirming the purity of the
sample [13]. The intense XRD peak calculated the mean
crystallite ~diameter the

following Debye-Scherrer

formula. The mean size of the fTCP and Zn/Mg-BTCP
was 36 nm and 28 nm, respectively. The lattice values of
a and ¢ were gradually decreased with a rise in Mg** and
Zn** contents (Table 2). These shortening in the lattice
constants were mainly due to the substitution of the Ca**
by Mg**/Zn*, where the disparity in their ionic radii
played a significant role. The values of a and ¢ were
reduced from 10.4452-10.4101 A and 37.2217-37.3598 A,
respectively, with the addition of Mg**/Zn* into the
BTCP structures. Meanwhile, cell volumes of the samples
were reduced from 3529.7 to 3514.2 with the increase in
Mg**/Zn** doping levels into the PTCP structures.

Fig. 3 illustrates the FTIR spectra of all the
which consisted of several

prepared samples,
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characteristic vibration bands of the phosphate groups
and water molecules. The pristine fTCP revealed a broad
vibration band at around 3440 cm™ due to the OH™ from
adsorbed water. The bands at approximately 1020 and
558 cm™" were due to the vibration of the PO4* units. The
bands at around 618 and 548 cm™" were related to the
bending vibrations (v4) of the O-P-O linkages. The bands
due to the stretching vibrations (vs; and v;) of the P-O bond
occurred at approximately 955 cm™, 1033, and 1135 cm™.
The bands appeared at around 1643 and 3448 cm™' due to
the adsorbed water’s bond vibrations. The characteristics
bands at 962 cm™, 1122 cm™ to 939 cm ™}, and 1150 cm™
corresponding to the phosphate vibrations were broadened
and shifted as the doping contents of Mg**/Zn** were
increased, implying the decrease in the crystallinity of the
sample, which is consistent with the XRD results (Fig. 2).
The nonexistence of the characteristic bands at 630 and
3570 cm™ in the produced samples validated the complete
absence of any HA as the secondary phase. The band
assignments are summarized in Table 3.

Fig. 4 depicts the FESEM images of all the produced
samples. The microstructures of the PTCP were
comprised of dense (compact with nearly spherical
crystallites without voids and cracks) aggregated particles
with irregular morphology (Fig. 4(a)). Moreover, the
of the Mg*/Zn* co-doped PBTCP
specimens were appreciably altered into interconnected

morphologies

structures (less compact and ginger-like pattern with
many voids) with a clustering tendency (Fig. 4(b-e)). The

543

particle size of PTCP materials gradually decreased with
the addition of Mg**/Zn** ions.

Table 4 compares the chemical composition of
various products obtained from the EDX elemental
analyses with the theoretical estimates. The close

(e)
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(©) w
(b) W

Transmittance (a.u.)

(a) {
v

* P205
5043- PO,
1 " 1 1

1500 1000 . 500
Wavenumber (cm_1)

Fig 3. FTIR spectra of (a) BTCP, (b) (0.4) Zn/Mg-pTCP,
(c) (0.6)Zn/Mg-BTCP, (d) (0.8)Zn/Mg-BTCP, and (e)
(1.0)Zn/Mg-pTCP

2000

Table 3. Band assignments for PTCP and Zn**/Mg** doped PTCP materials [22]

Peak number Wavenumber (cm™)

Band assignment

1 427

2 545-601
3 727-1212
4 941-971

Stretching mode of PO,*~ group (v2)

Bending mode of the PO,* group (v4)

Stretching modes of P-O-P and P=0 in P,O; group
Stretching mode of PO,*~ group (vi)

Table 4. Chemical composition of various products obtained from the EDX analyses compared with the theoretical

estimates

Theoretical ratios

Measured ratios

Samples code

Zn+Mg/Ca= Xwmgzn

Zn+Mg/Ca= Xwmgzn

BTCP 0.000
(0.4)Zn/Mg-BTCP 0.040
(0.6)Zn/Mg-BTCP 0.060
(0.8)Zn/Mg-BTCP 0.080
(1.0)Zn/Mg-BTCP 0.100

0.000
0.038
0.059
0.078
0.099
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Fig 4. FESEM images of (a) BTCP, (b) (0.4)Zn/Mg-BTCP, (c) (0.6)Zn/Mg-BTCP, (d) (0.8)Zn/Mg-BTCP, and (e)
(1.0)Zn/Mg-BTCP. Particles size distribution attached with the SEM images

Ammar Zeidan Alshemary et al.



Indones. J. Chem., 2022, 22 (2), 539 - 547

Fig 5. Descriptive photos of E. coli colonies on (a)
(0.4)Zn/Mg-BTCP, (b) (0.6)Zn/Mg-BTCP, (c) (0.8)Zn/Mg-
BTCP, and (d) (1.0)Zn/Mg-BTCP

agreement between the theoretical and experimental
values of the trace elemental ratios confirmed the
successful incorporation of the Mg*/Zn** into the pTCP
crystal structure. In short, the inner consistency among
the XRD, FTIR, and EDX results authenticated the
adequate replacement of Ca’* by the Mg**/Zn** dopants in
the PTCP lattice sites.

The antibacterial activity of the Mg**/Zn*
discharged from the Zn/Mg-BTCP was studied against the
spread of E. coli. In this research, the viable count method
assessed the antibacterial properties of Zn/Mg-pTCP
materials. All samples were incubated with E. coli (ATCC
25922 strains) suspension for a day. Fig. 5 shows the
substantial variance in bactericidal effect. The pure phase
of PTCP materials has no ability to inhibit the growth of
E. coli [23]. However, bacterial growth was inhibited by
Zn/Mg-TCP nanocomposites. The number of E. coli
colonies dwindled with an increase in the content of
Mg*/Zn*. After a day of incubation in the plate
containing (0.4) Zn/Mg-TCP and (0.6) Zn/Mg-TCP,
hundreds of E. coli colonies were observed (Fig. 4(a, b)).
However, a few bacterial colonies were observed in the
agar plate containing (0.4) Zn/Mg-TCP. In contrast, no
bacterial colonies were observed in the agar plates
containing (0.8) Zn/Mg-BTCP and (1.0) Zn/Mg-BTCP
(Fig. 4(c, d)).
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m CONCLUSION

standard MW-assisted wet
precipitation method, some Mg*/Zn** co-activated

Following the

BTCP were produced. Thorough characterization was
used to determine the Mg**/Zn’* concentration-
dependent structures and morphologies of dry and
calcined (1000 °C) powdered specimens. The XRD
analyses of the pristine and co-doped PTCP verified
their hexagonal structure with phase purity where the
lattice constants, cell volume, crystallinity, and
crystallite size were found to decrease with the increase
in the Mg*/Zn** concentrations. The FTIR spectral
vibration bands revealed the existence of various
characteristic functional groups related to BTCP and
Zn/Mg-BTCP. The EDX analyses of the samples
confirmed the appropriate elemental traces, thereby
successfully incorporating the Mg*'/Zn*" dopants into
the BTCP lattice. The FESEM surface morphologies of
the sample manifested significant structural changes due
to the substitution of Mg*/Zn** dopants, were more
compact, void-free, and dense agglomerated irregular
structures were gradually transformed into less compact
and interconnected cluster-like networks with many
voids. The results for the structures and morphologies
were in good agreement. All these observations were
ascribed to the replacement of the Ca’* with larger ionic
radii by the Mg**/Zn** having smaller ionic radii. The
presented results suggest that the Mg*/Zn** containing
BTCP cement is a very promising material for rapid
antibacterial bone repair purposes. It is established that
by selectively adjusting the Mg*/Zn*" contents, the
overall traits of the Zn/Mg-BTCP can be tailored,
suggesting their suitability for diverse biomedical
applications.
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Silicon Carbide/Polysilazane Composite: Effect of Temperature on the Densification,
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a 1:1 weight ratio and sintered at 1600, 1700, and 1800 °C in a hot-pressing furnace. A

Received: September 14, 2021 satisfactory density was obtained at sintering temperatures > 1600 °C. The grain sizes of
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DOI: 10.22146/ijc.69118 The grain shape of the SiC/PSZ composite sintered at 1700 °C was circular and mainly

similar to the initial shape of the SiC powder. Grain shape accommodation was observed
at a sintering temperature of 1800 °C. It is suggested that different sample shapes were
affected by different liquid phase formations. Silicon oxynitride (Si.N,O) was formed and
played an important role in densification and microstructure generation.
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= INTRODUCTION coarsening. According to the Hall-Petch relationship, a

Silicon carbide (SiC) is being studied as a non-oxide fine microstructure is proportional to high hardness;

. . . . . . therefore, there is a need to minimize grain coarsenin
ceramic engineering material. SiC has high thermal ’ 8 &

o . . during its high-temperature sintering.
conductivity, low thermal expansion, resistance to & & p &

oxidation and corrosion, and high hardness. Owing to its Typically, there are two approaches for minimizing

. . . h i i f the mi f Si
strong covalent bonding, SiC has excellent properties. In the grain coarsening of the microstructure of SiC

particular, given that the hardness of SiC is lower than produced by high-temperature sintering. First, high

those of diamond and cubic boron nitride, SiC is widely pressure can be applied. For instance, Xie et al. reported
that nanograin SiC could be successfully obtained at
1300 °C by applying a pressure of 4.5 GPa [21]. The

second approach is a two-step sintering process; Lee et

used as an abrasive material. However, the sintering of SiC
is complex, requiring a high temperature and pressure to
obtain a dense microstructure. For instance, the sintering o o
of SiC through solid-state requires temperatures > 1900 °C al. re'ported that $iC w1tch a graln size of 43 nm could be
obtained by two-step sintering [22]. However, the first
approach requires ultra-high pressure, and the second
one is time-consuming. The other method is the use of

sintering additives that hinder the grain growth of SiC

[1-13], whereas liquid-phase sintering requires a
temperature range of 1750-1900 °C [14-20]. Although a
dense SiC body can be achieved under such sintering
conditions, the microstructure of SiC undergoes
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during sintering. For example, Noviyanto et al. reported
that a scandium-based additive could help minimize the
grain growth in SiC [23]. Other reports show that
polysilazane (PSZ, [-SiR;R,NH-],,) can suppress the grain
growth of alumina dan hafnia [24-25]. Noviyanto et al.
examined a SiC/PSZ composite [26]. However, the effect
of temperature on the SiC/PSZ composite was not
elucidated.

In this study, SiC/PSZ composites were sintered
using a hot-pressing furnace in the temperature range of
1600-1800 °C for 1 h under an applied pressure of 20 MPa
in a nitrogen atmosphere. In addition, the effects of
polysilazane on the densification, phase, and
microstructure were thoroughly investigated. Finally, a
mechanism to suppress grain growth with polysilazane

was proposed in this study.
m EXPERIMENTAL SECTION
Materials

B-SiC powder (D = 52 nm, 4620KE, 97.5% purity,
NanoAmor Inc., USA), polysilazane (KiON Ceraset
Polysilazane 20, USA), ALOs (99.9% purity, Baikowski,
Japan) and Y>O; (99.99% purity, Across Organic, USA)
were used in this study.

Instrumentation

X-ray diffraction (XRD: X'Pert-PRO MPD,
PANalytical, The Netherlands) and scanning electron
microscope (SEM: S-4800, Hitachi, Japan) were used in
this study.

Procedure

Prior to mixing with B-SiC powder, polysilazane was
dissolved in acetone. Subsequently, B-SiC powder was
added, and the solution was homogenized using an
ultrasonicator for 45 min. The weight ratio of polysilazane
to B-SiC powder was 1:1. Next, the homogenized slurry
was dried and cross-linked on a hot plate at 200 °C for 90
min to obtain a powder containing pB-SiC and
polysilazane. After grinding and sieving, the powder was
pyrolyzed in a tube furnace at 1300 °C for 2 h in a nitrogen
transform  the into

atmosphere to polysilazane

amorphous powder. This temperature was chosen
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because the crystallization of amorphous polysilazane
starts at 1400 °C [27-28].

Furthermore, the powder containing p-SiC and
amorphous polysilazane was ground and sieved,
followed by mixing with sintering additives (AL,Os and
Y>0;, with a weight ratio of 60:40). The amount of
sintering additives was 5 wt.% with respect to the total
mass of the powder. Ball milling was used to mix the
powder and sintering additives for 24 h and was made
from SiC to prevent contamination. The sintering was
performed in a hot-pressing furnace at various
temperatures for 1 h under an applied pressure of 20
MPa in a nitrogen atmosphere. The samples were named
SiCPSZ1600, SiCPSZ1700, and SiCPSZ1800,
corresponding to the mixture containing B-SiC powder
and polysilazane sintered at 1600, 1700, and 1800 °C,
respectively. For comparison, the sintered SiC without
adding  polysilazane and sintered amorphous
polysilazane were also prepared at 1750 and 1800 °C,
respectively, named SiC and PSZ.

The weight of the sintered samples was measured
at room temperature and when immersed in distilled
water. The data were used to estimate the density of the
sintered samples using the Archimedes principle.
Furthermore, the sintered samples were characterized by
room-temperature XRD to observe the crystalline phase
formed after sintering. The qualitative and quantitative
analyses of the XRD pattern were performed by XRD
software analysis to determine the phases and their
composition. Finally, the sintered samples were crushed,
and the fractured surface was observed using SEM. The
average grain size was estimated by calculating 100
grains from the SEM images and analyzed statistically.

m  RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of the SiC/PSZ
composite after sintering. The patterns of f-SiC and a-
SiC can be detected at 1600 °C (Fig. 1(a)). As listed in
Table 1, the major phases detected in SiCPSZ1600 were
a-SiC (COD #96-900-0037) and B-SiC (COD #96-101-
0966), accounting for 57.1% and 35.2%, respectively. To
understand the phase transformation of - and a-SiC in
SiCPSZ1600, we need to compare with the sintering of
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Fig 1. XRD patterns of the sintered sample (a)
SiCPSZ1600, (b) SiCPSZ1700, (c) SiCPSZ1800, (d) SiC,
and (e) PSZ

SiC and PSZ, as shown in Fig. 1(d) and 1(e), respectively.
Sintering of the -SiC powder resulted in a B-SiC phase;
however, small peaks of a-SiC were detected, as shown in
Fig. 1(d). The a-SiC phase in sintered SiC is more likely
from the transformation of B- to a-SiC phase, which
typically occurs in high-temperature sintering [29]. The
quantity of a-SiC in the sintered SiC was 20.6% (Table 1).

In contrast, the sintering of PSZ results in a
predominant a-SiC phase (55.6%) along with B-SiC and
SisN,4 (COD #96-100-1245), as shown in Fig. 1(e). Thus,
the main source of a-SiC in SiCPSZ1600 is more likely
from polysilazane that tends to form a-SiC instead of (-
SiC. The other phases detected in SiCPSZ1600 were
Si:N,O (COD #96-901-2533) and SiO, (COD #96-100-
1245). Polysilazane might form SiC, SisNy, or SiO,

depending on the temperature and atmosphere
condition. This Si;N,O phase is the product of a reaction
between Si;N, and SiO; [30]. Subsequently, the source of
SiO, derives from polysilazane itself or SiC that has a
small thin layer of oxide on the surface. According to the
Gibbs free energy, the existence of SizN; from
polysilazane is more favorable at < 1500 °C compared
with SiC. Fig. 1(b) shows that the presence of SiO, could
not be detected in SiCPSZ1700. SiO, completely reacted
with SisN, to form Si,N,O or decomposed at high
temperatures and nitrogen atmosphere.

As listed in Table 1, the proportion of Si,N,O in
SiCPSZ1700 increases. Furthermore, Si:N,O phase
decreased in SiCPSZ1800. Si;N,O is thermally unstable
and starts to decompose at a high temperature of 1850
°C [30]. A similar phenomenon has been reported for
LaTiO,N, which decomposed during high-temperature
sintering to La,O; and TiN [31]. The final composition
of the phases in SiCPSZ1800 are a-SiC, B-SiC, and
SiN,O, with the major phase being a-SiC, as listed in
Table 1. On the other hand, the sintering of PSZ led to
the formation of a SiC/SisN4 composite, as shown in Fig.
1(e). No trace of Si;N,O could be detected in the
sintering of SiC and PSZ. The absence of SiO, phase in
PSZ and SizN4 phase in SiC makes the formation of
Si;N,O unattainable.

Table 1 shows the quantitative analysis of the
sintered samples' XRD, density, and relative density. The
density increased with increasing temperature. However,
the densification of the SiC/PSZ composite requires
temperatures >1600 °C. The density of SiCPSZ1600 was
2.48 g/cm’, corresponding to 77.2% of the relative density.
Although the sintered sample was mixed with 5 wt.% of

Table 1. Quantitative analysis of the XRD patterns, density, and relative density of sintered samples

Sample Phase composition (wt.%) Density Relative
B-SiC a-SiC  Si,N,O SiO,  SisN, (g/em®)  density (%)*
SiCPSZ1600 35.2 57.1 7.2 0.3 - 2.48 £ 0.18 78.1
SiCPSZ1700 31.4 56.3 12.3 - - 3.02+0.01 95.5
SiCPSZ1800 27.8 69.4 2.8 - - 3.05+£0.07 95.5
SiC 79.4 20.6 - - - 3.19£0.01 99.3
PSZ 11.8 55.6 - - 32.6 3.17 £ 0.04 98.7

*Relative density was calculated by comparing the density of samples with their theoretical density, according to the

rule of mixture
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additives, it seems that the temperature was too low for
liquid-phase formation; therefore, the density of
SiCPSZ1600 did not increase. In contrast, the density of
the samples sintered at temperatures > 1600 °C
significantly increased, as listed in Table 1. The density
and relative density of SiCPSZ1700 were 3.02 g/cm’ and
94.1%, respectively. No significant increase in the density
of the samples sintered at 1800 °C was observed, i.e., the
density of SiCPSZ1800 was 3.05 g/cm’. Therefore, a
liquid-phase formation is believed to have occurred in
SiCPSZ1700 and SiCPSZ1800, causing densification.

The source of the liquid phase is generally the
sintering additives. The sintering additives, i.e., ALOs—
Y,0s, form a liquid phase at 1760 °C [32]. Therefore, the

densification of SiCPSZ1700 is more likely due to
another liquid phase, not ALLO;-Y,0O;. As reported, the
formation of Si:N,O occurs through a liquid phase
[30,33-36]; hence, the liquid phase enhances the
densification in SICPSZ1700.

Fig. 2 shows the SEM images of the sintered
SiC/PSZ composites at various temperatures. Clearly,
pores were observed in the composite SICPSZ1600 (Fig.
2(a)), which showed a low sintered solid body. On the
other hand, dense sintered bodies were obtained from
SiCPSZ1700 and SiCPSZ1800. Remarkably, the average
grain sizes of SiCPSZ1700 and SiCPSZ1800 were 112 +
40 and 125 + 62 nm, respectively, which increased by a
factor of two from the initial particle size of the B-SiC

200 nm

200 him

r

Fig 2. SEM images of SiC/PSZ composites sintered at temperatures of (a) 1600, (b) 1700, and (c) 1800 °C
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powder. Although the densities of SiCPSZ1700 and
SiCPSZ1800 were similar, the microstructures of the
prepared samples were considerably different. The grain
shape of SiCPSZ1700 (Fig. 2(b)) was close to the initial
shape of SiC, i.e., round, whereas an equiaxed grain was
observed in SiCPSZ1800 (Fig. 2(c)). The difference in the
microstructures is more likely induced by the liquid phase
that forms during sintering. As explained previously, the
liquid phase of Si;N,O appears at a lower temperature
than the liquid phase of ALO;-Y,Os. Hence, the
microstructure in SICPSZ1700 is more likely influenced
by the presence of liquid-phase Si,N,O. Meanwhile,
equiaxed grain in SiCPSZ1800 is affected by the presence
of liquid-phase ALOs;-Y,Os. A similar microstructure
with SiCPSZ1800 is also observed for SiC and PSZ, as
shown in Fig. 3(b) and 3(c), respectively. Therefore, it
seems that the densification process of SiCPSZ1700
occurs because of the rearrangement stage without
proceeding to the shape accommodation stage.

SiCPSZ1800
accommodation stage, even though it seems to be at the

In contrast, reaches the shape
beginning of the stage, owing to which the relative density
SiCPSZ1700.

Densification via the rearrangement stage is possible

slightly ~improves compared with

because of the high capillary force for a small particle size

system [37]. Fig. 3(b) shows a typical SiC microstructure
with the addition of AL,Os-Y,O; sintered at 1750 °C.
Grain coarsening can be observed in the sintering of SiC.
A finer microstructure was obtained when sintering with
PSZ (Fig. 3(c)). SiC and PSZ
microstructures are larger than that of SiCPSZ1800, as

However, the

shown in Fig. 3(a). Since the difference in these samples
is the presence of Si.N,O, Si,N,O plays an important role
in inhibiting excessive grain growth, as in SiC without
polysilazane. The densities of SiC and PSZ were 3.19 and
3.17 g/cm’, respectively, higher than that of the SiC/PSZ
composite. Subsequently, the liquid phase of ALO;-
Y,0s is more effective in enhancing densification than
liquid Si.N>O. The liquid formation is not the only factor
affecting densification. Other factors, such as the low
contact angle, low dihedral angle, volume fraction of
liquid, the high solubility of solid in liquid, homogenous
packing of the particulate solid, homogenous
distribution of the liquid phase, and fairly fine particle
size are also important for densification [38].

Fig. 4 shows a schematic of the densification of the
SiC/PSZ composite at different temperatures. Under the
initial condition, the B-SiC powder is covered by a thin
layer of SiO, on the SiC surface. Furthermore, after

mixing with dissolved polysilazane, it is assumed that an
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Initial condition

Sintering at 1700 *C

amorphous layer of polysilazane also completely covers
the B-SiC powder. Si;N,O is detected at 1600 °C, with a
small amount of SiO; still detected. Although the liquid
phase of Si,N,O is already formed at this temperature, the
amount of Si,N,O is insufficient to aid the densification,
resulting in a low relative density. The relative density
considerably increased to 94.1% at 1700 °C owing to the
sufficient amount of Si,N,O. In this state, densification
occurs without any change in the initial shape of SiC. The
sintering additives, i.e., ALLOs-Y,0s, maintain their shape
since the melting point of these additives is 1760 °C. Shape
accommodation occurs at 1800 °C, and the role of
sintering additives appears at this temperature.

553

Bl - sic

P = 5i0: on SiC surface
- = Polysilazane

- = Sintering additives

B -sin0

Sintering at 1600 *C

Sintering at 1800 =C
Fig 4. Schematic of the densification of SiC/PSZ composite at different temperatures

m CONCLUSION

SiC/PSZ composites were successfully sintered at
various temperatures. A density higher than 90% could
be achieved at temperatures > 1600 °C. Phase generation
during sintering played a significant role in the
densification process. The formation of liquid-phase
Si;N,O was responsible for enhancing the densification
of the SiC/PSZ composite at temperatures as low as 1700
°C. Moreover, densification at 1700 °C helped minimize
grain growth. The grain size of the SiC/PSZ composite at
1700 °C only increased by a factor of two from the initial
particle size of the SiC powder. Sintering at higher
temperatures increased the density as well as the grain
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growth. However, the grain size was considerably finer
compared with that obtained after the sintering of SiC or
PSZ. Therefore, SiC/polysilazane is suitable to obtain the
dense body and fine microstructure ceramic compared to
1750
microstructure. Indeed, the fine microstructure is essential

monolithic SiC sinter at °C with coarse

to enhance the mechanical properties of ceramics.
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