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Abstract: Silica scaling is a common problem in geothermal power generation facilities
which inhibits electricity generation. In order to provide a solution to this problem, the
removal of silicate ions using CPEG-TOMAC (Chitosan-polyethylene glycol-trioctyl
methyl ammonium chloride) membrane adsorbent was investigated for geothermal brine
from Geo Dipa Energy, Dieng. The process is dependent on contact time, pH, and the
concentration of silicate. An adsorption batch study that used adsorbents for the
geothermal brine of the Dieng Geo Dipa reactor 28A showed that CPEG TOMAC at pH
6 resulted in an adsorption capacity of 72.6 mg g'. Furthermore, the adsorption of silicate
ions onto the membrane followed pseudo-second-order kinetics and the Freundlich

isotherm model.
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m INTRODUCTION

The geothermal potential in Indonesia is relatively
high, which is indicated by the 117 active volcanoes that
spread across the country [1]. Furthermore, it is estimated
that Indonesia owns 40% of the world’s geothermal
energy potential or about 28.617 MW. However, only
about 4.5% is being utilized as electrical energy [2-3]. The
Dieng plant is one of the geothermal power plants in
Indonesia with an installed capacity of 60 MW supplied
by steam from eight production wells at four locations [4].
Silica scaling inhibits electricity generation and is also a
common problem in geothermal power plants [5,7]
because scaling decreases the flow capacity of geothermal
fluid in the pipeline network. Chemical analysis of the
Dieng brine indicated high silica and salt concentration.

Silica solubility depends on many factors such as
pH, temperature, and the presence of organic and
inorganic matter [6]. The polymorphs of this compound,
both crystalline and amorphous, have essentially constant
solubility between pH 2 and 8.5 but increases rapidly from
9 onwards [7]. However, the solubility is highly affected

by temperature, ie., 100-140 ppm at ambient
temperature and 300 ppm at 70 °C [3,8].

There are numerous silica removal techniques,
including chemical dosing of lime, aluminum, or iron
salts, antiscalant [9-10], electrocoagulation [11-12],
adsorption [13-14], ion exchange [15-16], and seeded
precipitation [5]. Adsorption is a good solution for silica
scale, which has a high capacity and is used for a specific
pH level [17-18]. The mechanism employed in this
process involved the removal of silica in ionic form from
the solution by adsorption onto active sites on the
surface of the adsorbent material. Aluminum-based
adsorbents appear to give the best result [11,19].
Generally, metal based adsorbents harm the
environment because of their toxic nature towards
organisms, but the adsorbents based on organic
compounds are environmentally friendly [18-21].

Rajeswari (2015) has successfully synthesized
PEG/chitosan (CPEG) composite material, and it was
used to remove phosphate from a water system [22]. The
material can adsorb this ion because phosphate ( HPO,*)
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is an anion that is attracted to the NH," sites of the CPEG
[22]. Silica dissolves in water as H,SiO,, and the
composite material was discovered to be effective for
removing H>SiO4 in geothermal fluid from the Dieng
Geo Dipa Power Plant.

Trioctyl methyl ammonium chloride (TOMAC) is
an emulsifier that increases the solubility of curcumin in
chitosan-pectin material [23], and the molecules have
hydrophilic and hydrophobic groups [24]. As a surfactant
added in the CPEG, TOMAC does not form chemical
bonding in the composite but forms micelles between the
material components. In addition, it is estimated to
increase the adsorption capacity of CPEG which is
optimizable with TOMAC at certain concentrations and
pH levels.

m EXPERIMENTAL SECTION
Materials

All chemicals were obtained from Sigma Aldrich,
which chitosan with a 90%
deacetylation (80 mesh), polyethylene glycol, stock
solution of silicate, nitric acid (HNO; 1 N), acetic acid
(2%), and chloride
(TOMACQ).

includes degree of

trioctyl methyl ammonium

Instrumentation

The FTIR spectra were recorded on Shimadzu
Prestige-21 FTIR spectrophotometer with the KBr pellet
method. The other instruments used were AAS Perkin
Elmer 400 and SEM-EDS FEI FEG Quanta 650.

Procedure

Preparation of CPEG composites

Chitosan was dissolved in 2% acetic acid using a
mechanical stirrer, while PEG was dissolved in distilled
water in another beaker. Then, PEG was added to the
chitosan solution and blended by the stirrer in a boiling
water bath for 2 h. Afterward, extra chitosan was then put
into the solution, shaken at 80 °C for 6 h. Finally, this
solution was poured and cooled on a Petri dish for 3 days
until the material was dried and then used as an adsorbent.
Furthermore, the TOMAC added to the membrane
mixture was varied as 0, 1, 3, and 5% by weight of the
membrane.
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Adsorbent characterization

The IR spectra of the membranes were recorded by
Fourier Transform Infrared Spectrometer (FTIR), while
the surface morphology and elemental composition of
the adsorbent before and after the adsorption process
were analyzed by using a Scanning Electron Microscopy
(SEM).

Adsorption experiments

Batch adsorption experiments were carried out,
where about 0.1 g of the membrane was immersed into
50 mL of 20 mg L' adsorbate solution at the temperature
of 90 °C. At first, the silicate adsorption efficiency of the
membrane was studied with varying parameters of pH
(3-9) and contact time (10-60 min). Then, the sample
from PLTP Geo Dipa Dieng was interacted with the
adsorbent in the same condition.

Sampling method

The sample was obtained from PLTP Geo Dipa
Dieng, in which the temperature, pressure, and pH
features of the location were measured before sampling.
The water baler or dipper was rinsed twice, while the
sample was stored in bottles and acidified to pH < 3 by
HNO; solution.

m  RESULTS AND DISCUSSION

Preparation and Characterization of CPEG

Composites

CPEG composite was prepared by using the same
method as reported previously [22]. Fig. 1 shows the
FTIR spectra of CPEG and CPEG-TOMA alongside
PEG and chitosan.

Fig. 1(a) shows the vibration peak of PEG, a
polymer that shows a bending vibration of C-H at
1456 cm™ and -C-H stretching at 2869 cm™. The
vibrations peak of ~-OH PEG appears at 3500 cm™". The
vibrations of the functional group of chitosan in Fig. 1(b)
show a characteristic peak at 1571 cm™, stretching of
C=0 at 1656 cm™’, and hydroxyl vibration at 3478 cm™.
CPEG membrane shows that a characteristic peak at
3424 cm™ is attributed to stretching the vibration of
-NH and -OH groups of the chitosan matrix, while the
amide peaks of this polysaccharide are slightly shifted to
1632 and 1525 cm™'. The shifts were possibly due to the
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Fig 1. FTIR spectra of (a) PEG, (b) chitosan, (c) CPEG, and (d) CPEG-TOMA
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Fig 2. FTIR Spectra of CPEG (a) before and (b) after
adsorption of silicate

presence of hydrogen bonding between the amide
carbonyl and the PEG hydroxyl. The absorption band at
1382 cm™ indicated the bending vibrations of C-H.
Furthermore, the increased intensity of the peaks at
around 2884 and 1100 cm™ indicated the stretching
vibration of the CH groups and the C-O-C of PEG. The
disappearance of peaks at 953 and 839 cm™ is attributed
to the formation of CPEG as a composite material.

IR spectra of the CPEG-TOMA membrane before
and after adsorbing silicates are shown in Fig. 2. A peak at
3472 cm™ is attributed to -OH groups stretching
vibration in the CPEG-TOMA matrix, while the one at

1636 cm™ indicated -NH vibration. Furthermore, the
peak at 1119 cm™ indicated the stretching vibration of
the C-H groups and the C-O-C of CPEG-TOMA.
Therefore, the three peaks have low intensity because
-NH groups have interacted with the silicate anions. The
active site of chitosan (-NH;") interacted with H3SiO4
by electrostatic force, which affected the intensity and
peak position of the -NH, group.

The existence of silicate on the CPEG membrane
before and after adsorption was confirmed using SEM-
EDS, as shown in Fig. 3. The EDS spectra confirmed the
adsorbent composition after the adsorption process.
However, the elements such as C, O, N, and CI still
appear because they are the main constituent of the raw
material. After the process, silica (Si) present as the
dissolved form in the geothermal fluid was absorbed
onto the CPEG with 1% TOMAC. In addition, the
membrane also had a high-intensity chlorine peak as the
Geo Dipa Dieng plant has a chlorine type reservoir with
relatively high chloride ion concentrations.

Effect of TOMA Addition

Fig. 4 shows the SEM images of the synthesized
samples with the variation of the TOMA concentration.
The TOMAC addition to the CPEG resulted in the
change in the porosity of the material, but no significant
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Fig 3. SEM image of (a) CPEG-1% TOMA, (b) adsorbed silicate on CPEG 1% TOMA, and EDS spectra of CPEG 1%

TOMA (c) before adsorption, (d) after adsorption of silicate

change in regards to that effect was shown upon
increasing the concentrations of the surfactant from 1
until 5%.

Effect of pH

The effect of pH was determined at three different
levels namely pH 3, 6, and 9. The variation was conditioned
based on the geothermal reservoir condition, i.e., acidic
condition at pH 3, neutral condition at pH 6, and basic
condition at pH 9. The adsorption of silicate by the CPEG
composite membrane at various pH levels is shown in Fig. 5.

The results indicated that the pH of solutions had an
influence on the adsorption of silicate onto CPEG. The

highest adsorption capacity obtained at pH 6 was mainly
due to strong electrostatic interaction between the
positively charged sites of the adsorbent. In this case, the
adsorbent is suitable to remove the silicate anions of the
Dieng Geo Dipa brine.

Effect of Silicate Concentration

The effect of the initial concentration of silicate on
the adsorption capacity of the adsorbent is shown in Fig.
6, and these data were used to determine the adsorption
isotherm model. Increasing silica concentration reduces
the percentage of adsorption, but the membrane’s
capacity elevates by increasing the initial concentration.
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Fig 5. Effect of pH on the adsorption capacity of the CPEG
composite material

Atalow amount of the compound, the membrane still has
abundant active groups to ensure that almost all anions
are attached to it subsequently. The increase in
concentration caused the number of active groups filled
with silicate anions to elevate reaching the maximum
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Fig 6. Effect of silica concentration on the adsorption
capacity of the material

level, which results in the inability to bind more
adsorbate. The continuous increase in the attached
silicate anions caused a rise in the interaction with the
available active sites. The increase in the interaction
continues until the surface of the adsorbent is saturated,
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or when the active site is no longer available. Based on
these data,
determined. The adsorption isotherm helps describe the

an adsorption isotherm model was
interaction between the adsorbent (CPEG composite
membrane) and the adsorbate (dissolved silica), the
surface properties of the adsorbent, and its capacity. The
isotherm models used in this study are the Langmuir and
the Freundlich models.

The silicate adsorption capacity of the CPEG
composites was been evaluated using the Langmuir
isotherm model as given in Eq. (1):

A M
9e KiQmax  9max

The linear plots between C./q. vs. C. are capable of

providing qm. and K. information.

Freundlich isotherm model is an empirical equation
based on adsorption on a heterogeneous surface, and its
logarithmic form is given in Eq. (2):

Inq, :ilnCe +InK¢ (2)

Freundlich isotherm constants 1/n and K were
calculated from the slope and the intercept of the plot of
In qc vs. In C., which are related to the measure of
adsorption intensity or surface heterogeneity and capacity,
respectively. The constant values for both models (Table
1) show that the adsorption of silicates on the membrane
of this adsorbent follows the Freundlich model.

Effect of Contact Time
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reached saturation at 60 min and remained almost
constant afterward. Thus, the PEG/CPEG composites
were found to be suitable for the adsorption of silicate
ions from bulk solution onto the active sites of the solid
surface, and the minimum time required for this process
was 60 min. Through modeling, the q vs. time
experimental data was more suitable with the pseudo-
second-order adsorption kinetics model compared to
the first-order. The second-order model produced an R*
value of 0.9923 with a q. value of 40.0 mg g and k; of
1.13 x 107 g mg™ min™".
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Fig 7. Effect of contact time on the adsorption capacity

of the CPEG membrane with 1% TOMAC

Table 1. Parameters for Freundlich and Langmuir
isotherms for CPEG

Fig. 7 shows the adsorption capacity of the CPEG Langmuir Freundlich
membrane with 1% TOMAC for silicate ions at various Quax (Mg g!)  45.46 Ki(mgg?') 221
contact times. K (L mg™) 52x10™ N 1.64

Fig. 7 shows that the adsorbent, CPEG composites, R? 0.9382 R? 0.9858

Table 2. Information on the sampling location
) Location of Sample
Information
Reactor 30 Reactor 30A Reactor 28 Reactor 7B Reactor 7C
Latitude -7.1938 -7.1938 -7.2035 -7.2014 -7.2006
Longitude 109.900 109.900 109.900 109.88 109.88
Altitude 2094.69 2094.69 2108.84 1948.74 2178.32
Pressure (bar) 0.76 0.76 0.76 0.76 0.76
Water Temp (°C) 89.3 89.1 90.5 91.0 91.0
Air Temp (°C) 21.0 21.0 20.0 20.0 20.0
pH 6.22 6.19 6.15 6.24 6.26
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Table 3. Comparison of the silicate ion adsorption capacity of CPEG with other reported adsorbents

Adsorbent Adsorbate Adsorption capacity (mg g* Reference
Gallic-acid modified resin Silicate 4.64-4.94 [25]
Cation resin Silicate 6.6 [16]
Geothite Silicate 6.12 [26]
AA101 T20 Silicate 5.0 [11]
AA101 T30 Silicate 7.5 [11]
Ferrihydrite Silicate 34.2 [27]
CPEG Silicate 72.6 The current study
&0 adsorption capabilities of these adsorbents were also
70 =30 =28A 7B 270 =30A investigated. The number of ions adsorbed elevated with
60 increasing concentration of silicate. The optimum pH
for the adsorption was pH 6, which is the average level
s "0 for geothermal fluid. The adsorption isotherm data fit
£ 40 the Freundlich model, while the reaction rate followed
s 30 second-order kinetics. The adsorption capacity (q.) of
the prepared CPEG membrane with 1% TOMAC was
2 72.6 mg g™, higher than the other adsorbents. The results
10 1 obtained in this study illustrated that PEG/Chitosan
0 composites are promising materials for silicate ion

0 1 3 5
TOMAC concentration (%)

Fig 8. Effect of TOMA concentration on the adsorbent
material capacity to adsorb silicate from the geothermal
fluid of Geo Dipa

Application of CPEG on Geo Dipa Dieng Geothermal
Brine

Geothermal fluid was obtained from Geo Dipa
Dieng, and the reservoir condition is shown in Table 2.

The adsorbents were tested to remove silicate from
the geothermal fluid. Fig. 8 shows the effect of TOMAC
concentration on the material capacity. The adsorption
capacity was high when the concentration of TOMAC was
1%. This effect is mainly due to the strong electrostatic
interaction between the positively charged sites of the
adsorbent and the silicate anions and their entrapment in
the pores. A comparison of the adsorption capacities of
CPEG with other materials is given in Table 3, which shows
the advantages of the adsorbent being developed.

m CONCLUSION

In summary, CPEG composite materials were
studied with different parameters, and the silicate ion

removal from aqueous solutions in geothermal systems.
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Abstract: Potential energy curves (PECs) and energy profiles of atomic O attack on
coronene as a model for graphene/graphitic surface and interstellar reaction surface have
been computed at the unrestricted B3LYP/cc-pVDZ level of theory to elaborate on atomic
O attack mechanism and chemisorption on coronene. The PECs were generated by
scanning the O atom distance to the closest carbon atom on "top” and "bridge” positions
in the coronene, while fully relaxed geometries in the triplet state were investigated to gain
the energy profile. We found that the most favorable geometry as the final product was
the chemically bound O on the "bridge" site in the singlet state with an interaction energy
of -29.2 kcal/mol. We recommended a plausible mechanism of atomic O attack and
chemisorption reaction on coronene or generally graphitic surface starting from the non-
interacting O atom and coronene systems into the chemically bound O atom on coronene.

Keywords: graphene oxide; chemisorption; density functional theory

= INTRODUCTION

Single-atom  chemical functionalization on
graphene [1] has been investigated to alter the graphene
properties for many diverse applications [2]. Oxygen
atom is one of the most investigated atoms to modify
graphene [3] or graphene oxide (GO). It could be applied
on electronic devices, for instance, field-effect transistors
device [4], thin-film transparent conductor [5], and a
light-emitting diode or LED [6]. The GO is feasible to be
used as a precursor to synthesize graphene-based
functionalized nanosheets via chemical reductions [7].
Thus, an efficient GO synthesis method is a critical issue
for electronic materials possessing preferred electric
performances. The strong oxidizing agent is used towards
graphene [8] or exfoliating the bulk form to layered sheet
[5,7,9] in synthesizing GO. The synthesized GO has a
diverse distribution of oxygen-contained functional
groups, for instance, phenol, carboxylic, lactone,
carbonyl, hydroxyl, epoxide, and quinone [3,10-12].
Inhomogeneity of the synthesized GO inhibited

uninterrupted  electron  transportation on the
synthesized graphene nanosheets compared to the
pristine graphene material, caused by defects in the
nanosheets [3]. Direct oxygen plasma exposure to
graphene is another synthesis method to obtain GO [13-
15]. Careful control must be taken when using the
plasma oxygenation approach; high-energy species such
as O*" exposure on the graphene could cause irreversible
lattice damages and provoke defects on the sheet.

One of the propitious methods to obtain
homogeneous graphene oxide is atomic O exposure to
graphene via thermal cracking [16-17]. O, molecules are
splintered into O atoms by a hot tungsten filament at
~1500 °C under ultrahigh vacuum conditions. Although
it is arduous to obtain the details of structural
information and mechanism caused by the extreme
experimental condition, a theoretical calculation can
provide more insight into the mechanism investigation.
Several theoretical investigations of O insertion on
graphene [18-19] and graphite [20-21] with periodic
boundary conditions (PBC) have been conducted. Most
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of the reported investigations have focused on the GO
nanosheet structures. Still, the atomic oxygen attack
reaction mechanism on graphene has not been
investigated deeply, which could aid in explicating the GO
structure in the experimental results and designing new
GO-based materials.

In the field of astrophysics and astrochemistry,
polycyclic aromatic hydrocarbons (PAHs) could be used
for modeling 2D reaction surfaces in interstellar space
[22-26]. Atomic O plays a significant role in the
elementary water formation processes under the
interstellar medium [27]. The interaction of PAHs with
atomic O may play a major role in further, a more
complicated chemical reaction in the interstellar medium.
For example, the elementary process of water formation
was proposed due to the adsorption of atomic O on dust
grains [28-29]. Hence, it is interesting to study the
interaction between atomic O and PAHs.

In this theoretical study, we investigated atomic O
attack and chemisorption on coronene (C,Hi,), a PAH,
by using density functional theory (DFT). Coronene has
also been consistently employed as a model of graphene
for the atom-graphene interaction studies [30-34]. We
showed plausible reaction intermediates, transition states,
and products. We propose a mechanism of atomic O
attack on graphene in an early stage of graphitic material
oxidation to explain the experimentally observed oxygen
homogeneity on graphene [16] and probable impacts on
astrochemistry.

m COMPUTATIONAL METHODS

To predict possible stationary points of the O attack
process in the initial stage, we calculated the potential
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energy scan of atomic O on coronene (C,sH1,). There are
three possible attack sites on coronene, which are "top",
"bridge," and "hollow", as being shown in Fig. 1.

The potential energy calculations on the distance
between the O atom and the coronene sheet at the "top"
site or "bridge" site were carried out to observe the
interaction of the O atom that may form a single bond
or two single bonds with the C atom in the coronene
sheet respectively, while the attack at "hollow" site was
not considered because the O atom attack at the site will
be energetically unfavorable since the interaction energy
indicated repulsive as in the case of H and F [33-34]. As
shown in Fig. 2, the C-O distances, rC-O, are described
as the distance between O and C1 at the "top" site and
between O and the center of C1 and C4 atoms at the
"bridge" site, where rC-O = rC1-O = rC4-0.

O atom and coronene ground states take triplet
state O(°P) and closed singlet state, respectively. Both the
O atom and coronene are on the ground state when
separated, while the singlet or triplet state is possible
when chemical bonds are formed. Therefore, we
examined both states to study the reliance of the
adsorption reaction mechanism on the contrastive spin
states.

Following geometry optimization computation of
the coronene sheet, we introduced relaxed scans at "top"

@ Bridge
Il Hollow

Fig 2. Coordinate definitions of rC-O at the (a) "top" and (b) "bridge" sites on coronene
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and "bridge" sites in triplet state with fixing rC-O to gain
the PECs for the range between the O and each site. In the
case of the singlet state, the O tended to form bridges with
the closest two carbon atoms in the coronene at both
attack sites, which prevented from completing relaxed
scans at the "top" site correctly. Therefore, we performed
single-point calculations based on the geometries
obtained by the relaxed scan in the triplet state because
geometries in the triplet and singlet state should not be
mainly different in general. After the PECs are obtained,
the geometries from the local minima or maxima on the
PECs in both spin states are optimized and followed by
vibrational analyses. In the existing transition states, the
intrinsic reaction coordinate (IRC) calculations were
conducted to ensure that the generated geometry
structures were transition states.

We applied unrestricted B3LYP [35] density
functional with the cc-pVDZ basis set to scan the relaxed
"top" and "bridge" sites and full optimizing calculations of
the stationary points. The B3LYP/cc-pVDZ level of
theory is accurate enough to give the adsorption energy
because the energies in the analogous system of coronene
with H and F atom evaluated at the same level of theory,
B3LYP/cc-pVDZ were similar to the energies estimated
by the correlated ab initio wave function method to the
complete basis set limit [33-34]. All computations
performed in this work were carried out using Gaussian
09 program package [36]. To compute the bond orders,
the wave function (.wfx) file from Gaussian 09 output
calculated at B3LYP/cc-pVDZ level of theory was
processed using the chargemol code [37].
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The interaction energies, Ei., were evaluated by the
following equation:
E_ =E Eo (1)

where Ecoronene-0> Ecoronenes and Eo, are the energies of

int = “coronene—O _Ecoronene -
coronene and O atom complex, optimized coronene,
and O(’P), respectively. The bond orders were computed
using the density-derived electrostatic and chemical
(DDECS6) partitioning method [37-39].

RESULTS AND DISCUSSION

Potential Energy Curves from B3LYP/cc-pVDZ
Level of Theory

Based on the geometry, the interaction energy can
be considered as van der Waals (vdW) interaction,
which is analogous to graphene and OH radical models
[40]. Local maximum energy observed in the PEC at
"top" site at 6.3 kcal/mol and local minimum energy at -
0.4 kcal/mol. The rC-O distance in local maximum and
local minimum energy was detected at 1.8 Aand 1.4 A,
respectively. While at the “bridge” site, local maximum
energy was observed at 14.5 kcal/mol with an rC-O
distance equal to 1.8 A and local minimum energy of
3.3 kcal/mol with a shorter rC-O distance of 1.5 A (Fig.
3(a)). Activation barrier of atomic oxygen attack
the

formation indicated by the maximum and minimum

towards coronene and oxygenated-coronene
PECs. Furthermore, the PEC scores were collected by
single-point computations in the singlet and triplet
states at the scanned geometry structures as being shown
in Fig. 3(b), a minimum energy of 1.5 kcal/mol at rC-O =

1.4 A and -20.4 kcal/mol at rC-O = 1.5 A were obtained

{a) 20 {b) 20
lop —— F top - -
= 15F bridge —e— = 15 F bridge - @
E nf E wi
B ooPrs - o . o B O caccndacccaccana
E"‘I -l S'I: B
8 8§ I =
& -0} E-wo}
B -5k S-isF .
z &
E -20f £ -20 b-a
-3 I T N R N i 4§ & § i -25 i 1 i L 1 L
141616 2 22242628 3 32343638 4 14 15 18 : 22 24 2B

C-O distance (A)

C-0 distance (A)

Fig 3. PECs interaction between coronene and O atom at B3LYP/cc-pVDZ level of theory calculation in (a) triplet and

(b) singlet states
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for "top" site and "bridge" site, respectively, signifying the
formation of coronene-O adduct in the system.

The interaction energy of the singlet state goes up
with increasing C-O distance because at far coronene-O
distance, the system converges to these states:

coronene ('A) + O('D) 2)
while in the triplet state, the system converges to
coronene ('A’) + O(P) (3)

It is evident that singlet O('D) is higher in energy
than triplet OCP). Unfortunately, for the singlet state
PECs, we cannot show the energy after 2.6 A since the spin
squared expectation values (S°) exceed 0.1 at far C-O
distance rendering the single determinant wave function
unreliable. Such a problem can be resolved by employing
a multireference wave function level of theoretical
calculations. Unfortunately, the calculations require high
computational costs, and our current infrastructure
cannot support the calculations. Theoretically, the energy
should converge to approximately 45 kcal/mol, which is
the O(’P) > O('D) transition energy.

On the other hand, the values of the triplet state are
between 2.00 and 2.005 for all points in the triplet PECs,
implying that the triplet state has small properties of
multiconfiguration. Hence, we could employ the single
determinant calculation for all points in the triplet state.
In contrast, the single determinant (DFT) approach can
only be used for the coronene-O binding region of the
singlet state.

It is known that the H atoms significantly modify
electronic properties, e.g., coronene has a substantial
quadrupole moment and significant HOMO-LUMO gap
while graphene is a zero-gap semiconductor. However,
our focus is on the potential energy curve (PEC) for the
approach of an O atom towards coronene as a graphene
model to provide accurate reference values. We
confirmed that using a larger model, i.e., circumcoronene
(CssHis), the profile of PEC for O atom chemisorption on
circumcoronene was similar to that of coronene.
Termination of the coronene model by H atoms is
unavoidable for practical reasons. Moreover, non-
hydrogen terminated finite molecular graphene models
have significantly different orbital types compared to
infinite graphene [41].
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The stationary points aforementioned are not the
true minimum energy because they were obtained with
the distance of the C-O bond fixed. To discuss details of
the O attack process, we used the obtained maximum
and minimum structures as initial geometries for further
full optimizing calculations described below.

Optimized structures and energy diagram

Based on the PECs data, we could conjecture
diagram energy for atomic O-coronene interaction as a
graphene model for all sites. From the PECs at the ‘top’
site, we obtained the stationary points, and they are
described as follows rC-O = 1.4 A as oxidized coronene,
rC-0 = 2.5 A as vdW complex, and the in-between
medium distance to form C-O bond, respectively. For
the "bridge" site, the points could be around rC-O = 1.5 A
as oxidized coronene, rC-O = 2.6 A as vdW complex,
and the in-between medium range to form C-O bond
and alter the spin state. Optimized stable species are
being labeled in alphabetical order. The structural
geometries at transition states (TS) are represented
following the reactant and product’s name, respectively.
The energy diagram was constructed by utilizing the
relative energies to the sum of the total energy of
coronene in singlet state and O(’P) states.

The triplet states in Fig. 4(a) visualized that the van
der Waals complexes at the "top" and the "bridge" sites
approached the same species of A. In the "top" site, we
observed the O atom with the C1-O distance of 2.67 A
with a value of 2.0 kcal/mol for their interaction energy.
The structure geometry at the local maximum (about
rC-O = 1.80 A) on the PEC of the "top" site being
optimized and the first-order transition state labeled as
TS(AB) observed, and the O atom is located in the "top"
site with the distance of rC1-O is 1.82 A and 6.1 kcal/mol
for its interaction energy. However, the optimized
geometry structure observed converging into an
unexpected second-order transition state for the case of
the "bridge" site. Therefore, this peculiar structure will
not be discussed in the remaining discourse. Two stable
geometries of the coronene-O adduct were obtained and
labeled as B and C from the initial geometry structures
of the oxidized coronene with the distance around rC-
O =1.4 A at the "top" and "bridge" sites. The B and C were

Mokhammad Fajar Pradipta et al.



1076

Indones. J. Chem., 2021, 21 (5), 1072 - 1085

e %

Cs? C1A  TS(AB) ci*A B
V., 531 73 cm! 1C1.0 142 A
rC1.0: 267A CAtO- 18D A rCA0-220A

£ O-C1-C4 827"

C1%  TSBC)
l.-"_ﬂ 522 58 crr!
rci-0: 143A
rC4.0 1.72A
£ 00104, 723"

£ .C1-C4 : 965.6°

Ccta {C)

rc1-0: 148 A
rc40: 148 A
£0CLCH 597

(b)

Gt'A  TS(DE)

.
]
o ]
Ca'A D
rC10 143 4
rC2-0: 144 A

£ 0-C1-C2 - 57 4°

vV E35.25icm”

g

rG1-0: 1424
rC20: 2244
rC40:218A
£ C1-C4: 957
£ O-C1-C2: 1003

ci'A
rC1-0:1.43 A
ro40:1.43 A

£0-C1-C4 b5.9°
Fig 4. Optimized intermediates and transition states with their point group, state, and specified geometrical structures

in (a) triplet and (b) singlet states. Red-colored arrows were being drawn to represent the constructed frequencies

modes for the transition states (TS).

observed to have -1.8 kcal/mol and 3.3 kcal/mol
interaction energy, respectively. Furthermore, a first-
order transition state structure between B and C was
obtained and labeled as TS(BC) with the distance of rC1-
O = 1.43 A and rC4-0 = 1.73 A and 6.1 kcal/mol as its
interaction energy. This result was unexpected we
obtained from the relaxed scan PECs. As for the singlet

state in Fig. 4(b), two possibilities of structures were
available at the “bridge” site, which were labeled as the
"edge-bridge” (D) and the "graphitic-bridge" site (E).
The "edge-bridge" structure (D) were calculated by
optimizing the structure of rC-O = 1.40 A on the PEC
of the "top" site since it is observed as an unstable species
in the singlet state. We also optimizing the geometry
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structure of rC-O = 1.50 A on the PEC of the "bridge" site
to obtain the "graphitic-bridge" structure. Both the D and
E geometries were recognized to exhibit epoxide
structures with the —35.0 kcal/mol and -29.2 kcal/mol for
the interaction energy values, respectively. The geometry
of the transition state (TS) between the D and E
structures, labeled as TS(DE), was optimized with the
distance, rC1-0O =
value of 1.2 kcal/mol. The complete energy surface of the

1.42 A, with an interaction energy

stationary points is shown in Fig. 5.

Other theoretical studies report that the interaction
energy of the graphene model introduced with a single O
atom is ca. =55 kcal/mol [42]. The discrepancy with our
computed value might be caused by the differences in the
computational methods. For a test, we compared the
interaction energy between coronene and O atom using
the plane wave PAW method [43] using PBE functional
[44] (PBE-PAW) and PBE/cc-pVDZ methods. It turns
out that the former gives the interaction energy of

10 TS (AB)

Coronen + O ('P) .

o 0.0
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-54.1 kcal/mol while the latter gives —48.0 kcal/mol.
Thus, we might suspect that the previous reports were
using PBE-PAW as their level of theory. PBE is also
known to underestimate the interaction energy, as we
encountered earlier [33-34].

The Possible Intersystem Crossing Pathway (ISCP)

It is conclusive that the coronene-O system is
stable on its triplet state at far C-O distance, while the
coronene-O binding region is stable in the singlet state.
Therefore, it is reasonable to address a possible ISC
Although the
multireference (MR) calculations to describe the

mechanism during the reaction.
energetics are desirable, the high computational cost of
such methods inhibits us from conducting the
calculations for the current systems. In any case, the
DFT level of theory seems to be good enough to predict
qualitatively and even quantitatively the correct energy
ordering and potential energy surfaces (PES) of species
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Fig 5. Adduction of O atom on coronene structure in the triplet (red) and singlet (blue) states potential energy diagram
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with dissimilar spin states in comparison with more
expensive high-level MR wave function theories such as
RASPT2 and CASPT?2 [45-48].

To figure out the possible location of the ISC point,
the PECs from the relaxed scan and the interaction energy
at the stationary points were compared. Fig. 6 shows the
comparison between the triplet and singlet states at each
adsorption site. As shown in Fig. 6(a), there is an
additional point at ca. 1.43 A with —29.2 kcal/mol at the
singlet PEC corresponds to the interaction energy at E
geometry. The interaction energy at C geometry nearly
overlaps the interaction energy at rC-O = 1.40 A. The
figure shows that for the bridge site, the PECs of the triplet
and singlet states cross at approximately C-O distance of
1.95 and 1.4 A with the interaction energy of ca. 13 and
5 kcal/mol, respectively. For this site, the first possible ISC
occurs before the direct insertion of the O atom from the
vdW complex to the triplet bridge site. Second possible
ISC point for the bridge site is at rC-O = 1.4 A with the
interaction energy ca. 5 kcal/mol. However, if the ISC
occurs via the second ISC point, the system must overcome
the higher energy barrier. Thus, if the ISC occurs via
direct bridge site insertion, it should occur via the first ISC
point. This ISC point is a spin-change barrier type [46].

Fig. 6(a) shows the comparison between singlet-
triplet states at the top adsorption site. Interestingly, the
singlet and triplet PECs do not cross along the top site
pathway, which could mean that the ISC should occur
starting from the triplet minimum for the top site.
However, since the energy barrier of the O insertion from
vdW complex to the top site, i.e., interaction energy at
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TS(AB) geometry is lower than the spin-change barrier
of the bridge site by ca. 7 kcal/mol, it is most likely that
the ISC occurs via the adsorption from the top site.

To further evaluate the ISC process from the top
adsorption site, the PECs were computed in the singlet
and triplet states by scanning the energy along with the
triplet top site minimum geometry (B) to a singlet
geometry. From Fig. 4, it is evident that the B and
TS(DE) geometries are nearly identical. Therefore, we
consider that the ISC occurs along B > TS(DE) pathway.
We consider two B > TS(DE) pathways. The first
pathway is the direct B > TS(DE) pathway. This pathway
is mainly controlled by the O-C1-C4 and O-C1-C2
bond angles changes since the O-C1 bond length and
other important internal coordinates are nearly
identical. The second pathway is the B > TS(DE)
pathway via F geometry (Fig. 7), dubbed as B > F >
TS(DE) pathway. F geometry is the output geometry
from the relaxed scan at fixed rC-O = 1.3 A in the triplet
state. We consider this geometry since the energy in the
singlet and triplet states at F geometry is nearly identical
from the PEC. Also, if the incoming atom has enough
kinetic energy, the system can undergo the reflection
and back chemisorption process as in the case of
adsorption of atomic H on graphene [49], which occurs
at a shorter C-H distance than the equilibrium distance.
Therefore, in our case, the ISC may also occur at a
shorter C-O bond distance. The second pathway is
mainly controlled by C-O bond shortening and
elongation. The pathways were prepared by the
following internal coordinate interpolation:

20
(b} singhal
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Fig 6. PECs interaction graphs between coronene and oxygen atom at B3LYP/cc-pVDZ level of theory at the (a) bridge

and (b) top sites
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Fig 7. The F geometry

C =xC(E) + (1-x) C(TS(DE)) (4)
where C is the internal coordinates between E and
TS(DE), C(E) and C(TS(DE)) are the optimized internal
coordinates of E and TS(DE), respectively, and x is the
weight coefficient (0 < x < 1).

Figure 8 shows a reaction pathway from triplet top
site adsorption minimum. Fig. 8(a) visualized that the
energy of the triplet state increases monotonically until
the TS(DE) geometry while the energy of the singlet state
decreases. The crossing occurs at proximity of TS(DE)
geometry with the barrier energy ca. 3.0 kcal/mol relative
to B triplet state energy. Fig. 8(b) reveals that at F
geometry, the energy difference is only 0.5 kcal/mol.
However, the energy does not seem to cross until the
proximity to TS(DE) geometry. Given that the error bar
of the B3LYP method is 1-3 kcal/mol, it is reasonable to
consider a pathway through a bond shortening
mechanism since the energy may cross along the path.
Another consideration is that the crossing occurs at an
even shorter C-O distance. In any case, the crossing via
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bond shortening mechanism must require higher energy
to overcome the barrier than the direct mechanism.

Recent theoretical studies of O(CP) + C,H,
reactions suggested that the ISC could occur at the
crossing points where it is observed that the spin state of
acetyl biradical ¢«CH,CH,Os species transformed from
initial triplet minimum state towards an open-shell
singlet saddle point [50-52]. Comparable spin state
transformation in the O atom attack with graphite
cluster was proposed by Ehrenfest dynamics simulation
via time-dependent DFT (TD-DFT) computation, and
the range between O atom with the graphite model
surface was observed at ca. 1.2 A [21] suggests an ISC
pathway via bond shortening mechanism since the bond
is shorter than the equilibrium C-O bond length for a
high-energy oxygen collision reaction.

Electronic Structure Changes during Reaction

To elucidate the electronic structure changes
during the reaction, we conducted natural bond orbital
(NBO) [53] and bond order analyses for the coronene-
O system along the proposed reaction pathway. Herein,
we focused on the NBOs and bond orders of C1 and its
neighboring carbon atoms (C2, C3, and C4) with the
incoming O atom.

The NBOs results of Cl to its adjacent carbon
bonds in the geometry optimized, isolated coronene
structures are expressed as follows

o -c, =0.7071(sp>*")C1+0.7071(sp>*")C2
Oc,=c, = 0.7108(Sp2’01 )C1+ 0.7034(Sp2'01 )C4

(5)

o

Ralative enargy (kcalimal)

B F TSHDE)

Fig 8. The PECs of possible ISC pathway from triplet top site adsorption minimum (A) to singlet top site geometry
(TS(DE)) via (a) direct top and (b) bond shortening mechanism. The energy of B geometry is taken as the reference
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shown that the bonds exhibit strong characteristics of sp
orbital. Upon reaching the top triplet minimum (B), The
NBOs results of C1 to its adjacent carbon bonds changes

to
S, -, =0.7081(sp”>*)C1+0.7062(sp™**)C2
6, -c, =0.7064(sp™**)C1+0.7078(sp>*)C3 (6)

S, -c, =0-7006(sp***)C1+0.7136(sp> > )C4

The NBOs indicate that there is observed a shift
from sp” to sp” but the shift transition is not complete.
The NBOs of the final product (E) are
oc,-c, = 0.7122(sp™**)C1+0.7020(sp>*)C2
oc,—c, = 0.7080(sp"?®)C1+0.7062(sp>*!)C3 (7)
oc,-c, = 0.7078(sp>%°)C1+0.7064(sp®>*)C4

Interestingly, at the bridge site minimum, the bonds
hybridization return to the sp>. The drastic change comes
from the oci-cs bond. The NBO of this bond changes from
sp’ type hybrid to more dominated by p orbital, which
means that the C1-C4 bond in this structure is weaker
due to weaker s character.

The bond orders of the selected bonds are listed in
Table 1. The presented results can complement the NBO
analyses. In the free-standing pristine coronene, the
aromatic C-C bond orders are uniform with the bond
order value of 1.1864. Upon insertion of the O atom to
form the vdW complex, the C-C bond order values are
slightly reduced to 1.14-1.17. Additionally, there is no
C-0 bond formation since the C-O bond order is below
0.1. At the B structure. The most significant change is the
weakening of the C-C bond around the adsorption site
also the formation of the C1-O bond, and the formation
of a weak C4-0 bond. The aromatic bonds change to the
single bond character as shown by the bond order values
(0.85-1.03). The bond order value of the C-O bond
confirms that the C1-O is a single bond.
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At the final product geometry E, the C1-C2 and
C1-C3 bonds become closer to aromatic bonds. The
results are consistent with the NBO results as presented
by the hybridization. On the other hand, the adsorbed O
atom on coronene requires both C1 and C4 atoms to
share the electron, causing the bond weakening of the
C1-C4 bond. In this structure, the C-O individual bond
is imperceptibly weaker than the single C1-O bond in
the B geometry. However, since there are two C-O
bonds in the E geometry, the total C-O bond is stronger.

To confirm the spin location during the reaction,
the spin density distribution (Ap) is analyzed. The spin
density is defined as a subtraction operation of the
density of a and f spin:

Ap=p, —pg (8)

The spin density of vdW complex A shows that
spin is localized at the O atom (Fig. 9). The spin density
of O at the vdW complex is 1.9, indicating that most spin
is located on the O atom. At the triplet top site B
geometry, the spin density of the O atom decreases to
0.92. This value of the spin density suggested that there
isan unpaired electron in the O atom while the other

Fig 9. Spin density distribution of the van der Waals
complex A and triplet top site minimum B geometries

Table 1. Bond order values of the selected bonds of the minima structures

Bond orders

Structure Cl1-C2 C1-C3 Cl1-C4 C1-0 C4-0
Coronene 1.1864 1.1864 1.1864 - -

A 1.1433 1.1714 1.1714 0.0624 0.0162
B 0.8716 0.9037 0.8499 1.0043 0.1173
E 1.0269 1.0432 0.5686 0.8954 0.8954
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unpaired electron is delocalized onto the coronene (Fig.
9). In the final product, the a and P spin are distributed
equally to the system, which means the spin density is zero
for the entire system. This confirms the non-magneticity
of the final product as observed in the experiment.

Impact on Graphene Oxidation Mechanism

Furthermore, we direct our attention to the atomic
O attack with low energy in real experiments, whereupon
the O atom would not generate defects on the coronene
or any other graphitic surfaces. Based on the potential
surface in Fig. 4, we could expect oxygen chemosorption
on graphene due to the atomic O atom direct attack on
the sheet. Oxygen atom on its P state approaching
graphene to develop such a precursor complex (A) at the
range of rC1-O = 2.67 A. After passing the activation
barrier point, at 6.1 kcal/mol in the distance of rC1-O =
1.82 A, the range between the O atom and the coronene is
reduced to rC1-O = 1.42 A, and a frail coronene-O
complex formed and labeled as B. The B structure is a
biradical complex with a triplet state and —1.8 kcal/mol for
its interaction energy. On the B structure, an unpaired
electron is observed to localized on the O, and the other
radical is delocalized around the coronene. Following the
B structure formation, there is a probability of developing
an epoxide structure.

The first plausible reaction mechanism is a ring-
closure reaction between C4 and the O atom to form a
C4-0 bond, and the reaction results in the epoxide-like
forms complex C on its triplet state. The second plausible
pathway is an intersystem crossing (ISC) that occurred
from the triplet state to the singlet state due to the energy
difference between the B structure and the TS(DE)
geometry only several kcal/mol, and the B structure are
alike to the TS(DE) geometry. The ISC likely occurs via
the direct mechanism.

After the ISC, the D or E structure could be formed
by a plausible ring-closure reaction. Either D or E
structure should form as a major product in the singlet
state due to epoxide formation in the singlet state, D or E,
which is considerably more stable than on its triplet state,
C. However, we do not have to consider the difference
between D and E because they are the same structures on
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graphene. The results generated by our investigations
correspond with the precursory work, which stated that
the ground state of graphene oxide (GO) structure has a
nonmagnetic property [13].

According to our work, we assume that the atomic
O attack on graphene generates graphene oxide (GO)
with epoxy structure as the major product since the
formation of poorly O atom adsorption on the "top" site
of graphene in a triplet state could quickly encounter
relocation to the "bridge" in singlet state due to the
notable energy difference among those states whereas
the latter is substantially lower. While comparison with
the experimental barrier is desirable, to the best of our
awareness, there is no systematic investigation on the
kinetic of O adsorption on graphene or PAHs.
Therefore, the energy barrier may be estimated by the
reaction condition. According to the kinetic theory of
gas, the kinetic energy expression of monoatomic gas, Ex
= 3/2kyT (k, Boltzmann constant) with the experimental
reaction condition of ca. 1500 °C [16], corresponds to
the kinetic energy of ca. 5.3 kcal/mol, which is necessary
to pass the computed barrier, 6.1 kcal/mol.

Impact on Astrochemistry

Oxygen atom interaction with the PAH surface can
be illustrated in Fig. 10. The O atom originally from the
interstellar cloud is obliged to the surface of PAH via vdW
interaction, and the O atom is located at 2.5-2.6 A above
the surface. If the O atom receives kinetic energy larger
than 6 kcal/mol to conquer the first barrier and the spin-
change barrier, the atom can be covalently bound on the
surface, and as a result, the C—O bond is formed. In this
case, both direct and bond shortening ISC can occur
depending on the kinetic energy of the incoming O atom.

The first O insertion barrier energy value is similar
to the H atom insertion barrier energy value to PAHs as
reported by Tachikawa and Wang et al. [30,34] with
5-7 kcal/mol while O atom binds stronger than H atom.
Since in case of water formation in interstellar medium
requires both adsorptions of O and H atoms on the
substrate [28-29], the adsorption of oxygen and
hydrogen atoms on PAHs might be an alternative route
of water formation in the case of the interstellar medium.
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Fig 10. Depiction of the interaction of O atom with PAHs

m CONCLUSION

We theoretically suggested a plausible atomic
oxygen attack and chemisorption mechanism on the
coronene-based structure on the PECs computed by DFT
at the "top" and "bridge" sites on the coronene structure.
We ensured that the coronene-O system has a stable spin
state on its triplet state at the far C-O range, whereas the
coronene-O binding region has a stable spin state has on
its singlet state. We recommended that atomic O attack
on the coronene surface started in triplet state at the "top"
site with the activation energy barrier of 6.1 kcal/mol, and
the ISC occurs with facile oxygen atom relocation to
develop a stable epoxide functional group in a singlet state
of -29.2 kcal/mol or -35.0 kcal/mol for its interactions
energy.
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Abstract: Synthesis of graphene oxide (GO) material with variations in
permanganate/graphite ratio has been carried out. This research purposes to study
the impact of increasing oxidizing agents to graphite on the chemical structure and
properties of the GO material produced. All GOs were synthesized using the
improved Tour method with three variations of permanganate/graphite ratios of 5,
6, and 7. The results obtained include GO-5, GO-6, and GO-7, respectively, having
a d spacing value of 0.843; 0.891; 0.894 nm by XRD analysis and 0.768; 0.756; 0.772
nm by SAED analysis. Based on the FTIR data, all GO materials bring up the peaks
of oxygen-functionalized carbon absorption such as O-H, C-H sp?, C=0, C-O-C
of ether and ester, and C-OH for carboxylic acids and alcohols. The oxidation levels
(O/C ratio taken from EDX data) of GO-5, GO-6, and GO-7 are 0.67, 0.88, and
1.50, respectively. SEM images display the appearance of an exfoliated layer with a
wrinkled and irregular surface. TEM images show thin and transparent layers. The
main peaks with the highest absorbance at the wavelength around 230-240 nm,
meanwhile the band gap energy produced was 3.53; 3.71; 3.55 eV for GO-5, GO-6,
and GO-7, respectively.

Keywords: chemical properties; chemical structure; graphene oxide; improved
tour method; permanganate/graphite ratio

= INTRODUCTION

Graphene is a carbon derivative containing a thin
layer of sp® hybridized carbon atoms in a honeycomb
crystal grid [1]. Graphene displays superior electronic and

mechanical characters as well as

the electrical

modulus of 1 TPa and ultimate strength of 130 GPa,
single-layer graphene is the most robust material ever
investigated [2]. These distinctive qualities of graphene
could bring out great implementations as batteries [3],
electrochemical

sensors [4], supercapacitors  [5],

electrocatalysis [6], polymer solar cells [7], etc.

conductivity of up to 6000 S cm™, the thermal
conductivity of 5000 W m™ K™, charge-carrier mobility
0250000 cm® V™' s™' at ambient temperature, and a broad
theoretical specific surface area of 2630 m* g"'. Moreover,
graphene is exceptionally translucent, with the absorption
of < 2.3% against visible light and even, with Young's

Some methods have been declared for the synthesis
of graphene that can be principally divided into two
diverse ways: the bottom-up [8] and top-down [9] ways.
The bottom-up growth of graphene layers is an option
for the mechanical exfoliation of bulk graphite. In
bottom-up processes, graphene is prepared by a type of
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methods like chemical vapor deposition (CVD) and
epitaxial growth on SiC. Both of them regularly generate
big-sized, lack free graphene in a small amount
appropriate  for basic research and electronic
performances. They are over interesting than the
mechanical cleavage method [10]. Nevertheless, these and
other methods called before are not compatible with the
synthesis of graphene required to prepare graphene-based
nanocomposites that generally need significant quantities
of graphene layers worthy of a functionalized surface
formation. Accordingly, for the fabricating of graphene-
based nanocomposites, which mostly involves bulk
amounts of homogeneously disparted graphene layers,
the top-down way (i.e.) chemical and, or thermal
reduction of graphite derivatives such as graphite oxide
(GO) emerges to be the supremely convenient and
expeditious device [2].

GO is a precursor for graphene synthesis, which is
oxygen loaded carbonaceous layered material highly
identical to graphite [11]. However, graphite composes
simply sp® hybridized carbon atoms, while GO includes
both sp’ and sp* hybridized carbon atoms. The sp’
hybridized carbon atoms in GO are covalently bonded
with oxygen functional groups as well as carboxyl, epoxy,
hydroxyl, etc. [12]. In graphite, two-dimensional layers
are organized with each other under weak van der Waals
interactions [13]. Nevertheless, whether of GO, the layers
are detached by epoxy and water molecules amongst the
layers. Consequently, the interlayer spacing of GO is
much wider contrasted to graphite [14].

GO has been notably resulted by several differences
of Brodie, Staudenmaier, and Hummers methods that
implicate the oxidation of graphite in the attendance of
strong acids (nitric acid or sulfuric acid) and an oxidizing
agent (KMnO,, KClIO;, NaNOs). Many different slightly
modified and improved versions have also been
expanded, including the Tour method [15]. Notably, it
has been established that the structure and properties of
GO, especially turn on three parameters: the typical
synthesis methods, the level of oxidation, and the raw
material of graphite utilized.

In this section, throughout their work on the
influence of oxidation on the morphology of GO, Lojka
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and co-workers have noticed cracks in GO that were
immediately concerned with the oxidation process. In
particular, a few variations in the level of oxidation can
lead to significant modifications in the structure and
nature of the materials [16]. Hence, in the current work,
we will investigate the influence of adding
permanganates as oxidants on the structure and
properties of GO produced by the improved Tour

method.

m EXPERIMENTAL SECTION
Materials

All materials utilized in this experiment were from
commercial sources (E-Merck Germany) and were
implemented without the subsequent purification.
Materials used involved graphite powder, potassium
permanganate (KMnO,, p.a.), sulfuric acid (H,SO4 98%,
p.a.), ortho-phosphoric acid (H;POs 85%, p.a.),
hydrogen peroxide (H,O, 30%, p.a.), hydrochloric acid
(HCI 37%, p.a.), absolute ethanol (p.a.), silver nitrate
(p.a.), and barium chloride (p.a.). For washing the GO
solution, deionized (DI) water, phosphate-buffered
saline (PBS), and bi-distilled water were utilized.

Instrumentation

X-Ray Diffraction (XRD, Bruker D2 Phaser) at a
wide angle of 5-90° was used to determine the
crystallinity of the materials. The functional groups of
the materials were characterized by Fourier Transform
Infra-Red Spectrometer (FTIR, Shimadzu Prestige 21) at
4000-400 cm™. The structure and polycrystalline ring
images of the materials were taken using a Transmission
Electron Microscope-Selected Area Electron Diffraction
(TEM-SAED, JEOL JEM-1400). The
morphology and metal content of the materials were

surface

evaluated by Scanning Electron Microscope-Energy
Dispersive X-ray (SEM-EDX, JSM-6510LA). The
wavelength absorption of the materials was observed
using UV-Visible Spectrophotometer (UV-Vis, UV-
1800 Shimadzu) at a wavelength of 200-800 nm.

Procedure

Our method was taken from Ranjan and co-
workers [17] with a few modifications. In the beginning,
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potassium permanganate to graphite powder in various
ratios of 5, 6, 7 were combined and mashed up
homogeneously. The mixture was placed into Beaker A,
and the mixture of sulfuric acid and ortho-phosphoric
acid in a ratio of 9 was put into Beaker B. The two beakers
were kept at a temperature below 5 °C for 6 h. The
solution in beaker B was then poured into beaker A and
stirred until the solution was greenish-black, later heated
at 65 °C for 24 h. After the heating time was finished, the
color of the solution became brownish, the beaker left
until it reached room temperature. The solution was
poured into another beaker containing 500 g of deionized
water ice, added with 7 mL of hydrogen peroxide, and
stirred using a stirring rod. Instantly, the color of the
solution became golden yellow, marking the formation of
GO. The solution was left to precipitate the solids GO. GO
was washed by centrifugation at 5000 rpm for 5 min using
a solution of hydrochloric acid (2 times), ethanol absolute
(3 times), and phosphate-buffered saline (PBS) until the
pH of the solution became 7. PBS was used to make the
washing process more efficient, so it did not need a lot of
bi-distilled water. The solution was then checked for
chloride ions content using silver nitrate and barium
chloride for sulfate ions content. The washing process
using bi-distilled water was repeated several times until
the solution was free from both of them. The GO solids
obtained were dried in an oven, then characterized using
XRD, FTIR, SEM-EDX, TEM-SAED, and UV-Visible
Spectrophotometer.

m RESULTS AND DISCUSSION
X-ray Diffraction Analysis

The diffractogram of each GO material is shown in
Fig. 1. The graphite shows a sharp and narrow central
peak at 20 = 26.213° originated from the hkl plane of 002
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and a very weak peak at 20 = 42.327° originated from the
hkl plane of 100. This corresponds to graphite standards
on ICDD (International Centre for Diffraction Data) of
01-075-1621. The peak of plane 002 indicates the
aromatic conjugated-carbon bond [18] with layered
structures. Due to this nature, the presence of plane 002
is used widely to monitor the conversion of graphite into
GO material. From Fig. 1, it can be seen that when
graphite is oxidized using a sufficient amount of
permanganate, the principal peak at ~26° will shift to a
smaller 20 of around 9-10°. XRD data interpretation has
been compiled in Table 1. By using the Bragg equation
(Eq. (1)), we could see that the interlayer spacing (d)
between the graphene layer significantly changed from
0.34 nm in graphite to 0.8-0.9 nm in GO. Such a
difference is caused by the presence of oxygen-
containing groups in GO material [19-20]. The
introduction of oxygen functional groups between the
graphene layer of GO will increase the d-spacing.

nA =2dsin0 (1)
002
M (d)
Fl . (c)
e
A e m]
I 002
B
2
&
['F]
e
_— . - (a}
w0 20 30 40 50 60 70 20

26 (deg)
Fig 1. XRD patterns of (a) Graphite, (b) GO-5, (c) GO-
6, (d) GO-7

Table 1. XRD data interpretation of all materials

) Peak (002) Peak (100)
No. Material
20 (deg) d(nm) FWHM H((nm) n 20 (deg) d(nm) FWHM D (nm)
1 Graphite 26.213 0.340 0.744 10.963 32 42.327 0.213 0.458 38.027
2 GO-5 10.487 0.843 1.603 4977  5-6 42.404 0.213 1.183 14.726
3 GO-6 9.916 0.891 2.030 3.928 4-5 42.216 0.214 1.384 12.579
4 GO-7 9.888 0.894 1.675 4.761 5-6 42.573 0.212 0.967 18.026
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where n is the order of diffraction (1), A is X-ray
wavelength (spectrum Cu Ka of 0.154 nm), d is the
distance between lattice plane (nm), 0 is diffraction angle.
By utilizing the Debye-Scherrer equation (Eq. (2))
from peak 002 and 100, we could calculate the height of
the stacking layer (H) and the average diameter of the
stacking layer (D), respectively. From the H value, we
could estimate the number of graphene layers (n = H/d).
The dimensions of the plane of each material can also be
evaluated from D x H calculation [21]. Graphite has a
field dimension of 38 x 11 nm with several layers of 32
pieces, GO-5 has a field dimension of 15 x 5 nm with
some layers of 5-6 pieces, GO-6 has a field dimension of
16 x 4 nm with many layers of 4-5 nm, and GO-7 has
dimensions 18 x 5 nm field with several layers 5-6 nm.
The higher the oxidation level, the resulted layer will be
lower. This can be understood due to the nature of
permanganate oxidation is to exfoliate the graphene
layers from graphite structure. The visualization of the
change in the structure of graphite to graphene oxide has
been presented in Fig. 2.
P 2)
B cos0
where D for plane 100, H for plane 002 is crystallite size
(nm), K is constant (Scherrer constant (0.9) for plane 002,
Warren constant (1.84) for plane 100), A is X-ray
wavelength (spectrum Cu Ka of 0.154 nm), B is Full
Width at Half Maximum (FWHM) value (radian), and 6
is diffraction angle (radian).
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Fourier Transform Infra-Red Spectrophotometry
Analysis

Fig. 3 displays the IR spectrum of graphite and GO
samples. In the graphite spectrum, there are no peaks
except for a very weak peak at 3402.58 cm™ [22]. This
peak designates the presence of O-H groups in graphite,
which usually comes from dissolved water molecules
[23]. Meanwhile, all GO materials revealed characteristic
peaks of oxygen-containing groups. These characteristic
peaks include strong intensity at wavenumbers of ~3400
for O-H, the weak intensity at ~2800 for C-H sp’, the
weak intensity at ~1700 for C=0, the medium intensity
at ~1500 for C=C of aromatic carbon, the weak intensity
of ~1300 for C-O-C of ether and ester, and weak intensity

c=0, c-0-C

Relative transmittance (a.u.)

@ E

CoH ‘=t ' clo
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-1)

Fig 3. FTIR spectra of (a) Graphite, (b) GO-5, (c) GO-6,
(d) GO-7

Fig 2. Visualization of changes in the structure of graphite to graphene oxide
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of ~1000 for C-OH for carboxylic acids and alcohols as
the previous work report [7]. The presence of these
oxygen groups explained the shifting of plane 002 of
graphite and GO, which is resulted from the increase of d-
spacing due to the introduction of oxygen groups into
graphene layers. All GO materials also contain C=C
aromatic bonds in the ~1500-1600 cm™ region because
this material mostly contains sp*-hybridized carbon
bonds, and a few regions contain sp’>-hybridized carbon
bonds due to the presence of oxygen. Looking at all the
peaks of absorption of the oxygen functional groups that
arise, we conclude that these peaks generally have not
intensities. For detailed

significantly  different a

interpretation of FTIR data, see Table 2.
Energy-Dispersive X-ray Spectroscopy Analysis

EDX analysis was conducted to determine the
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elemental content in the GO material that had been
synthesized. As shown in Fig. 4, graphite powder only
contains the element carbon. After the graphite was
oxidized using KMnOy, the carbon content decreases,
and the oxygen content appears, which indicates the
success of the oxidation reaction. Based on the data in
Table 3, it can be concluded that the more permanganate
is added to graphite, the oxidation level (ratio O/C) will
also increase. The presence of impurities in the form of
Na content in GO-5 of 6.45%, GO-6 of 0.50%, and GO-
7 of 23.03% was derived from the PBS involved in the
process of washing the material.

Selected Area Electron Diffraction Analysis

SAED is utilized to confirm the polycrystalline
properties This
characterized by the presence of diffraction rings that

of a nanomaterial. nature is

Table 2. FTIR data interpretation of all materials

Wavenumber of bond type (cm™)

No Material
O-H C-H Cc=0 Cc=C C-0-C C-OH
1 Graphite 3402.58 - - - - -
2 GO-5 3427.65 2889.49 1712.86 1619.31 1350.23 1054.14
3 GO-6 3414.15 2890.45 1627.03 1521.90 1326.12 1036.78
4 GO-7 3409.33 2881.77 1713.83 1631.85 1320.33 1043.53
18500 g 2t W
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Fig 4. EDX spectra of (a) graphite, (b) GO-5, (c) GO-6, (d) GO-7
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Table 3. Oxidation level of all materials

No  Material Mass % of O Mass % of C  Ratio O/C
1 Graphite 0 100 0

2 GO-5 37.49 56.06 0.67

3 GO-6 41.04 46.58 0.88

4 GO-7 46.24 30.73 1.50

appear. The SAED pattern of the synthesized GOs is
shown in Fig. 5. From the pattern above, all GO materials
revealed a polycrystalline structure with low crystallinity
as denoted by the obscurity of the ring lines, in line with
previous results [21]. This is likely rendered by the
presence of oxygen functional groups attached to the
graphene stacking layer containing sp* hybridized-
carbon, resulting in defects in crystals with the emergence
of new sp’ carbon hybridization [24]. Graphite has
polycrystalline properties with very high crystallinity and
bright diffraction rings. According to calculations on the
SAED pattern, after oxidation of graphite is executed, the
distance between the graphite layers becomes wider. This
result has been listed in Table 4. Based on the calculation

results using SAED, the d-spacing of GO has a value close
to 0.8 nm in the crystal plane of 002 and around 0.2 nm
in the crystal plane of 100, which confirms the d-spacing
calculation using XRD. We could see a slightly different
value of d-spacing obtained from SAED and XRD
analysis. The difference may arise from the different
sizes of analysis. As we have known, SAED analysis is
carried out in a focused area with several hundred
nanometers in size, whereas XRD typically samples areas
that cover several centimeters of a bulk sample.

Scanning Electron Microscopy Analysis

The surface morphology of the GO material was
analyzed using SEM. Based on Fig. 6, Graphite shows large

Fig 5. SAED pattern of (a) Graphite, (b) GO-5, (c) GO-6, (d) GO-7
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Table 4. SAED pattern analysis of all materials

. d (nm) d (nm)
No  Materials Peak 002  Peak 100
1 Graphite 0.302 0.156
2 GO-5 0.768 0.199
3 GO-6 0.756 0.218
4 GO-7 0.772 0.243

chunks with a rough and crumpled surface. GO-5 and
GO-6 materials have a morphology similar to the
appearance of an exfoliated layer with a wrinkled and
irregular surface. In comparison, GO-7 displays a
morphology like a lot of small gravel, indicating excessive
oxidation reactions.

Transmission Electron Microscopy Analysis

TEM images are applied to evaluate the morphology
of each material (Fig. 7). According to the literature, the
permanganate provides a product with wrinkled
structures, while the chlorates lead to the synthesis of
graphite oxide with the planar structure of the material

[25]. These images have bright and dark areas. The dark

§ E

BEY . LBkY
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region indicates the stack layer, which has not been
exfoliated or has a small distance between layers due to
the lack of oxygen functional groups entering the layers.
Meanwhile, the bright area shows the layer which has
been successfully exfoliated [16]. Graphite has a stacked
sheet structure; this indicates its nature, which contains
a graphene multilayer. For GO-5, the material exhibits
the presence of long and fine sheets are folded together.
Meanwhile, for GO-6 and GO-7, both appear to have a
thin layer that is rather wide with slightly different
transparency. Although there are slight differences in
transparency and the resulting layers, most of the
structures of these three materials are classified as having
similar nanostructures that support the d spacing data
on XRD and SAED and the intensity of oxygen function
absorption on FTIR.

UV-Visible Spectrophotometry Analysis

UV-Visible spectra of various GO are disclosed in
Fig. 8. GO has two characteristic absorption bands on
UV-Visible spectra. The central peak at a wavelength of
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Fig 7. TEM images
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Fig 8. UV-Vis absorption spectra and visual appearances
of (a) GO-5, (b) GO-6, (c) GO-7

230-240 nm correlated to the transition m>m* of the
aromatic C=C bond and the shoulder peak at a
wavelength of 290-300 nm, which is responsible for the
n->7* transition of the C=0 bond [26]. Unfortunately, we
could not show UV-Vis spectra of graphite due to the
non-polar characteristic, which inhibiting the solution

of (a) Graphite, (b) GO-5, (c) GO-6, (d) GO-7
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preparation for analysis.

We also evaluate the band gap energy values on the

resulted GO materials to determine the optoelectronic
properties. Optical band gap energies of GO were
estimated using the Tauc plot as presented in Fig. 9,
following Eq. (3):
(ahv)l/m =A(hv—Eg) (3)
where o is absorption coefficient, hv is photon energy, A
is constant, Eg is band gap energy, and m is nature of
transition, m = 1/2 for direct allowed transitions.

Graphite is known as a conductor with a band gap
of about zero eV [27-28]. Following the oxidation from
GO, we could see an increase in band gap values to
approximately 3 eV. The increase in band gap value is
caused by oxygen molecules on the surface. It has been
reported that the greater d-spacing between graphene
layers will limit the overlap of p orbitals, thereby
reducing the effectiveness of the conjugate length of the
7 bond [29]. Furthermore, the oxygen functional group
with sp® hybridization could results in structural changes
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Fig 9. A Tauc plot of (a) GO-5, (b) GO-6, (c) GO-7

on the GO surface so that it disrupts the flow of electrons,
thus limiting the electronic conduction. Therefore, we may
say that the presence of oxygen functional groups reduces
the electrical properties of GO, as evidenced by the increase
in the value of the band gap [30]. However, we could not
see any significant difference in band gap value to the
number of oxidants. This may suggest that the oxidant
ratio we used in this report is not significantly affecting to
amount of oxygen functional groups as supported by the

similarity of FTIR results. The use of FTIR also limits our

capability to distinguish the type of oxygen functional
groups. With a 3 eV band gap, GO is the potential to be

used as a window layer in heterojunction solar cells [31].

Based on the results and discussion above, it can be
considered that GO material synthesis has been
successfully carried out through several evaluations. XRD
data states that the d-spacing value increases with an
increasing number of permanganates added, which is also
supported by SAED data. Band gap analysis of the three
materials produced a value of around 3 eV confirmed by
the absorption intensity of oxygen-containing groups
similar in the FTIR spectra. GO with a band gap value of

3 eV is very potential for further applications in the solar
cell field.
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m CONCLUSION

Research on the effect of adding permanganate to
graphite has been carried out using the Improved Tour
oxidation method, resulting in GO-5, GO-6, and GO-7.
The results showed that the three GO materials have
similar chemical properties and structures. Starting from
the results of XRD analysis, the d spacing value is around
0.8 nm, while from the results of SAED, the d spacing
value is approximately 0.7 nm. FTIR spectra also display
typical absorption peaks of oxygen functionalized carbon
at several wavenumbers with characteristic intensities.
The oxidation level exhibits an increase in the O/C ratio
with the addition of permanganate to graphite. The
morphological structure of both SEM and TEM also
indicates insignificant differences. The results of UV-
Visible spectroscopy analysis denote a main peak with the
highest absorbance at a wavelength of about 230 nm and
the shoulder peak at a wavelength of about 300 nm. At the
same time, the resulting band gap energy is around 3.5-
3.7 eV. With this band gap value, GO can be utilized for
further applications in the solar cell field.
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Abstract: Dextrose Monohydrate (DMH) is a bulk chemical used in the food, beverage,
and pharmaceutical industries. The caking often appeared in the crystallization of DMH.
Caking is an agglomeration that can affect the product quality of DMH and is dependent
on the type of impeller. This study aimed to determine the type of impeller to avoid the
caking during the DMH crystallization and identify the DMH caking. The results showed
that caking did not occur on the helical ribbon and anchor impeller, while caking
appeared on the Rushton turbine impeller. Computational fluid mechanics (CFD)
analysis showed that caking occurs due to uneven homogeneity of stirring. Fourier
transform infrared (FTIR) and X-ray diffraction (XRD) studies showed that DMH caking
and non-caking had the same peak pattern. Meanwhile, optical microscope and scanning
electron microscope (SEM) analysis showed that the DMH caking seen agglomerate.
Density analysis showed that DMH with caking was 1.257-1.350 kg/L, while the non-
caking was 0.504-0.780 kg/L. Caking phenomena during the DMH crystallization can be
avoided by using a helical ribbon and anchor impeller. FTIR and XRD analysis cannot
be used to identify DMH caking products; meanwhile, optical microscope, SEM, and
density analyzes can be used to identify DMH caking products.

Keywords: caking; crystallization; dextrose monohydrate; impeller

m INTRODUCTION

Dextrose Monohydrate (DMH) is a bulk chemical
used in the food, beverage, and pharmaceutical industries.
In the food and beverage industry, DMH is used as an
alternative sweetener to sucrose. Meanwhile, in the
pharmaceutical industry, DMH is an active ingredient or
an additive (excipient) to pharmaceutical products, such
as tablets and capsule syrup. DMH food-grade refers to
Indonesian National Standard (SNI) 4591-2010 [1], DMH
pharmaceutical-grade refers to Indonesian Pharmacopoeia
Volume V [2], and United State Pharmacopeia (USP) [3].
Dextrose is a monosaccharide derived from polysaccharides
(amylose and amylopectin in starch). Srisa-Nga et al. [4]
reported that dextrose has three forms, which is a-
dextrose monohydrate ((-5)-50 °C), a-dextrose anhydrous
(50-115 °C), and B-dextrose anhydrous (115-150 °C).
Dextrose has three forms due to the influence of

temperature during the crystallization process. The
chemical structure of DMH is CsH,0¢-H,O, and dextrose
anhydrous is C¢H1,O¢. Zheng et al. [5] reported DMH
had a monoclinic crystal form with a primitive axis
vector a = 8.803 A, b = 5.085 A, c = 9.708 A, with angle
a =Yy =90° # B. Dextrose anhydrous had an orthorhombic
crystal form with a primitive axis vector a = 10.366 A,
b=14.851 A, c = 4.975 A, with angle a = p = y = 90°.
DMH production went through the dilution
process, the crystallization process, the separation
process, and the drying process. Crystallization is a
crucial process in DMH production. It determines the
size, morphology of the crystal shape, and quality of
DMH products (Table 1). Crystallization is the process
of forming crystalline solids from saturated solutions
that have high purity. Many scientists reported the
crystallization process. Frawley etal. [6] reported the
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Table 1. Standard requirements for dextrose monohydrate

Parameters Unit Food grade* Pharmaceutical grade**
Description - Powder, white, sweet Powder, white, sweet
Solubility - Soluble in water Soluble in water
Optical rotation - +52.6° to +53.2° +52.6° to +53.2°
Acidity - 3.2t06.5 3.2t06.5
Amylum test - Negative Negative
Pyrogen free - - Negative
Dextrose equivalent % (w/w) 95 to 105 95 to 105
Water content % (w/w) 7.5t09.5 7.5t09.5
Sulphate mg/kg Max. 250 Max. 250
Chloride mg/kg Max. 180 Max. 180
Metal contamination

- Lead (Pb) mg/kg Max. 0.5 Max. 0.5

- Copper (Cu) mg/kg Max. 10 Max. 10

- Zinc (Zn) mg/kg Max. 25 Max. 25

- Arsenic (As) mg/kg Max. 1 Max. 1
Microbial contamination

- Total plate count colony/g Max. 100 Max. 100

- Mold and yeast colony/g Max. 10 Max. 10

- Escherichia coli colony/g Negative Negative

- Salmonella colony/g Negative Negative

* = Refer to SN14591-2010 [1]

** = Refer to Indonesian Pharmacopeia Volume V [2] and the United States Pharmacopeia [3]

development of supersaturation, temperature, agitation,
and seeds on the nucleation of paracetamol. Acevedo and
Nagy [7] had observed the effect of crystallization without
seed on the size and form of the crystal. El-Yafi and El-
Zein [8] reported several factors that influence the
crystallization process of pharmaceutical bulk. Jha et al.
[9] and Besenhard et al. [10] reported the modeling and
controlling of the crystallization process. Sormoli et al.
[11] and Tappi et al. [12] reported crystallization behavior
during water induced. Parimaladevi and Srinivasan [13]
reported the influence of supersaturation solution on the
crystallization process. On the other hand, many studies
on the crystallization of DMH have been reported. They
include the effect of impurities during the crystallization
process [14], the impact of initial solution concentration,
seed, and cooling profile [15], growth kinetics of the
crystallization [16], modeling and controlling system of
the [17], the
crystallization of starch [18].

crystallization process as well as

The caking often occurs in the crystallization process.

Caking is an agglomeration process that influences the
quality of products, size, and crystal morphology.
Carpin et al. [19] reported the lactose caking; Langlet et
al. [20] reported the caking in sodium chloride (NaCl);
Freeman et al. [21] reported the measurement of caking
durability; Afrassiabian et al. [22] reported the capillary
condensation in caking; Zafar et al. [23] reviewed the
bulk powder caking; Chen et al. [24] reported the
prevention of caking, Chen et al. [25] reported the
amorphous and humidity caking, and Lipasek et al. [26]
reported the effect of anticaking agent and storage on
caking phenomena. Chen et al. [25] have discussed
amorphous caking and humidity caking. Amorphous
caking occurs in amorphous particles and appears when
the ambient temperature is higher than the temperature
of the glass transition material. It causes a sintering
bridge, which is a bridge connecting the amorphous
particles. It is also reported that humidity caking occurs
in amorphous and crystalline particles. Humidity caking
occurs due to differences in relative humidity (RH). RH
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causes capillary condensation or deliquescence. Capillary
condensation causes a liquid bridge between particles;
meanwhile, deliquescence causes a liquid bridge between
particles and coats at the particles. Capillary condensation
and deliquescence absorb water from the environment
[25].

This study aimed to determine the type of impeller
to avoid the caking during the crystallization of DMH.
The crystallization can produce DMH, which complied
with the standard requirements in Table 1. This study
used three types of the impeller. They were Rushton
turbine, helical ribbon, and anchor impeller. The selection
of those three is based on the type of impeller, often used
on an industrial scale. Based on the preliminary research,
homogeneity of stirring had the most significant effect on
the caking phenomenon. Sinnott [27] reported that the
shape and size of the impeller affected the homogeneity of
the stirring. This study also aimed to identify the DMH
caking use some analyzes. The analyzes were analysis
process, computational fluid mechanics (CFD) analysis,
optical microscope analysis, scanning electron
microscope (SEM) analysis, density analysis, Fourier
transform infrared (FTIR) analysis, and x-ray diffraction

(XRD) analysis.
m EXPERIMENTAL SECTION
Materials

The bulk chemical was used DMH food-grade
(CsH120¢H,0) from PT Qinhuangdao Lihua Starch-
China with a purity of 99.7% and a moisture content of
8.20%. The seed was used DMH pharmaceutical grade
with a purity of 100.3% and a moisture content of 9.57%.
It was from the Center for Pharmaceutical and Medical of
Technology, Agency for Assessment and Application of
Technology. The seed size was 63-177 um (630-80 mesh
size). Reverse Osmosis (RO) water was used as the solvent.

Instrumentation

The tool used for the dilution and crystallization
process was a double jacketed crystallizer. The double
jacketed system was used for the temperature of the
crystallizer. The crystallizer has 37 cm in diameter, 40 cm
in height and was curved at the bottom. There are three

1099

types of impeller used in this study, Rushton turbine,
helical ribbon, and anchor. The Rushton turbine has a
diameter of 15.5 cm and a 6-sided baffle. Each baffle was
4.8 cm long and 3.3 cm high. The helical ribbon was
36 cm long and 20.5 cm tall, while the anchor was 36 cm
long and 39.5 cm high. Crystallizer and three types of
impeller were made of stainless steel (SS) 316. The
equipment used for the separation process is a centrifuge
with a filter system, with a capacity of 60 L and an
agitation speed was 1,200 rpm. The tools used for the
drying process were a vertical fluidized bed dryer (FBD)
with a capacity of 17 L and a milling device with a
capacity of 5 L with a filter size of 1190 um (16 mesh
size).

The Atago refractometer measured the Brix value
of glucose solution with a 0-85% measurement range.
The Solidworks software was used for computational
fluid mechanics. The optical microscope was used by the
Axiostar Plus brand and the Axiocam 105 Color camera.
SEM was used FEI Quanta model 650. The Thermo
Scientific Nicolet iS10 used FTIR spectroscopy with iD7
attenuated total reflectance (ATR) mode. The XRD was
used by the Malvern Panalytical Benchtop brand, the
Aeris Research model.

Procedure

Crystallization process

DMH food-grade from China (22.6 kg) was
dissolved using RO water (5.4 kg) at 80 °C. The result of
the dilution was glucose solution with a Brix value of
+70%. The crystallization process used three types of the
impeller: Rushton turbine, helical ribbon, and anchor.
Crystallization began when the seed was added, an
agitation speed of 40 rpm, at room temperature (29-
30 °C) for 24 h. The seeds were added 1% (280 g) by the
weight of the glucose solution. The selection of
crystallization conditions was based on Markande et al.
[12-14] and Flood and Srisanga [28]. The crystallization
on each impeller was twice. Sampling was carried out
every four hours during the crystallization process.
Crude DMH and mother liquor were separated using a
centrifuge laboratory scale with a rotation speed of
2,300 rpm, temperature 20 °C for 30 min. Crude DMH
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was analyzed using an optical microscope. Sampling every
four hours was carried out to see the movement of the size
and morphology of the crystals in DMH caking and non-
caking during the crystallization process.

DMH caking cannot be continued to the separation
and drying process due to the rigid structure. Slurry DMH
(non-caking) was treated in the separation and drying
process. The centrifuge is used to separate crude DMH
and mother liquor. DMH slurry was put into a centrifuge
with a rotating speed of 1,200 rpm, room temperature 29-
30 °C for 30 min. The weight of crude DMH was
measured. The mother liquor was measured by weight
and Brix value. Crude DMH dried using a fluidized bed
dryer (FBD) at a temperature of 50 °C for 60 min. FBD
was used to reduce water content in crude DMH. Crude
DMH was processed using milling. Milling is used for
The
production of the DMH process was described in Fig. 1.

producing DMH products of uniform size.

Analysis

DMH products were analyzed using process
analysis, density analysis, optical microscope analysis,
SEM analysis, FTIR analysis, and XRD analysis. The
DMH products analyzed were DMH caking after the
crystallization, and DMH non-caking had been separated
and dried. The crystallization process yield analysis was
calculated using Eq. (1), where M. represents the weight
of DMH crude (kg), M; is the weight of seed (kg), and M,
is the weight of DMH raw material (kg). The yield
calculation is based on the weight of the crude DMH,
seed, and raw material.

M.-M
Yield=%><100% (1)

r

Computational fluid mechanics (CFD) analysis was
used to simulate the solution's movement in DMH
crystallization. The CFD used the same conditions during
the crystallization of DMH, including the impeller's
dimensions and the crystallizer, the impeller material and
the crystallizer chamber, the agitation speed, the height of
the glucose solution, and the impeller position. An optical
microscope and SEM analysis were used to determine the
morphology of DMH crystals. DMH samples were
analyzed by using an optical microscope with a
magnification of 100 times. The preparation sample for
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Fig 1. Flow chart of Dextrose Monohydrate production

SEM analysis was coated using gold for 80 sec. SEM
analysis was performed with the magnification of 100
and 500 times. Density analysis of DMH solid was
measured by dividing the weight (g) by the volume (mL).
Five grams of DMH solid were put into a graduated
cylinder containing 10 mL of ethanol. The difference in
volume value was calculated as the volume of DMH
solid. According to Indonesia Pharmacopeia Volume V
[2], DMH was
measurements were done twice, and the average value

insoluble in ethanol. Density
was taken.

FTIR was used for functional group vibration
analysis. FTIR has used the ATR method with a
wavenumber range of 400-4000 cm™' and a resolution of
8 cm™. Fifty mg of DMH samples were used for each
FTIR analysis. XRD was used for crystallinity analysis.
DMH samples were prepared in powder. It was

measured in the range of 260 between 5-90 with Axa) =
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1.540598 A. The anode material was used copper (Cu)
with a scan step size of 0.022°/step and time per step
23.97 s/step. The XRD analysis was compared with the
XRD by Hough et al. [29] from the Cambridge
Crystallographic Data Center (CCDC) using the Rietveld
Refinement method Reitica software.

m RESULTS AND DISCUSSION
Process Analysis

DMH production has been carried out in six
crystallization experiments, three variations of the
impeller, and two repetitions of each impeller. Fig. 2 is an
analysis of the crystallization of DMH. Fig. 2(a) shows
that the Rushton turbine produces DMH caking. DMH
caking due to an agglomeration process. DMH caking
could not proceed to the separation and drying process. It
is due to its rigid structure. The helical ribbon and anchor
impeller (Fig. 2(b) and Fig. 2(c)) produce DMH non-
caking. DMH non-caking is marked by unprecedented

caking), and (c) anchor 1* (non-caking)
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agglomeration (slurry DMH). DMH non-caking (helical
ribbon and anchor) can proceed to the separation and
drying process.

Table 2 summarizes the experimental data for the
crystallization of DMH. The results show that the caking
only occurs on the Rushton turbine impeller. In
contrast, the anchor and helical ribbon impellers do not
cause caking. DMH caking is marked by having no yield
and mother liquor. It is due to agglomeration during
crystallization (Fig. 2(a)). Table 2 shows that the anchor
and helical ribbon impellers do not cause caking,
marked by having any agglomeration (Fig. 2(b) and Fig.
2(c)). DMH non-caking had a yield between 45.00-
49.46%. DMH non-caking has proceeded to the
separation process so that a by-product was obtained in
the form of mother liquor. The anchor's yields are 47.86%
and 46.07%. The mother liquor are 49.68% (Brix
62.20%) and 47.21 (Brix 62.10%). The helical ribbon's
yields are 49.46% and 45.00%. The mother liquor is

® -

Fig 2. The appearance of the crystallization of DMH; (a Rushton turbine 1* (caking), (b) helical ribbon 1* (non-

Table 2. Experimental data for crystallization of dextrose monohydrate

Code Impeller Caking Yield (%) ML* (%) Brix ML (%)
K.02.02 Rushton turbine 1* Caking - - -
K.01.03 Rushton turbine 2 Caking - - -
K.04.02 Anchor 1* Non-caking 47.86 49.68 62.30
K.02.03 Anchor 2™ Non-caking 46.07 47.21 62.10
K.03.02 Helical ribbon 1* Non-caking 49.46 46.68 61.10
K.03.03 Helical ribbon 2" Non-caking 45.00 52.86 60.00

* = Mother liquor % (w/w)
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46.68% (Brix 61.10%) and 52.86% (Brix 60.00%). The
yielding process and mother liquor were added. It is less
than 100% due to the loss of the process when taking the
slurry DMH. It is left in the crystallizer chamber due to
the slurry DMH is sticky.

Computational Fluid Mechanics Analysis

Computational fluid mechanics (CFD) analysis uses
SolidWorks software. It aims to simulate the movement
of fluid in the crystallization of DMH. The CFD analysis
uses the same conditions in the crystallization of DMH,
which are dimensions of the impellers and crystallizer
chamber, the material for impellers and the crystallizer
chamber, the speed of stirring rotation, the height of the
glucose solution, and the position of the impeller. The
CFD analysis shows that the Rushton turbine impeller
(Fig. 3(a) and Fig. 3(d)) produces uneven homogeneity of
stirring since the Rushton turbine cannot reach all areas
of the solution. It is indicated by the blue color area (0-
2.571 m/s) on the surface of the solution (Fig. 3(d)).

The helical ribbon (Fig. 3(b) and (e)) and anchor
impellers (Fig. 3(c) and (f)) show an even homogeneity of
stirring. It is due to the impeller can reach all areas of the
solution. The homogeneity is indicated by red (9.429-
12.000 m/s), yellow (7.714-9.429 m/s), green (4.286-
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7.714 m/s), and light blue (2.571-4.286 m/s) color on the
surface of the solution. It has a high fluid flow rate.
According to Sinnott [27], helical ribbon and anchor are
more suitable for use in solutions that had a high
viscosity (> 6 x 10" Ns/m’) than the Rushton turbine
used in a lower viscosity (10°-10" Ns/m?) (Fig. 3(b) and
Fig. 3(c)). Fig. 3(b) shows that the fluid flow is evenly
distributed in all parts, marked in light blue. Fig. 3(c)
shows the fastest fluid flow is only near the impeller, kept
in red and yellow around the impeller only. So, it is
apparent that the helical ribbon impeller has a more even
stirring homogeneity than the anchor impeller.

Optical Microscope Analysis

Optical microscope analysis is used to see the
morphology of the crystal form of DMH products. Fig. 4
is the optical microscope analysis on six crystallizations
of DMH. Fig. 4(a) and (d) show DMH caking, while Fig.
4(b), (c), (e), and (f) show DMH products do not cause
agglomeration (non-caking). Fig. 5 shows the DMH
caking movement on the Rushton turbine 1* (K.02.02)
from 4 to 24 h. At four hours of the crystallization
process, a caking has occurred due to the agglomeration.
Fig. 5
crystallization process, continuing to 24 h. Fig. 6 shows

shows that caking occurs early in the

Fig 3. Computational fluid mechanics on the three impellers; side view (a) Rushton Turbine, (b) Helical Ribbon, (c)
Anchor and Top View of (d) Rushton Turbine, (e) Helical Ribbon, and (f) Anchor
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Fig 4. Appearance of the optical microscope with a magnification of 100 tlmes (a) K.02.02 (Rushton turbine 1%), (b)
K.04.02 (anchor 1%), (c) K.03.02 (helical ribbon 1%), (d) K.01.03 (Rushton turbine 2™), (e) K.02.03 (anchor 2" and (f)
K.03.03 (helical ribbon 2"¢)

20 hours

:"* 'b,._

Fig 6. Process of non- cakmg crystal on the crystalhzatlon of DMH (K.03. 02)
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the movement of the crystals during the crystallization of
DMH. At four hours of the crystallization, it is seen that
the DMH crystal is still small. It began giant crystal up to
24 h. DMH can do growth if it does not involve
agglomeration (non-caking). Optical microscope analysis
can be used to identify the DMH caking due to the visible
agglomerate.

Density Analysis

Table 3 summarizes the results of analysis of the
density values of glucose solution 70% Brix (raw
material), DMH caking (Rushton turbine 2™!), DMH non-
caking (helical ribbon 2™ and anchor 2™), and DMH
standard (Merck). The density of glucose solution is
1.350 kg/L, DMH caking is 1.257 kg/L, DMH non-caking
(helical ribbon 2) is 0.507 kg/L, of DMH non-caking
(anchor 2™) is 0.708 kg/L and DMH Merck is 0.606 kg/L.
The density value of DMH caking is close to the glucose
solution (as a raw material). Meanwhile, the density of
DMH non-caking (helical ribbon 2 and anchor 2") has
a small difference from that of DMH Merck. DMH caking
has a bigger density than DMH non-caking due to the
agglomeration. DMH caking absorbs much water to have
a rigid structure (see Fig. 2(a)).
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Fig. 7 shows DMH non-caking and DMH caking
after storage in a closed container for eight weeks. DMH
non-caking is white and powdery (Fig. 7(a)), while DMH
caking is a yellow color, agglomerate, and grows fungus
(Fig. 7(b)). Based on Table 1, DMH caking does not
qualify since it is not powdery (agglomerate), has a yellow
color, and grows fungus. The appearance of fungus is
due to the high-water content of DMH caking, so that
the density analysis can be used to identify DMH caking.

SEM Analysis

Based on the process analysis, CFD analysis, and
optical microscope analysis, two experimental samples
were selected, representing DMH caking (Rushton
turbine 2™) and DMH non-caking (helical ribbon 2™%).
SEM analysis can be used to identify the DMH caking
due to the agglomeration process. Fig. 8 is SEM analysis
on DMH caking and non-caking with the magnification
of 100 and 500 times. Fig. 8(b) and (d) show that DMH
caking and non-caking have the same crystal form. It is
monoclinic [5] (vector a # b # ¢, with the angleof a =y =
90° # B). However, the agglomeration process occurred
(see Fig. 8(a)). Meanwhile, on DMH non-caking,
agglomeration did not occur (Fig. 8(c)).

Table 3. Density measurement of dextrose

Dextrose Impeller Density (kg/L)
Glucose solution Brix + 70% - 1.350
DMH caking Rushton turbine 2 1.257
Helical ribbon 2" 0.504
DMH -caki
non-caxhg Anchor 2™ 0.780
DMH standard Merck - 0.606

(o)

- .

Fig 7. The appearance of (a) DMH non-caking K.03.03 and (b) DMH caking K.01.03 after storage in a closed container

for eight weeks
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Fig 8. Appearance of crystal by SEM; DMH caking K.01.03
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(a) magnification of 100 times, (b) magnification of 500

times, and DMH non-caking K.03.03 (c) magnification of 100 times, and (d) magnification of 500 times

FTIR Analysis

Fig. 9 shows the FTIR spectrum on DMH K.02.02
(Rushton turbine 1), K.03.02 (helical ribbon 1%), K.04.02
(anchor 1%), K.01.03 (Rushton turbine 2"¥), K.02.03 (anchor
2"), and K.03.03 (helical ribbon 2"). The six samples have
the same peak pattern. The FTIR spectrum of DMH caking
has a higher intensity than DMH non-caking. This is due
to the density value of DMH caking (1.257-1.350 kg/L) is

higher than DMH non-caking (0.504-0.780 kg/L) (Table
3). A higher density value produces a higher concentration
so that the intensity of the DMH caking spectrum is
higher than DMH non-caking. In DMH caking, a new
peak appears at a wavenumber of 1643 cm™. Wiercigroch
et al. [30] reported that wavenumbers 400-1500 cm™ is
the fingerprint area with a single bond from C-O, C-C,
and C-N. The wavenumbers of 1500-2000 cm™ are the

0.8 - ) c-0
——— K.01.03 (Caking) i
——— K.02.02 (Caking) l
0.7 4 K.02.03 (Non-caking) i |
——— K.03.02 (Non-caking) i |
- K.03.03 (Non-caking) 1 II\
06 1 K.04.02 [Non-caking) i J
05 ! o-H [
i M oA
8 B
£ 04 AU
o | \
G A 1
5 03 : '
; CH J
02 J 5 \
/ \ '5‘ Ay
0.1 3 / {
/ o =t y
i o e e e e b L
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Wavenumber (em-1)
Fig 9. FTIR spectra on DMH caking of Rushton turbine 1% (K.02.02) and Rushton turbine 2™ (K.01.03), DMH non-
caking on helical ribbon 1% (K.03.02), helical ribbon 2™ (K.03.03), the anchor 1** (K.04.02) and anchor 2™ (K.02.03)
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double bond area of C=0 and C=C. Meanwhile, Tokoro
et al. [31] reported that the new peak on the wavenumber
1643 cm™ corresponds to the water residue (H,O). Chen
et al. [25] that the liquid bridge between the particles
appears by absorbing much water. The water residue
which appears in the DMH caking spectrum is due to the
agglomeration. FTIR analysis cannot identify DMH
caking because DMH caking and DMH non-caking have
the same peak pattern.

XRD Analysis

Fig. 10 compares the XRD diffractogram on DMH
caking (K.01.03) and DMH non-caking (K.03.03). DMH
caking and non-caking have the same diffractogram peak
pattern, which differs in some high-intensity peaks. They
are at 20 = 9.5°, 12.9°, 18.7°, 19.9°, 20.4°, 23.0°, and 28.5°.
Significant differences are observed at 19.9° and 20.4°.
DMH non-caking has a higher peak than DMH caking.
Hough et al. [29] reported that DMH had the three
highest peaks at 19.7° (high), 20.2° (high), and 22.8°
(medium). XRD of DMH caking and non-caking have the
same peak pattern due to the SEM analysis (Fig. 8(b) and
Fig. 8(d)). XRD analysis cannot identify DMH caking
because DMH caking and DMH non-caking have the
same peak diffractogram pattern.

The XRD of DMH analysis using the Rietveld
refinement. The XRD DMH caking (K.01.03) and non-
caking (K.03.03) were compared to XRD DMH from
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Hough et al. [29]. The XRD pattern of DMH in Ref. is
taken from Cambridge Crystallographic Data Center
(CCDC) in a crystallography information file (CIF). The
Rietveld refinement uses Rietica software. Fig. 11 and
Fig. 12 are the Rietveld refinement analysis results
between DMH caking and non-caking compared to
XRD from Hough et al. [29], which has the highest peaks
at 20 = 19.9° and 20.4°. The Rietveld refinement analysis
results show that DMH caking and non-caking had the
same peak pattern as the DMH from Ref. [26]. Thus, it
is clear that DMH caking and non-caking have the same
crystal form (monoclinic with vector a # b # ¢, and the
angle of a = y = 90° # ) as DMH from Hough et al. [26].

Sujiono et al. [32] reported standard value of the
goodness of fit value (GoF) is below 4, and the
refinement profile (Rp) are below 20. Table 4 is crystal
data and structure refinement for DMH. The value Rp,
Rwp, and GoF on Table 4 was the best fitting provided
by the writer, although it is still above the standard.
DMH caking have Rp = 21.33, Rwp = 29.01 and GoF
207.12%. Meanwhile, DMH non-caking have Rp =
25.03, Rwp = 33.11 and GoF = 266.86%. It means that
DMH caking and non-caking are not exactly the same as
DMH Hough et al. [29]. Table 4 shows the cell parameters
of DMH Hough et al were a = 8.803000 A, b =5.085000
A, c=9.708001 A and a = y = 90.00°, B = 97.67°. The cell
parameters of DMH caking were a = 8.774318 A, b =
5.087790 A, c = 9.719185 A and a = y = 90.00°, B = 97.76°.
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Fig 10. XRD analysis on DMH caking (K.01.03) and DMH non-caking (K.03.03)
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The cell parameter of DMH non-caking were a = 8.816746
A,b=5.098714 A, c =9.731324 A and a = y = 90.00°, f =
97.71°. Based on the vector (a, b, ¢), angle (a, B, Y),
volume, and density (Table 4), DMH caking and non-
caking are almost similar to DMH Hough et al. [29], and
they have the same peak XRD pattern.

Caking Phenomenon Analysis

The caking phenomena occur due to the capillary
force between DMH particles during on crystallization
process [25]. The capillary force is due to the uneven

homogeneity of stirring. It is due to the selection of
impeller (Rushton turbine) (Fig. 2(a)). Based on the
CFD analysis, uneven stirring homogeneity is indicated
by low fluid movement (0-2.571 m/s) with blue color on
the sample solution's surface (Fig. 3(d)). After storing in
a closed container for eight weeks, DMH caking grows
fungus (Fig. 7(b)). It is due to the high water content. It
is due to the liquid bridge on DMH caking. DMH caking
does not meet the standard requirements for DMH food
and pharmaceutical grade (Table 1) as it is not powdery
(agglomerate), yellow in color, and grows fungus.
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Table 4. Crystal data and structure refinement for DMH

Sample Hough* Caking Non-caking
a(A) 8.803000 8.774318 8.816746
b (A) 5.085000 5.087790 5.098714
c(A) 9.708001  9.719185  9.731324
a(®) 90.00 90.00 90.00
B(° 97.67 97.76 97.71

y (®) 90.00 90.00 90.00
Volume (A% 430.673787  429.910490  433.503845
Density (g.cm™) 1.527 1.530 1.518
GoF (%) - 207.12 266.86
Rwp - 29.01 33.11

Rp - 21.33 25.03

*  : DMH reference by Hough et al. [29]
GoF : The goodness of fit

Rwp : Refinement weighted profile

Rp :Refinement profile

Optical microscope analysis shows that the caking
occurs within four hours of the crystallization process
(Fig. 5). DMH caking does agglomeration, while DMH
non-caking does not occur agglomeration (powdery)
(Fig. 4). SEM analysis shows that both DMH caking and
non-caking have a monoclinic crystal form morphology
(vector a # b # ¢, with angle a = y = 90° # ), but in DMH
caking does agglomeration (Fig. 8(a)). Density analysis
shows that DMH caking has higher than DMH non-
caking (Table 3). FTIR analysis indicates that DMH caking
and non-caking have the same peak spectrum pattern, but
in DMH caking, the intensity increases at all peaks (Fig.
9). It is due to the DMH caking density value being higher
than DMH non-caking (Table 3). The higher density
value results in a being higher dextrose concentration. It
results in higher intensity of the FTIR spectrum. XRD
analysis shows that DMH caking and non-caking have the
same peak diffractogram pattern (Fig. 10). The caking
phenomenon in DMH crystallization can be avoided by
selecting the impeller (helical ribbon and anchor). The
optical microscope, SEM, and density analysis can be used
to identify DMH caking, while FTIR and XRD analysis
cannot be used to identify DMH caking.

m CONCLUSION

The impeller selection (helical ribbon and anchor)
will produce an even stirring homogeneity to avoid the

Indones. J. Chem., 2021, 21 (5), 1097 - 1110

caking phenomenon. The optical microscope, SEM, and
density analysis can identify DMH caking products due to
the agglomeration (material density is 1.257-1.350 kg/L),
while DMH non-caking does not seem agglomerate
(material density is 0.504-0.708 kg/L). FTIR and XRD
analysis cannot identify DMH caking products cause
they have the same peak pattern due to DMH non-
caking.
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Synthesis and Characterization of Polystyrene Sulfonic Acid from Expanded
Polystyrene Foam as a Catalyst in the Synthesis of Triacetin
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* Corresponding author: Abstract: In Indonesia, the composition of waste has gradually changed over time. To
reduce expanded polystyrene (EPS) foam waste, we converted it into a heterogeneous acid
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catalyst, namely Polystyrene Sulfonic Acid (PSSA). The catalyst was then used in an
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esterification reaction to generate triacetin. In this research, the synthesis of PSSA was

Received: October 13, 2020 performed using a sulfonation reaction with silver sulfate (Ag:SO,) as the catalyst. Based
Accepted: May 18, 2021 on FTIR analysis, the sulfonation reaction was successful. The use of 0.5% and 1%
DOLI: 10.22146/ijc.60559 catalysts led to a significant increase in the degree of sulfonation of PSSA, while there was

a relatively constant increase when using 1.5-2.5% catalysts. The highest degree of
sulfonation (78.63%) was achieved when the reaction was performed using 2% AgSOy
catalyst for 25 min. The PSSA with the highest degree of sulfonation was characterized
using X-Ray Diffraction (XRD), SEM-EDX, and BET-BJH. This PSSA had a semi-
crystalline structure with a crystallinity of 73.83%, a particle size of 1.75 nm, mesoporous
pores with a radius of 16.984 A, and a sulfur content of 15% (% mass).
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m INTRODUCTION a lower temperature and increase the selectivity of
products. The catalytic degradation of polystyrene has
mainly been studied using solid catalysts such as zeolite,
silica-alumina, fresh FCC catalyst, and MCM-41, which
are expensive [2-3]. Another approach to reduce the

The composition of solid waste, notably the volume
of expanded polystyrene (EPS) foam, has evolved and
increased in line with industrial technology development
and population growth. Cordova and Nurhati [1]
. . . waste involves the conversion of EPS foam waste into an
reported that an approximate inflow of waste from nine .4 catal v Pol Sulfonic Acid (PSSA
river estuaries into the Indonesian Sea from June 2015 to acid catalyst namely Polystyrene Sulfonic Acid ( )
July 2016 of approximately 23 + 7.10 tons and 59% plastic

waste, with EPS foam as the dominant type of waste. The

The PSSA has primarily been applied in industry
in reversible osmosis membranes, ion exchangers,
ultrafiltration, and plasticizers for conductive composites
[4]. The PSSA is considered to have similar acidic
properties to the SiO,-HsPO, catalyst, which can be used

disposal of EPS has therefore become an acute problem
with an associated high environmental impact. As a result,
there is increasing concern regarding the recycling of EPS

. . . f iacetin via th ificati -
waste, for which different options are developed. The to manufacture triacetin via the esterification process [5

. . . . 6]. There are various methods to prepare the PSSA
tertiary recycling offers an alternative way of handling ] ]
catalyst. Martins et al. reacted polystyrene with acetyl
sulfate as the sulfonating agent in CH,Cl, at 40 °C for
30 min to produce PSSA with a sulfonation degree (SD)
of 18-22% [4]. Bozkurt conducted sulfonation of

polystyrene using sulfuric acid as the sulfonating agent

polymer waste, where waste is degraded/depolymerized
into different materials such as styrene, toluene, and
ethylbenzene to produce new polymers or other
substances. In this context, the optimum catalyst and

reactor design can enable catalytic degradation to occurat  * _
in cyclohexane in the presence of P,Os catalyst at 40 °C
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to achieve the SD of 90-95% [7]. In the absence of catalyst,
PSSA production would involve longer reaction time and
resulted in lower degree of sulfonation. According to
Carroll [8], employing the Ag,SO, catalyst can improve
the sulfonation yield by up to 100% in only 5-15 min.
Therefore, this research was aimed to investigate the effect
of the Ag,SOj catalyst, the variation of the reaction time,
the mass ratio of sulfuric acid as the sulfonating agent, and
the mass ratio of ethyl acetate as the solvent on the degree
of sulfonation of PSSA and the characterization of triacetin.

m EXPERIMENTAL SECTION
Materials

The following instruments were used in this
research: BET Surface Area and Pore Size Analyser
(Quantachrome Nova 4200e), Fourier-Transform Infrared
Spectrometer (Thermoscientific Nicolet iS-10), Scanning
Electron Microscope (Hitachi SU-3500), and X-Ray
Diffraction (Rigaku Smartlab).

Procedure

Preparation of polystyrene sulfonic acid (PSSA) catalyst

The EPS foam was cut into 2 x 2 cm pieces. In the
first stage, a piece of EPS foam (5 g) was diluted in 100 mL
of ethyl acetate (EPS foam to ethyl acetate ratio 1:20). The
sulfonating agent of 98% sulfuric acid (166 mL) was
poured into a three-neck flask (EPS foam to sulfuric acid
ratio 1:33). The Ag,SO, catalyst (mass ratio to EPS foam
of 0.5-2.5%) was slowly introduced to the flask and the
mixture was stirred with a magnetic stirrer. The EPS foam
solution was then added dropwise to the previously made
acid solution. The reaction was carried out over a fixed
period (5-30 min) and at a steady temperature varying
from 60 to 70 °C. After the reaction was completed, the
formed solid was washed with deionized water. In the
second stage, the best condition of the highest SD from
the first stage (time, and % mass of Ag,SO,) was altered to
mass ratios of EPS foam:sulfuric acid (1:23; 1:28; 1:33; 1:38
and 1:43) and EPS foam:ethyl acetate (1:10; 1:15; 1:20; 1:25
and 1:30). The SD of the obtained PSSA was determined
using the following procedure, and the highest SD was
analyzed using FTIR, X-Ray Diffraction (XRD), SEM-
EDS, and BET-BJH.
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Determination of the sulfonation degree (SD)

The EPS foam (0.1 g) was soaked in 0.1 M NaCl
solution (10 mL) for 2 d. The mixture was filtered, and
the obtained filtrate was titrated with 0.02 M of NaOH
solution using phenolphthalein as the indicator. The
degree of sulfonation was determined using Eq. (1).

SD = VNaOH x MNaOH x MR. Monomer PSSA 1)
Sample Weight
where VNaOH = volume of NaOH (mL) and MNaOH

= concentration of NaOH (M).

Synthesis of triacetin

Initially, 25 g of glycerol were heated in a three-
neck flask using a hotplate until it reached a reaction
temperature of 100 °C. Acetic acid to glycerol with a
molar ratio of 10:1 was then mixed and 1-5% of PSSA
with the highest SD obtained from the previous
synthesis (25 min, Ag,SO, 2%, EPS foam to sulfuric acid
1:38, and EPS foam to ethyl acetate 1:10) was added to
glycerol. The solution mixture was maintained at its
reaction temperature and stirred with a magnetic stirrer
at speed of 650 rpm for 150 min. Stirring ended once the
reaction time was reached, at which point the
temperature on the hotplate was lowered. The reaction
mixture was separated from the polystyrene sulfonic
acid (PSSA) catalyst using Whatman filter paper and put
into a separating funnel. The results of the esterification
reaction were calculated for the conversion value of
glycerol, selectivity of triacetin, concentration of
triacetin, and the triacetin functional group.

Analysis of the esterification product

Analysis of the esterification product was
conducted  using Gas  Chromatography-Mass
Spectrometry (GC-MS) at the Laboratory of Organic
Chemistry, Universitas Gadjah Mada, Yogyakarta. The
instrument used was GCMS-QP2010S SHIMADZU
with a 5 MS Rtx column, 30 m long, 0.25 mm ID, 0.25
pm film, helium carrier gas, and EI 70 Ev ionization. The
results of this analysis were then used to calculate the
selectivity of the triacetin compound based on Eq. (2)
[9].

Selectivity of Triacetin (%)
_ Amount of glycerol converted to a product (Triacetin)

x100%
Total amount of converted glycerol
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RESULTS AND DISCUSSION

Preparation of Polystyrene Sulfonic Acid (PSSA)
Catalyst

Effect of amount of silver sulfate catalyst on the SD of
PSSA

The degree of sulfonation indicates the effectiveness
of the sulfonation reaction [10-11] and represents the
number of hydrogen atoms that have been substituted by
sulfonate groups (-SOs;H) [12]. In this study, the
sulfonation reaction was conducted in the presence of
silver sulfate (Ag,SO,) catalyst, where the following mass
ratios of catalyst to the mass of EPS foam were applied:
0.5-2.5%. Fig. 1 shows the degree of sulfonation of PSSA
as a function of the amount of catalyst and reaction time.
When 0.5% and 1% catalysts were used, a significant
increase in the degree of sulfonation was observed with
the greater amount of catalyst used, thus indicating that
the amount of catalyst is proportional to the reaction rate.
The increase in reaction rate is directly proportional to the
number of colliding molecules. This situation results in
the number of -SO;H atoms being successfully
substituted and the increase of the SD [13]. However, the
degree of sulfonation of PSSA was relatively constant
when 1.5-2.5% catalysts were employed. This was most
likely due to the number of available active sites on the
catalyst approaching the capacity of catalysts.

Effect of reaction time on the SD of PSSA

The degree of sulfonation depended on several
variables, such as reaction time [10]. Fig. 1 shows the
effect of reaction time on the degree of sulfonation of

B,Dq
7o 4

g 3

40 o

Sulfonation degree (%)

e = 3 &
[ Y T " 1

5 10 15

20

Time (min)
Fig 1. Effect of the amount of catalyst and reaction time on the SD of PSSA
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PSSA. In general, it can be observed that the degree of
sulfonation increased as the reaction time increased
before decreasing over the period of time. The highest
degree of sulfonation in the presence of 0.5-2.5%
catalysts was obtained at 25 min with values of 66.67-
67.3%. There was a decrease in the degree of sulfonation
at 30 min to 66.67-66.98%.

Effect of EPS foam-sulfuric acid ratio on the SD of PSSA

Fig. 2 shows that SD increased in line with the
increasing ratio of EPS foam to sulfuric acid. The highest
degree of sulfonation was obtained with the H,SO4EPS
foam mass ratio of 1:38. It then began to decline at the
ratio of 1:43 in all conditions of the solvent ratio. We
presume that this decrease was due to the reaction
conditions during sulfonation.

The sulfonation reaction is complex and is in
equilibrium with the desulfonation (or hydrolysis of
-SOsH groups) reaction. The reaction conditions were
arranged in such a way that the equilibrium would shift
towards sulfonation. The -SOs;H group can be removed
from the sulfonated compounds using dilute acid
solutions or water. Hydrolysis represents the release of
the -SO;H group with the participation of protons in
this reaction. In the presence of sulfuric or hydrochloric
acid, hydrolysis
sulfonation due to the high concentration of protons. In

can occur simultaneously with
most cases, the sulfonation reaction occurs at high
concentrations of sulfuric acid. However, partial
desulfonation may occur in the presence of concentrated
sulfuric acid [14].

= 5% calalyst
= 1.0% catalyst

1.50 catalyst
m 2 0% calalyst
=2 5% catalyst

25 30
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Fig 2. Effect of EPS foam-sulfuric acid and EPS foam-ethyl acetate on the SD of PSSA

Effect of EPS foam-ethyl acetate ratio on the SD of PSSA

Fig. 2 shows that the increase of the ethyl acetate-
EPS foam ratio led to the decrease of the degree of
sulfonation in the overall H,SOj ratio. It is assumed that
the more ethyl acetate is used, the lower the overall
concentration of sulfuric acid in the reactor, which affects
the equilibrium.

Characterization of PSSA

Based on the results of the previous section, the
PSSA catalyst with the highest SD was obtained in a
sulfonation reaction between EPS foam and sulfuric acid
(1:38) in ethyl acetate (1:10) in the presence of 2% of
Ag,SO; catalyst at 60-70 °C for 25 min. The PSSA catalyst
was then characterized using FTIR spectrometer, XRD,
SEM-EDX, and BET-BJH.

The PSSA was analyzed using FTIR spectrometer at
wavenumbers 4000-450 cm™. Based on the IR spectrum
of EPS foam (in Fig. 3(a)), the absorption bands at 585 and
696 cm™ represented the phenyl ring and C-H bond at
the phenyl ring, respectively. Absorption at 906 cm™
showed the stretching vibration of the aromatic C-H
bond. The peaks at 2919 and 2849 cm™ showed the
asymmetric and symmetrical stretching of CH..
Absorption at 1599, 1491, and 1449 cm™ came from the
vibration of the C=C bonds [15-16]. All the absorption
peaks referred to the structure of the polystyrene.

In Fig. 3(b), the IR spectrum of the PSSA showed
vibration at 1034 cm™ due to the presence of the C-H

bonds of the aromatic ring. Absorption at 1644 cm™
represented the vibration of the S=O double bond group.
The characteristic peak of the C-S bond of aromatic
sulfonate appeared at 1165 cm™ [13-14]. Then, the
absorption peak at 3365 cm™ showed the hydroxyl
(-OH) bond [17,19]. These results demonstrate the
existence of the sulfonate group -SO;H in the structure
of the polystyrene (EPS foam), indicating that the
polystyrene has been sulfonated.

In this study, SEM analysis was conducted to
determine the morphology of EPS foam and PSSA (Fig. 4).
Based on Fig. 4(a), the EPS foam has a large ribbon-like
shape, which is common in polymer morphology [20].

Transmittance (a.u.)
*
-
i
4
£

M 520 &5

35.I]EI 3000 2500 2000 1500 1000

Wavenumber [cm-1)

Fig 3. FTIR spectra of (a) EPS foam, (b) PSSA
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On the other hand, the PSSA has a smaller and more
porous ribbon-like shape (Fig. 4(b)). These morphological
changes occurred due to the sulfonation reaction of the
EPS foam with the concentrated sulfuric acid [20-21].
There were two steps to the sulfonation reaction. The first
involved the generation of sulfur trioxide from
concentrated sulfuric acid. The second step comprised the
reaction between sulfur trioxide and the aromatic rings in
polystyrene, which led to the substitution of hydrogen
atoms with the sulfonic acid group to produce polystyrene
sulfonic acid [22]. This treatment may result in the ribbon
shape becoming more porous.

In this study, the Energy-Dispersive X-ray (EDX)
test was also carried out to determine the elemental
composition of EPS foam and PSSA (Table 1). The results
showed that EPS foam contained carbon (94.86%) and
oxygen (5.14%). After the sulfonation process, sulfur
(15.88%) and oxygen (11.69%) were observed due to the
addition of -SOs;H group to the EPS foam [14]. Other
elements were present in only very small amounts,
including aluminum (Al), iron (Fe), nickel (Ni), and
copper (Cu), presumably due to contamination during
the experiment, such as the iron sieve used to filter the
PSSA.

The characterization of crystal properties using the
XRD instrument was intended to identify the bulk phase
of catalyst and to determine the crystallinity. The higher
the peak of a catalyst following XRD analysis, the more
crystalline the compound [23-24]. Fig. 5 shows the crystal
structure of the EPS foam before and after sulfonation.
The XRD diffractogram of EPS foam (Fig. 6(a)) shows the

highest peak at 20 of 19.32°. Meanwhile, the XRD
diffractogram of PSSA (Fig. 6(b)) showed a sharper peak
at 20 of 19.8°. Therefore, it can be concluded that the
sulfonation process of EPS foam in the presence of silver
sulfate (Ag,SOy) catalyst can produce PSSA with a semi-
crystalline structure.

Table 1. Composition of the elements of EPS foam and
PSSA

Percentage (%w)

No. Component

EPS foam PSSA
1 C 94.86 67.67
2 (@) 5.14 11.69
3 Al - 3.27
4 S - 15.88
5 Fe - 0.39
6 Ni - 0.34
7 Cu - 0.75
Mo, datar Styroloam
B00 'L_'_.:ic.d.r.u.a.‘.rcﬁcm:
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o
=200
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Fig 5. XRD diffractogram of (a) EPS foam, (b) PSSA
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Fig. 6 diplays the nitrogen gas adsorption-
desorption BET analysis of EPS foam and PSSA as
depicted by the isothermal adsorption-desorption curve.
The adsorption-desorption isotherm curve for EPS foam
and PSSA is Type II, characterized by a sigmoidal-shaped
curve and is generally found in materials with larger pores
than micropores. A Type II curve includes a macropore-
size or non-porous type of material [25-26].

Fig. 7 shows the differential curves of pore size
distribution, where the relationship between pore size and
pore volume is due to many pores. The two similar-shaped
curves in Fig. 7 indicate a significant decrease in pore
volume due to the presence of meso-sized pores, as shown

in the pore size distribution curve as an increase in the
average pore radius of more than 17.004 A (1.7004 nm)
for EPS foam and 16,984 A (1.6984 nm) for PSSA. By
converting these value to the diameter measurements,
EPS foam and PSSA have diameters of 3.4008 and
3.3698 nm, respectively. It can thus be concluded that
EPS foam and PSSA have meso-sized pores (2-50 nm).
Based on Table 2, it can be concluded that all the
parameters of the EPS foam samples, including surface
area, pore volume, and pore radius, tend to decrease
following the sulfonation reaction to produce PSSA.
Therefore, it can be concluded that the sulfonation
process affects the area and morphology of PSSA products.
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0007 {
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3 0.005 F =
3 % 0.003
= 00 3 8
% 0.003 4 ) '%' 0.002
0,002
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0.001
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Fig 7. Catalyst pore size distribution of (a) EPS foam, (b) PSSA
Table 2. Physical properties data of EPS foam and PSSA pore
Surface Area (BET) Pore Volume (BJH) Average Pore Radius (BJH)
Component 5 s g
(m?/g) (cm®/g) (A)
EPS foam 567.668 0.191 17.004
PSSA 91.600 0.090 16.984
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Fig 8. Esterification reaction of glycerol and acetic acid in the presence of PSSA catalyst

Impact of PSSA as a Catalyst on the Synthesis of
Triacetin through Esterification Reaction

At this stage, synthesis of triacetin was carried out
by reacting acetic acid and glycerol through the
esterification reaction, as shown in Fig. 8. The
esterification reaction was carried out with fixed variables,
at the stirring speed of 650 rpm at 100 °C for 2.5 h. The
catalyst used in this reaction was PSSA, with the highest
degree of sulfonation from the previous synthesis.

Fig. 9. shows the effect of varying the amount of
catalyst from 1% to 5% in the esterification process, where
the highest yield of triacetin (44.42%) was obtained by
using 2% of catalyst. Fig. 9 shows that the catalyst loading
of 1-2% leads to significant increase in the yields of 28.94-
44.42% due to the greater availability of active sites, thus
allowing more simultaneous protonation of acetic acid
[27]. The yield then decreases with catalysts of 3% to 5%,
which is probably due to the use of excess catalyst. In the
excess amount of catalyst, the density of the solid catalyst
in the solution become sufficiently large to reduce the
contact area between the catalyst and the reactants. In
addition, the high solids concentration in the solution
due to the
accumulation of the PSSA catalyst. As a result, the limited

produces a reactor dead zone [28]

mass transfer leads to fewer reactants diffuse into the
active site of catalyst [29]. The shift in the reaction
equation is due to the formation of water that deactivates
the active site of the PSSA catalyst and changes the
direction of the reaction. The spontaneous reaction
occurred when the catalyst is added, resulting in the
greater conversion of acid. Increasing the acid conversion
leads to the corresponding rise in the water concentration.
Water can deactivate a solid acid catalyst due to its high
affinity for the acidic active sites of the catalyst. This is due
to the influence of water produced as a by-product, where
water tends to shift the reaction to the left. In addition,
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Fig 9. Impact of total polystyrene sulfonic acid as a
catalyst on the esterification reaction of glycerol and
acetic acid (molar ratio 1:10)

water has a very strong interaction among the
components in the system, which greatly affects the rates
of diffusion and reaction [28].

m CONCLUSION

Synthesis of PSSA was carried out by optimizing
several variables, namely time, the amount of catalyst,
and EPS foam ratios to sulfuric acid and ethyl acetate.
The PSSA with the highest degree of sulfonation
(78.63%) was obtained when the reaction was conducted
at 25 min, using 2% Ag,SO, catalyst, and ratios of EPS
foam to sulfuric acid and ethyl acetate of 1:38 and 1:10,
respectively. Synthesis of PSSA using 0.5-1% Ag,SO,
catalyst gave significant increase in the degree of
sulfonation with increasing of the reaction time. In
contrast, the catalyst loading of 1.5-2.5% led to an
insufficiently strong rise in the degree of sulfonation
despite showing a constant increase. The PSSA with the
highest degree of sulfonation had a semi-crystalline
structure with a crystallinity of 73.83% and a particle size
of 1.75 nm. The esterification reaction between glycerol
and acetic acid in the presence of PSSA with the highest
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degree of sulfonation (2%), produced triacetin in 44.42%
yield.
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Abstract: This study aims to examine the manufacture, characterization, and in vitro
hemocompatibility of glutaraldehyde-crosslinked chitosan/carboxymethyl cellulose
(CS/CMC-GA) as a hemodialysis membrane. The CS/CMC-GA membrane was prepared
using the phase inversion method with 1.5% CS and 0.1% CMC. The chitosan was
crosslinked with glutaraldehyde in various monomers ratios, and the membranes formed
were characterized by FTIR, SEM, and TGA. Furthermore, the hydrophilicity, swelling,
porosity, mechanical strength, and dialysis performance of the membranes against urea
and creatinine were systematically examined, and their in-vitro hemocompatibility tests
were also conducted. The results showed that the CS/CMC-GA membranes have higher
hydrophilicity, swelling, porosity, mechanical strength, and better dialysis performance
against urea and creatinine than chitosan without modification. In addition, the
hemocompatibility test indicated that the CS/CMC-GA membranes have lower values of
protein adsorption, thrombocyte attachment, hemolysis ratio, and partial thromboplastin
time (PTT) than that of pristine chitosan. Based on these results, the CC/CMC-GA
membranes have better hemocompatibility and the potential to be used as hemodialysis

membranes.

Keywords: chitosan; CMC; membrane; hemodialysis

m INTRODUCTION

The incidence of chronic renal disease is
significantly increasing globally, with 3 million recorded
cases in 2012 [1]. Presently, hemodialysis is the most
common treatment recommended for chronic renal
failure patients in the ESRD (End-Stage Renal Disease)
phase. The function of hemodialysis is as an artificial
kidney that can separate toxic substances in the blood,
such as urea and creatinine, from materials still needed by
the human body, such as vitamins, hormones, albumin,
and blood cells fibrinogen. In hemodialysis, a semi-
permeable membrane is the most vital component
responsible for the separation of substances. The early
generation type of this membrane was made of acetic
cellulose, which then has been replaced by a synthetic
polymer, such as polysulfone (PSF), polyethersulfone

(PES), polyvinylpyrrolidone (PVP), polymethyl-
methacrylate (PMMA), and polyacrylonitrile (PAN) [2-
5]. Although the early generation and the synthetic
polymer types have small pores and are good in
transporting urea and creatinine compounds, there are
still some problems concerning their permeability and
biocompatibility [6]. Therefore, considering that the use
of natural materials yields biocompatible products, the
utilization of a semi-permeable membrane made of
natural biopolymeric resources is very promising and
necessary to be further explored and developed [7].
One of the promising biopolymeric materials as
hemodialysis abundantly available in nature is chitosan,
which is obtained from chitin deacetylation. This
biopolymer contains a hydroxyl (-OH) and amine
(-NH.) and dissolves in an organic acid to form a thin
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film, biodegradable, inert, non-toxic, easy to modify, and
safe for the human body [8-11]. However, chitosan is not
ready to be used as a membrane without some
modifications.  Its  performance  still  requires
improvement, especially in the number of active groups,
permeability against urea and creatinine, mechanical
strength, hydrophilicity, porosity, and biocompatibility
[12]. Some studies have also suggested the necessary
modification of these membranes to improve their
performance as hemodialysis membranes [12-15]. Also,
previous studies have reported that chitosan membranes
have been modified by increasing their active groups and
their [16]. The

modification was achieved by blending the membrane

improving mechanical strength
with active-sites-rich polymer and crosslinking reactions
[14,16-17]. This blend gives rise to the change in their
hydrophilicity-hydrophobicity ~ balance,

mechanical

strength, stability, porosity, and influences the
effectiveness of the membrane dialysis towards urea and
creatinine and their biocompatibility [7,14].

In this study, the active sites of the chitosan

membrane are enriched by blending it with
carboxymethyl cellulose (CMC), while its mechanical
strength is improved by crosslinking it with

glutaraldehyde (GA). It has been previously proved that
the CMC has a more effective active group of carboxyl
(-COOQO") in their interaction with urea and creatinine [16]
by hydrogen bonds [18]. Also, it has been reported that
CMC modification gives more biodegradable and non-
toxic compounds [19]. Furthermore, a carboxyl group in
the CMC influences the hydrophilicity-hydrophobicity
balance and dialysis capability of the membrane and its
interaction with blood [20]. The preparation of chitosan
membrane using CMC as a blending agent and
glutaraldehyde as a crosslinking candidate have been
conducted in prior studies [19,21-23]. However, most of
these products have not been applied to hemodialysis
membranes. The modification of the chitosan membrane
crosslinked with glutaraldehyde (CS/CMC-GA) in this
study is expected to improve its mechanical strength and
membrane porosity and influence the hydrophilicity-
hydrophobicity balance. The obtained CS/CMC-GA
membranes were characterized using FTIR, SEM, TGA,
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and their properties were determined, including
hydrophilicity, swelling, porosity, and mechanical
strength. The membrane permeability was also tested
against urea and creatinine, while its biocompatibility
was examined in vitro by establishing its protein
adsorption, hemolysis ratio, thrombocyte attachment,
and partial thromboplastin time (PTT).

m EXPERIMENTAL SECTION
Materials

Chitosan (MW ~40,000 Da with DD 87%) was
obtained from Biotech Surindo, Cirebon, Indonesia.
Carboxymethyl cellulose (low viscosity, DS 70%) and
picric acid (ACS reagent 99.5%) were produced by Sigma
Aldrich. Glutaraldehyde (ACS reagent 25%), glacial
acetic acid (96.6%), sodium hydroxide (ACS reagent
97.0%),
(DAB),
phosphate, and potassium hydroxy phosphate were

creatinine,  p-dimethylaminobenzaldehyde

sodium citrate, potassium dihydrogen

obtained from Merck (Germany).
Instrumentation

This study used instruments that include: FTIR
spectrophotometer (Shimadzu FT-IR 8201 PC), scale
(Mettler Toledo AB54-S), hot plate with a magnetic
stirrer (E-scientific), petri dish (Iwaki), oven, centrifuge
(PLC Gemmy), pH-meter (Hanna), glassware and
dialysis equipment set, TGA (Perkin Elmer), UV-Vis
Spectrophotometer (Shimadzu), SEM (JSM 6360 LA)
and Tensometer (Shimadzu, AG-I-250 KN).

Procedure

Preparation of glutaraldehyde crosslinked CS/CMC
In this study, the membranes were prepared using
a phase inversion system. Chitosan solution (1.5% w/v)
was prepared by dissolving chitosan powder in 100 mL
of 1% glacial acetic acid and stirred for 24 h. The
variations of glutaraldehyde (54.4, 27.2, 18.2, and
13.6 mg) were respectively added to 50 mL chitosan to
obtain membrane cross-linked at 40, 80, 120, and 160
monomers of chitosan (CS/CMC-GA40, CS/CMC-
GA80, CS/CMC-GA120, CS/CMC-GA160). The number
of monomers 40, 80, 120, and 160 indicated the possibility
of repeating the crosslinked chitosan monomer by GA.
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The solution was stirred at 60 °C. Then, 50 mL of 0.1%
CMC was added to each resulting solution by steadily
dropping and stirring for 24 h. The mixed solution (10
mL) was poured into a Petri dish, and the solvent was
evaporated at 40-50 °C for 24 h. Then 1.0 M NaOH
solution was added until the membrane was detached
from the petri dish and washed using mineral-free water
until neutral and dried.

Membrane characterization

The resulting membrane was characterized using an
FTIR instrument (Shimadzu Prestige 21) to determine its
functional group. In addition, its surface morphology was
analyzed by SEM (Phenom Pro X), and its thermal
characteristics were assessed with TGA (Perkin Elmer).
Mechanical strength. The membrane's mechanical
strengths were tensile strength and strain (%), measured
by tensile strength tester (Zwick/Z05) and expressed in
MPa. The membrane was cut into 4 x 6 cm* dimensions
and given a load of 5 N at the moving speed of 5 mm/min.
Hydrophilicity and porosity tests. The hydrophilicity
test was carried out by establishing the water contact angle
and swelling. The contact angle measurement was
conducted with static water sessile drops using the
Axisymmetric Drop Shape Analysis Profile (ADSA-P)
approach. The water contact angle was established using
drop water from the pipette perpendicularly to the flat
membrane. The angle between the water curve surface
and the flat area of the membrane was recorded every
20 sec. The swelling test was carried out by soaking the
2 x 2 cm® dimension membrane in phosphate-buffered
solution (PBS) pH 7.4 for 5 h. Subsequently, the membrane
surface was dried using filter paper and weighed. The
following equation was used to establish the swelling power:
Swelling(%) = Mx 100% (1)

Wo

where W, and W, were the wet and dry weights,

respectively.

The porosity test was carried out by soaking the 3 x
3 cm’ dimension membrane in the doubled-distilled
water for 5 h, and the membrane surface was dried. The
following equation was used to establish the porosity:

W, — W,
8(%)=%x100% ()

p
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where & = porosity, W, and W, = the membrane weight

after and before soaking, V = volume of the membrane,
and p = density.

The average pore radius rm (m) was determined

using Guerout-Elford-Ferry equation:

. \/(2.9 —1.75¢)x8ntQ 3)

eAAP
where 1) is the water viscosity at 25 °C, t is the membrane

thickness (m), Q is the volume of the permeate water per
unit time (m?/s), A is the effective area of the membrane
(m?), and AP is the operational pressure (Pascal). Pore
diameters (pore size, nm) of the membrane are
calculated by multiplying rm by 2 [24].

Dialysis performance

The permeable capability of the membrane was
evaluated by determining urea and creatinine dialysis.
The membrane was inserted into the dialysis apparatus
between two compartments with an effective diffusion
area of 3.14 cm® The source compartment was filled
with 30 mL of PBS solution containing urea and
creatinine. The experiment was conducted in a single
solution, and the concentrations of the urea and the
creatinine were respectively 500 ppm and 20 ppm in PBS
of pH 7.4. Then, 50 mL of each solution was poured into
the feeding phase, and a phosphate-buffered solution
was filled at the receiving phase. Each of these was stirred
for 5 h. The dialyzed urea was determined every hour by
spectrophotometer UV-Vis using p-
dimethylaminobenzaldehyde/DAB (Ehrlich's reagent)
in an acid condition. The complexing agent of picric acid
in alkaline conditions (Jaffe method) was used to
determine the dialyzed creatinine. The following
equation was employed in determining the percentages
of the transported urea and creatinine:
(%) = = x100% (4)

CO

where t = permeated percentage, C, = dialysate
concentration, and C, = initial concentration at feeding

phase.

Hemocompatibility study
Protein adsorption. The blood
centrifuged at 3000 rpm for 15 min to obtain two layers

sample was
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of the
thrombocyte/platelet-poor plasma (PPP), while the
enriched with thrombocyte/platelet-rich
plasma (PRP). Then, 2 X 2 cm* membrane was washed

solution. The top part contains less

bottom is

using PBS buffer, and 1 mL of PPP was poured into it and
incubated for an hour at 37 °C. Subsequently, the
membrane was sprayed with PBS solution, washed with
2% sodium dodecyl sulfate, and flushed with doubled-
distilled water. The resulting solution was used to
determine the concentration of the adsorbed protein
using UV-Vis
methods.

Thrombocyte attachment. After washing the 2 x 2 cm®
membrane using the phosphate-buffered solution (PBS)
of pH 7.4, it was poured into 1 mL of PRP and incubated
for an hour at 37

spectrophotometry and the biuret

°C. The concentration of the
thrombocyte before and after soaking the membrane was
analyzed using a hemocytometer. The following equation
was used to establish the number of thrombocytes
attached to the membrane:

C
Thrombocyte attachment = C—t x100% (5)

o

where C; and C, = concentration of the thrombocyte after
and before the soaking.
Hemolysis ratio. The membrane cut with the 2 x 2 cm?
dimension was washed using doubled-distilled water and
0.9% NacCl, then soaked quickly in the mixture of 5 mL of
0.9% NaCl and 20 mL of a blood sample for 30 min. The
blood sample was centrifuged at 1500 rpm for 10 min. The
absorbance of the upper layer of the blood (plasma) was
measured using a UV-Vis spectrophotometer at 545 nm.
Double-distilled water was used as a positive control,
while 0.9% NaCl was used as the negative. The following
equation was used to establish the hemodialysis ratio
(HR):

_ AS—AN

~ AP-AN
where AS = sample absorbance, AN = negative control

x100% (6)

absorbance and AP = positive control absorbance.

Partial thromboplastin time (PTT). The membrane
dimension of 0.5 x 0.5 cm was soaked in 0.5 mL of PPP
and incubated at 37 °C for 10 min. Then, 250 pL 0of 0.025 M
CaCl, solution that has been heated at 37 °C for 10 min
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with constant stirring was added to the PPP mixture.
Once fibrin fibers were formed, the time was recorded as
the PTT [25].

m  RESULTS AND DISCUSSION

The CS, CS/CMC, and CS/CMC-GA membranes
in this study were prepared using the phase inversion
method, in which the liquid phase was converted to a
solid phase by evaporating the solvent by gradual heating
at 40-50 °C for 24 h. The CS/CMC-GA membrane was
prepared from the chitosan with a deacetylation degree
(DD) of 87% for more accessible treatment. The higher
DD of 1.5% chitosan quickly formed a gel, and it was
difficult to mold the membrane. The stability of the
CS/CMC-GA was tested in water and PBS pH 7.4 for 6 h.
After the soaking process, both in water and PBS, the
chitosan membrane and the CS/CMC crosslinked with
glutaraldehyde showed no dissolution (stable) and
reduction, meaning that the membranes were stable.
Meanwhile, a small amount of CS/CMC dissolution was
observed. These findings indicated that CS and
CS/CMC-GA membranes were applied to blood plasma
at pH of 7.4, while CS/CMC was not feasible.

Membrane Characterization

FTIR was used in this study to characterize the
functional groups of the chitosan and CS/CMC-GA, and
the results were shown in Fig. 1. Both types of chitosan
showed a wide adsorption band of about 3400 cm,
indicating the presence of ~-OH overlapping with the
-NH group. Furthermore, the chitosan amide group was

e
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Wavenumber [cm-1)

Fig 1. FTIR spectra of (a) chitosan and (b) CS/CMC-GA
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observed in the absorption of 1650 cm™, and the intensity
of this peak increased in the CS/CMC-GA membrane.
This observation was consistent with previous studies by
Opyrton et al. [26] and Beppu et al. [27], which stated that
glutaraldehyde-crosslinked chitosan shows the vibration
absorption at 1655 cm™ due to the formation of a new
N-C bond, formed by N atom from the chitosan and C
atom of glutaraldehyde. The crosslink formation between
the chitosan and the glutaraldehyde was also proved by
the intensity decrease of a peak of 1100 cm™, belonging to
an amino group (-NH,). Regarding the interactions
between CS and CMC, no new vibration was observed
because, according to Wang et al. [21], this interaction
does not involve chemical bonds but through electrostatic
formation only.

Further characterization of the membranes has been
carried out by the TGA method. The thermograms of the
TGA analysis of chitosan and glutaraldehyde-crosslinked
chitosan/CMC were shown in Fig 2. The membrane was
heated from 30 to 1000 °C at an elevated 5 °C/min, and
the thermogram was recorded. As observed from the
figure, the first decrease in weight occurred at 30-165 °C
for chitosan and the CS/CMC-GA chitosan, indicating
the discharge of the water trapped in the membrane
through evaporation. However, the percentage decrease
in the CS/CMC-GA (13%) weight was more significant
than that of the chitosan (9%), suggesting that the
CS/CMC-GA contains
hygroscopic than the chitosan. The second decrease in the
weight for chitosan occurred at 250-425 °C, while that of
CS/CMC-GA occurred at 250-645 °C. The weight
decrease indicated that the destruction of the bonds other
than the

more water and is more

glucopyranose ring produced volatile
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compounds, such as CO,, H,O, and CO. The higher
temperature and longer time required for the second
weight decrease and bond breaking in the CS/CMC-GA
indicated higher membrane stability resulting from the
crosslink reaction. The third weight decrease in the
chitosan was observed at 425-565 °C, while that of the
CS/CMC-GA was found at 645-750 °C. This range of
temperatures  corresponded with breaking the
remaining bonds available in the membranes, including
the polymerization bond of the chitosan chain and the
opening of glucopyranose and pyrolytic rings. The more
complex bonds available in the CS/CMC-GA required a
higher temperature than the chitosan to break the bonds.

The surface morphology of chitosan and CS/CMC-
GA membranes have been characterized by SEM
analysis, and the results are shown in Fig. 3. From this
figure, the surface of the chitosan membrane is flat and
homogeneous (Fig. 3(a)). It is also observed that the
surface morphology of the CS/CMC-GA is relatively
homogeneous coarser and is a little bit amorphous. This

— Chitosan CESICMC-GA

1] - ZE]EI - 4El]ﬂ - Ell]ﬂ - Bll]ﬂ - 1ﬂlﬂﬂ - ‘Il’.ﬂﬂ
Temperature (*C)
Fig 2. TGA curves of chitosan and CS/CMC-GA

Fig 3. SEM image of chitosan and CS/CMC-GA
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morphology causes the membrane porosity to increase as
well as the surface contact area of the dialysate.

Hydrophilicity Measurement

The degree of hydrophilicity-hydrophobicity of the
membrane surface has been observed by measuring its
water contact angle. The narrow water contact angle

that the high
hydrophilicity and vice versa. The measurement results of

indicated membrane surface has
the water contact angle of the membrane surface of the
chitosan (CS), CS/CMC, and CS/CMC-GA were
summarized in Fig. 4. In general, the surfaces of the three
membranes are hydrophilic, and the longer they are in
contact with water, the narrower the angle obtain. Fig. 4
clearly shows that the CS/CMC membrane has the
narrowest water contact angle, suggesting it was the most
hydrophilic. This fact can be explained from the points
that the CS/CMC has -OH and -NH, hydrophilic groups
of its chitosan structure and that CMC is rich in carboxyl
groups that can form hydrogen bonds with water.
Therefore, it is easily understood that the crosslink
reaction, as in CS/CMC-GA, significantly contributes to
the decrease in its water contact angle, ie., its
hydrophilicity is significantly reduced. This phenomenon
happens because the hydrophilic groups in the chitosan
and the CMC will partially bind to the glutaraldehyde
during the crosslinking reaction. This result was in
agreement with the study reported by Beppu et al. [27]
suggesting that more addition of glutaraldehyde as
crosslinked solvent gives rise to the lower hydrophilicity
of the chitosan obtained.

In addition to the water contact angle, the
hydrophilic characteristics of the membranes have also
been observed by measuring their swelling ability, which
is one of the main features of hemodialysis membranes.
The swelling measurements of the chitosan, CS/CMC,
and crosslinked-CS/CMC membranes were summarized
in Fig. 5. It was observed from the figure that the blending
membrane of chitosan and CMC has the highest water
absorption than that of chitosan. Meanwhile, the
introduction of the crosslinking agent (glutaraldehyde)
leads to a decrease in the water adsorption, and the higher
the addition of GA, the lower the swelling obtained. The
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Fig 5. Swelling curves of chitosan, CS/CMC, and
CS/CMC-GA

decrease in membrane swelling is possibly due to the
chitosan and CMC hydrophilic groups' binding with
glutaraldehyde during the crosslinking reaction. Similar
to the water contact angle parameter, the high swelling
property of the membrane does not guarantee that the
layer is suitable for hemodialysis because some other
aspects should also be considered, such as mechanical
strength and hemocompatibility. Nevertheless, a
suitable hemodialysis membrane generally has high

hydrophilic properties.
Porosity Analysis

Porosity is one of the membrane characteristics,
which is referred to the number of cavities present.
Therefore, the membrane with high porosity indicates a
large number of cavities that play an essential role in the
dialysis process. The membrane porosity measurement
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of the chitosan and the CS/CMC-GA were summarized in
Fig. 6. The addition of CMC and GA to the chitosan
membrane was able to increase its porosity. However, the
little glutaraldehyde addition decreased the porosity as the
excess GA in the membrane results in more crosslinked
chitosan monomers, leading to a denser structure.

On the contrary, the smaller number of GA addition
gave rise to the farther distance of the crosslinked
monomer, also affecting the membrane porosity.
Therefore, the combination of chitosan membrane with
CMC and its crosslinking has increased the porosity of the
modified chitosan. The membrane's pore size has also
been determined using the Guerout-Elford-Ferry equation
and gives the results that the pore size of the CS/CMC-
GA40 and CS/CMC80 membrane are 9.72 8.37 A,
respectively. This pore size is larger than the urea and
creatinine molecules, which are 5.6 and 3.2 A, respectively
[28]. Therefore, this membrane pore size allows urea and
creatinine to pass through the membrane, while much
larger proteins than the membrane's pore cannot be
transported.

Tensile Strength Analysis

The tensile strength and strain measurement of
chitosan and the crosslinked CS/CMC were summarized
in Fig. 7. It was observed that the combination of chitosan
and the crosslinked CMC, in general, increased the tensile
strength and strain of the membrane (Fig. 7(a)). The
CS/CMC membrane crosslinked by GA at every 80
monomers has the strongest tensile strength. However, its
strain was shorter than that of CS/CMC membrane

-
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crosslinked by GA at every 40 monomers. This result
was consistent with the study of Beppu et al. [27],
suggesting that GA is able to stabilize the membrane.
However, its excess introduces a brittle surface. Thus,
the tensile strength and the strain play an essential role
in the flat membrane, especially in the dialysis process.

Dialysis Performance

One of the main characteristics of the hemodialysis
membrane is its capability to dialyze urea and creatinine,
representing the largest quantity of toxic substances that
should be separated from blood plasma. The dialysis
process of urea and the creatinine using CS and
crosslinked CS/CMC were shown in Fig. 8. It was
observed that the crosslinked CS/CMC membrane
showed better dialysis capability than that of the
chitosan. The result was consistent with the fact that the
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Fig 6. The porosity of chitosan and GA-crosslinked
CS/CMC
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Fig 7. Tensile strength (a) and strain (b) of chitosan and CS/CMC-GA membranes
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hydrophilicity and porosity of the crosslinked CS/CMC
membrane were better than those of the chitosan. The
better dialysis performance of the crosslinked CS/CMC
compared to the other membranes was due to the
presence of the excess carboxyl group compared to that of
the chitosan. The CMC also possesses more carboxyl
groups. Therefore it has better dialyzing ability than the
initial amine and hydroxyl of the chitosan [22]. The best
performance of the crosslinked CS/CMC membrane was
shown by those bonded to every 80 chitosan monomers
because the crosslinking to every 80 chitosan monomers
leads to relatively better porosity and hydrophilicity than
its chitosan membrane. The dialysis percentages of the
CS/CMC-GA membrane against urea and creatinine were
46.5% and 33.8%, respectively. According to Amri et al.
[29], the dialysis performances of the acetic cellulose
membranes against urea and creatinine were 51.2% and
31.2%, respectively. Therefore, the dialysis performance
of the synthesized membrane was comparable to that of
acetate cellulose, known as conventional hemodialysis
membrane. Table 1 showed the detailed comparison of
the dialysis performance in this study with the recently
reported literature.

The findings that the crosslinked CS/CMC
membrane has better performance than the other types
were also supported by the data indicating that the flux of
CS/CMC-GA membrane in dialyzing the urea and
creatinine were larger than that of its chitosan, producing
the best rate of 2.417 mg cm™ h™' for the urea and
0.683 mg cm™ h™! for the creatinine. The detailed data of
urea and creatinine fluxes for CS and GA-crosslinked

CS/CMC membranes were summarized in Table 2.
In Vitro Hemocompatibility Test

Protein adsorption and thrombocyte attachment
The ideal hemodialysis membrane does not adsorb
excess proteins that cause fouling on the surface layer
and hampers the dialysis of urea and creatinine. The
experimental results of protein adsorption in the
chitosan and crosslinked CS/CMC membranes were
shown in Fig. 9(a). Based on these data, it was observed

Table 1. Comparison of membrane dialysis performances
of CS/CMC-GA with the recently reported literature

Urea Creatinine

Membranes S o Ref.

Dialysis (%)  Dialysis (%)
Pure PVDF +10.0 +2.0 [30]
PVDEF/FMCNT +9.5 +2.5 [30]
PVDEF/PEG +46.0 +21.0 [30]
PES/CNT +10.0 +12.0 [3]
Pure PES +9.5 +7.5 [31]
CA 51.2 31.2 [29]
Present work 46.5 33.8

Table 2. The flux of urea and creatinine across chitosan
and GA-crosslinked CS/CMC membranes

Urea Flux Creatinine Flux

Membrane

(mgcm2h™) (mgecm2h™)
CS 1.934 £ 0.18 0.452 + 0.045
CS/CMC-GA40 2.314 £ 0.36 0.561 £ 0.054
CSCMC-GAS80 2.417 £0.87 0.683 +£0.043
CS/CMC-GA120 2.178 £ 0.62 0.548 + 0.039
CS/CMC-GA160 2.065 +0.14 0.583 £ 0.048
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Fig 9. Membrane hemocompatibility: (a) protein adsorption and (b) thrombocyte attachment

that protein adsorption was much lower in the crosslinked
CS/CMC membrane than in the chitosan. This result was
consistent with the study of Ren et al. [32], stating that the
CMC with a negative charge of carboxyl group and
protein repelled each other, decreasing protein adsorption.
Thus, the crosslinked-CS/CMC membranes investigated
in this study have relatively equal protein adsorption
performance regardless of its variation of crosslinking. In
comparison, the membrane with crosslinking at every 80
monomers showed the lowest adsorption.

In addition, the thrombocyte test is one of the
essential analyses for determining the hemocompatibility
characteristics of the hemodialysis membrane. The
thrombocyte with a complex structure plays an initial role
in forming a thrombus that functions in blood coagulation.
The experimental results of thrombocyte attachment on
the membrane surface of the chitosan and the crosslinked
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CS/CMC were shown in Fig. 9(b). It was observed that
the thrombocyte attachment of crosslinked CS/CMC
membrane was lower than that of chitosan. Similar
trends of thrombocyte attachment have also been
reported by Ren et al. [32] and Tang et al. [33],
suggesting that the negatively charged group of carboxyl
causes a decrease in the adsorption of thrombocytes
increases hemocompatibility of the membranes.

Hemolysis ratio and PTT

The hemolysis ratio is defined as the number of
damaged erythrocytes when blood is in contact with a
particular material. Therefore, it is necessary to measure
the hemolysis ratio of the layer when interacting with the
blood to evaluate the membranes' performance. The
results of this study were shown in Fig. 10(a). Based on
these data, it was observed that the crosslinking of
CS/CMC membrane significantly decreased the blood

Fig 10. Membrane hemocompatibility: (a) hemolysis ratio and (b) PTT
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hemolysis ratio from 6.53% for CS to 4.62% for CS/CMC-
GA in the soaking process for 60 min. In addition, the
negatively charged membrane of the crosslinked CS/CMC
also decreased the number of damaged erythrocytes,
suppressed platelet attachment, and blood coagulation.

Another parameter of hemocompatibility was
partial thromboplastin time (PTT), which is the time
required by blood plasma to coagulate and is influenced
by factors such as calcium availability. The presence of
calcium accelerates the formation of fibrin fibers and vice
versa. According to Gao et al. [25], when coagulation
factor VII is activated, thrombin produced from
thrombinogen triggers fibrin fibers from fibrinogen. In
this study, the PTT test results were shown in Fig. 10(b).
The crosslinked CS/CMC membranes were found to
inhibit blood coagulation or increase the PTT values
compared to that of chitosan. This result also correlated
with the studies of Gao et al. [25] and Li et al. [34], stating
that the additional carboxyl group contributed by CMC
improves anti-coagulation and lengthens the PTT period
of the blood.

m CONCLUSION

CS/CMC
membranes were successfully synthesized in this study. It

The glutaraldehyde-crosslinked

was observed that they have better characteristics than
that of the chitosan, including their hydrophilicity (contact
angle and swelling), porosity, mechanical strength (tensile
strength and strain), and dialysis performance against
urea and creatinine. Furthermore, based on in vitro
hemocompatibility tests consisting of protein adsorption,
thrombocyte attachment, hemolysis ratio, and PTT
parameters, it was shown that the synthesized crosslinked-
CS/CMC membranes were more compatible with the
blood (have higher hemocompatibility) than that of
chitosan. Based on these results, it is recommended that
the synthesized products are further developed to be
applied and used as hemodialysis membranes in the future.
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cornutus is listed as critically endangered on IUCN Red List. Since no comprehensive

Received: December 1, 2020 study has been documented on the chemical constituents of D. cornutus, there is an
Accepted: June 10, 2021 urgent need to study this plant comprehensively. Phytochemical study of the stem bark of
DOI: 10.22146/ijc.61800 D. cornutus afforded a new flavonoid (1) and nine known compounds, which consist of

flavonoids (2, 3), oligostilbenoids (4, 5, 7, 8, 9, 10), and coumarin (6). The finding of the
study contributes to the chemotaxonomic differentiation in the plants of the tribe
Dipterocarpae.
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= INTRODUCTION Kalimantan. It is known for having large leaves due to
Dipterocarpus, commonly known as keruing’, is a reaching heights of up to 50 meters tall. Its flowers are
plant genus that belongs to the family Dipterocarpaceae, around 4 cm in diameter and of a pale yellow coloration
which consists of approximately 75 species distributed in

tropical regions [1-2]. This family of plant is known to

[24]. Traditionally, this genus has been prescribed to
cure skin inflammation, bronchial infection, colitis and
contain sesquiterpenes [3], triterpenes [4-7], flavonoids anxiety, gonorrhea, gleets, ulcer, rheumatism, and liver
diseases in Thailand, Cambodia, Laos, Vietnam, and the
Philippines [25]. The Malaysian Red List of Peninsular

Malaysia has reported that Dipterocarpus cornutus is

[8], and resveratrol oligomers [1-2,9-14] and possesses
diverse biological activities, such as anti-inflammatory

[15-16], antioxidant [17], anticancer [1,4], anti-human

immunodeficiency virus (HIV) [1,4,7,18], and antibacterial critically endangered. To the best of our knowledge,

[19-21] activities. As part of our ongoing project searching there has been no report of pharmacological and

for resveratrol oligomers in Malaysia Dipterocarpace phytochemical investigation for D. cornutus so far.
[12,17,19-20,22-23], Dipterocarpus cornutus was selected

for phytochemical investigation. Dipterocarpus cornutus

Hence, the present study described the structural
characterization of the new flavonoid derivative, 4-

is a species of tree in the family Dipterocarpaceae native methoxy  epigallocatechin-3-O-(3-methyl) gallate (1),

to peninsular Malaysia, Singapore, Sumatra, and based on spectroscopic data including ultraviolet (UV),
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infrared (IR), mass spectrometry (MS), 1D and 2D
nuclear magnetic resonance (NMR).

m EXPERIMENTAL SECTION
Materials

Samples of the stem bark of Dipterocarpus cornutus
was collected from Universiti Teknologi MARA Pahang
Forest Reserve, Pahang, Malaysia. The voucher specimen
SKD 2/6 was deposited at the Herbarium of Universiti
Teknologi MARA Pahang, Malaysia, and identified by the
wood lecturer, Tuan Sheikh Abdul Karim bin Tuan
Yamani and with help from a botanist. The identification
of species was carried out by comparing with the existing
specimen in the herbarium by using the existing taxonomic
keys of Symington [24]. The following adsorbents were
used for purification: vacuum liquid chromatography
with Merck Si-gel 60 (5-40 pm, cat.no. 1.07747), radial
chromatography with Merck Si-gel 60 GF254 containing
gypsum (5-40 um, cat.no. 1.07749), and TLC analysis
with Merck Kieselgel 60 F254 0.25 mm (cat.no. 1.05554).
The silica gel and TLC were purchased from Merck
(Germany). Solvents used for purification compounds
were analytical grade (RCL Labscan), while extraction of
sample industrial grade (Fisher chemical) is used in this
study. The industrial grade was distilled before being used.

Instrumentation

UV and IR spectra were measured with Varian
Conc. 100 instruments and a Perkin Elmer Spectrum One
FTIR spectrometer (Perkin Elmer, USA), respectively.
LC-MS/MS was determined on Agilent 6224 TOF-LC/MS
using positive and negative mode (Agilent, Santa Clara,
USA). The 'H and “C APT NMR spectra were recorded
using Bruker Advance Model (500 MHz, 300 MHz for 'H
and 125 MHz, 75 MHz for "C,
(Switzerland). The melting points were measured using

respectively)

Melting-Point Apparatus with microscope JM628.
Procedure

Extraction and isolation

The dried powder of the stem bark of D. cornutus
(5 kg) was macerated with acetone (3 x 10 L) and
evaporated under reduced pressure to give a dark brown
residue (300 g). The dried acetone extract was dissolved
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in a small volume of MeOH (300 mL), then added with
diethyl ether to a volume * 2 L to give a MeOH-diethyl
ether soluble fraction (50 g) after decantation and
Further
chromatography

evaporation. fractionation using various

techniques was carried out
consecutively [26]. Part of the fraction (2 x 20 g) was
subjected to vacuum liquid chromatography (VLC),
(diameter; 10 cm, silica gel: 250 g) with mixtures of n-
hexane/EtOAc and MeOH to give four major fractions
(DC,-DGCs). DCs was purified yielded compound 1
(10 mg), compound 2 (15 mg), compound 3 (12 mg),
and compound 7 (8 mg). Using the same methodology,
purification of fraction DC, gave four major fractions
(DC,1-DCs4). Purification of each fraction manages to
isolate compound 4 (15 mg), compound 5 (15 mg),
compound 6 (17 mg), and compound 9 (40 mg). DCs
(7.5 g) was subjected to VLC (diameter: 10 cm and silica
gel 250 g), which was performed with
Hex:EtOAc:MeOH to give DC;,-DCs.. Purification of
fraction DCs;, (245 mg) with radial chromatography
(plate 1 mm, CHCl;:MeOH (9.5:0.5) yielded compound
8 (8 mg). DC, (5.4 g) was selected to further purification
using VLC with Hex:EtOAc:MeOH and yielded four
fractions DC4,-DC4,4. Subfraction D, (600 mg)
chromatographed with RC and eluent system
CHCI3:EtOAc:MeOH (7.0:2.5:0.5 to 5.0:4.5:0.5) yielded
compound labelled as compound 10 (7 mg).
4-methoxy-epigallocatechin-3-0-(4-methyl)gallate
(1). Mp.: 192-195 °C. UV (MeOH) xmax (Loge): 284 nm.
IR spectrum (KBr) v max (cm™): 3423 (OH), 2935 (C-H
stretching), 1054 (C-O stretching). The MS m/z at [M-
H]: 485. 'H-NMR (methanol-ds, 300 MHz) &u: 5.10
(1H, s, H-2), 5.50 (1H, m, H-3), 2.98 (1H, dd, ] = 17.1,
4.5 Hz, H-4a), 3.06 (1H, dd, ] = 17.1, 4.5 Hz, H-4p), 6.03
(1H, d, ] = 2.1 Hz, H-6), 5.99 (1H, d, ] = 2.4 Hz, H-8),
6.56 (1H, s, H-2'/6"), 3.76 (3H, s, OMe), 7.16 (1H, s, H-
2'/6"), 7.16 (1H, s, H-6") , 3.87 (1H, s, OMe). "C-NMR
(methanol-d,, 75 MHz) 8¢: 76.8 (C-2), 69.4 (C-2), 26.7
(C-4a/4p), 97.9 (C-4a), 155.6 (C-5/7), 95.3 (C-6), 94.8
(C-8), 151.0 (C-8a), 127.6 (C-1"), 105.6 (C-2'/6"), 147.4
(C-3'/5"), 134.5 (C-4"), 59.5 (OMe), 120.0 (C-1"), 106.2
(C-2"), 147.4 (C-3"), 143.0 (C-4"), 144.4 (C-5"), 106.2
(C-6"), 166.2 (CO), 55.4 (OMe).
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m  RESULTS AND DISCUSSION

The phytochemical study on the acetone extract of
the stem barks of D. cornutus yielded a new compound 1
together with nine known compounds known as davidiol
A (4) [27], stenophyllol B (5) [28], hemsleyanol D (7) [29],
e-viniferin (8) [30], laevifonol (9) [31], ampelopsin F (10)
[32], one coumarins: scopoletin (6) [33], two flavonoids:
4-O’-metylgallocatechin (2), and 4-0O’-
methylepigallocatechin (3) [34]. (Table 1, Fig. 1). Their
chemical structures were established based on their
spectroscopic evidence and comparison with the
published data (Table 2, 3, and Fig. 2).

Compound 1 was obtained as an amorphous light-
yellow solid and was predicted as a flavonoid compound
based on TLC analysis. The sulphuric acid-vanillin
spraying reagent was applied, and the yellow spot was
formed. The UV spectrum showed maximum absorption
signals at 286 and 320 nm in MeOH, which is typical for

Indones. J. Chem., 2021, 21 (5), 1132- 1139

flavan-3-ol derivatives. The IR spectrum of compound 1
showed an absorption band for the hydroxyl group at
3518 cm™, 1602, and 1461 cm™ for C=C aromatic and
1713 cm™ for carbonyl (C=0). The melting point was
determined between 192-195
formula of C,sH»,0,; was deduced from the molecular
ion peak observed at m/z 485.1141 [M-H]" in the LC
mass spectrum with calculated 14 DBE. The '"H-NMR
spectrum (Table 1) of compound 1 displayed its catechin

°C. The molecular

Fig 1. HMBC correlations of Compound 1

Table 1. '"H-NMR spectroscopy data of compound 1

No C 6H (mul, J in Hz) 6C HMBC (‘HeBC)

2 5.10 (d, 1.5) 76.8 H-2-CO

3 5.50 (m) 69.4 -

4ax 298 (dd, 17.1,4.5)  26.7 -

4eq 3.06 (dd, 17.1,4.5) 26.7 -

4a 97.9 -

5/7 155.6 -

6 6.03 (d, 2.1) 95.3 -

8 5.99 (d, 2.1) 94.8 -

8a 151.0 -

1' 127.6 -

2/6 6.56 () 105.6 H-2'/6'-C-2,C-2'/6,C-4,C-3'/5
3'/5' 147.4 -

4' 134.5 -

OMe 3.76 (s) 59.5 OMe-C-4

1" 120.0 -

2’ 7.16 (s) 106.2 H-2"-C-2"/6",C-1",C-5",C-3", CO
3" 147.4 -

4" 143.0 -

5" 144.4 -

6” 7.16 (s) 106.2 H-6"-C-2"/6",C-1",C-5",C-3", CO
(00) 166.2 H-2/CO

OMe 3.87 (s) 55.4 C-3"

Measured in methanol, ds at 300 MHz (*H) and 75 MHz (*C APT)
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Table 2. "H-NMR spectroscopy data of for oligomeric resveratrol
tetramer trimer dimer
NoH
7 4 5 8 9 10
2/6a 7.22 (d, 8.7) 7.21(d, 8.7) 6.88(d,8.7) 7.18(d,8.7) 6.76 (d, 8.1) 7.09 (d, 8.4)
3/5a 6.78 (d, 8.7) 6.80 (d, 8.7) 6.77(d,8.7) 6.81(d,8.7) 6.76 (d, 8.1) 6.76 (d, 8.4)
7a 5.77 (d, 11.7) 6.09 (d, 3.3) 584(d,3.3) 5.39(d, 6.6) 5.06 (d, 7.5) 4.18 (d, 1.5)
8a 4.41(d, 11.7) 4.42 (d, 9.6) 5.07 (d,3.3) 4.35(d, 6.6) 3.29(d,7.5) 3.35(brs)
10a . . . 6.18 (d, 1.8) 5.93(d, 2.1) .
12a 6.36 (d, 2.4) 6.44 (d, 2.1) 6.31(d,2.1) 6.20(d,2.1) 6.17 (t,2.1) 6.06 (d, 2.4)
14a 6.12 (d, 1.8) 6.57 (d, 2.4) 6.25(d,2.4) 6.18(d, 1.8) 593 (d, 2.1) 6.53 (d, 2.4)
2/6b 6.94 (d, 8.7) 7.02 (d, 8.7) 7.20(d,8.4)  7.07 (d, 8.7) 6.97 (d, 8.1) 6.78 (d, 8.4)
3/5b 6.48 (d, 8.7) 6.60 (d, 8.7) 6.68 (d, 8.7) 6.76 (d, 8.1) 6.58 (d, 8.5)
7b 5.29 (d, 3.4) 5.28 (brs) 6.87 (d, 16.2) 5.29 (d, 10.8) 3.64 (brs)
8b 3.38 (d, 10.9) 424 (d, 11.4) 6.61 (d, 16.2) 3.27 (d, 10.8) 4.12 (brs)
12b 6.02 (s) 6.04 (s) 6.27 (d, 1.8) 6.20 (d, 2.0) 6.15 (d, 2.4)
14b - - 6.65 (d, 1.8) 7.14 (br s) 6.45 (d, 2.4)
Ascorbic 4.42(br s), 4.22 (m), 3.96
acid (dd, 4.4.10)
2/6¢ 6.72 (d, 8.7) 6.74 (d, 8.7) 7.29 (d, 8.1)
3/5¢ 6.52 (d, 8.7 6.61 (d, 8.7) 6.68 (d, 8.1)
7c 4.55(d, 1.9) 439 (d,9.3)
8c 3.89(dd, 11.7,11.2)  2.97(dd, 11.7,9.9)
10¢ . 6.43 (d, 2.4)
12¢ 6.23 (d, 2.0) 6.19 (t, 2.1)
14c 6.79 (s) 6.43 (d, 2.4)
2/6d 7.06 (d, 8.4)
3/5d 6.82 (d, 8.4)
7d 4.92(d, 1.5)
8d 3.50 (brs)
10d 5.34 (br s)
12d 6.07 (t, 2.1)
14d 5.34 (brs)

The 'H were measured with 500 MHz in acetone, ds

Table 3. 'H-NMR spectroscopy data of for non-
oligomeric resveratrol

No H 2 3 6

2 459 (d, 7.5) 4.822 (s) -

3 3.99 (m) 4.20 (m) 6.20 (d, 9.3)
4a 2.84(dd, 16.2,5.1) 2.73(dd, 16.5,3.0) 7.84(d,9.3)
4b  2.56 (dd, 16.2,7.8) 2.83(dd, 16. 5,3.0)

5 - 7.12 (s)

6 5.95 (d, 2.1) 6.01 (d, 2.0)

8 5.86 (d, 2.1) 5.91 (d, 2.0) 6.78 (s)

OMe 3.80 (s) 3.78 (s) 3.92 (s)
2’/6’ 6.42(s) 6.58 (s)

The 'H was measured with 300 MHz in methanol, ds

skeleton through resonances displayed in the ring A at
the downfield region at 81 6.03 (d, ] = 2.1 Hz) and 5.99
(d, ] = 2.1 Hz), which were assigned to proton H-6 and
H-8, respectively. An AB spin system signal was also
observed in the downfield region at du 6.56 as singlet
signals H-2'/6'
trisubstituted at H-3',4" and 5'. Thus, the signals revealed
the presence of ring B for this catechin derivative. The

each for indicated there were

presence of ring C was identified upfield region for the
signal of proton aliphatic at 6y 5.10 (H-2), 5.50 (H-3),
298 (H-4.), and 3.33 (H-4,), which revealed the
occurrence of dihydroxypyran heterocyclic compound
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with a molecular formula of C;HsO with the attachment
of hydroxyl group on C-3. Thus, establishing this
compound as a flavan-3-ol skeleton.

Basically, the 'H and >C APT NMR of compound 1
closely resembled those of compound 3 as 4-O*-
methylepigallocatechin [34]. However, from the HMBC
spectrum correlation (Fig. 2), it showed the occurrence of
a cross peak at ] HMBC for H-2 and carbon carbonyl,
which revealed that this catechin was attached to GMe
(methyl gallate) established for the ring D. The addition of
GMe, which is proposed to be attached at C-3 establishing
from compound 3 (4-O’-methylepigallocatechin) and was
named as 4-methoxyepigallocatechin-3-O-(3-methyl)
gallate.

The remaining "H-NMR for ortho coupling H-2"/6"
at 8y 7.16 (s) revealed the occurrence of GMe, which
attached to the methoxy group at C-3". The important
peak for this methoxy at ring D can be seen at du 3.87, and
another methoxy at 0y 3.76 was attributable for C-4" at
ring B. HMBC spectrum revealed the occurrence for
proton methoxy of GMe (ring D) correlate with C-3" at*J

OH

H H OCH; H
HO. ol | HO o
: OH ) OH
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while proton methoxy (ring B) correlate with C-4" at °J
(Fig. 1). The 'H and "C-NMR assignments obtained in
this work were achieved primarily using proton-carbon
correlation methods, specifically HMQC and HMBC
experiments for long-range correlations. Basically, the
PC APT NMR indicated the presence of eight
quaternary 8¢ 97.9 (C-4a), 97.9 (C-5/7), 151.0 (C-8a),
151.0 (C-1'), 147.5 (C-3'/5'), 134.5 (C-4"), six methine
carbon at §¢ 95.3 (C-6), 94.8 (C-8), 69.4 (C-3), 76.8 (C-
2), 106.7 (C-2'/C-6'), one methylene carbon at d¢ 26.7
(C-4) and one methoxy at 8¢ 3.871. The >C APT NMR
also indicated there were six additional signals from
spectrum compound 3 which have four quaternary
carbons at 8¢ 127.0 (C1"), 147.4 (C-3"), 143.0 (C-4"),
144.4 (C-5"), two methane at 8¢ 105.6 (C-2"), 120 (C-
6"), the signal for carbonyl (C=0) at 8¢ 166.24 and also
methoxy carbon at § 3.753.

In our present study, the discovery of six
oligomeric which consist of dimer (8, 9, 10), trimer (4,
5), tetramer (7), and also non-oligomeric compounds (6,
1,2, and 3), indicated the variations in their chemical

OH

H

3
HO...
LY
§.0__ OH _~__OH
) T
0.~ 5 H
I L TH
= H ___—: OH
ol |
OH / H \ /\
\ H _J\ |'J\
,__ AN o
Q—’f HO™ ™~ o
HO H =
|
7 Zon

Fig 2. Compounds isolated from D. cornutus

Wan Zuraida Wan Mohd Zain et al.



Indones. J. Chem., 2021, 21 (5), 1132- 1139

constituents from D. cornutus. The six oligometric are
commonly found in Dipterocarpaceae [14]. The presence
of (8) has no chemotaxonomic significance as it is
regarded as the general precursor for oligostilbenoids
[14,26]. Compound (9) is a unique oligostilbenoid formed
from the condensation of (8) and ascorbic acid. Another
dimer resveratrol, (4) with the skeleton bicycle[3.2.1]
octane found in Dipterocarpus grandiflorus, indicated that
these metabolites have a significant relationship with
these species [9]. The significant findings of these
resveratrol oligomers are compound (4) and (5), which is
the first time reported in Dipterocarpus. The presence of
compound (7), tetramer resveratrol, also revealed the
relationship of chemotaxonomy characteristics between
D. cornutus and D. grandiflorus.

This
resveratrol, which is (6, 2, and 3). Compound 6 can be

study also discovered non-oligomeric
classified as a significant compound in Dipterocarpaceae,
which can be found abundantly. However, the presence of
two flavonoids: 4-O “methylgallocatechin (2) and 4-O*
methylepigallocatechin (3) are only reported in the family
other than Dipterocarpaceae. To the best of our
knowledge, 4-methoxy epigallocathechin-3-O-(3-methyl)
gallate (1), flavan-3-ol derivative, was isolated for the first
time in the plant. Catechin, epicatechin, gallocatechin,
and epigallocatechin are the flavanol units, except that the
two latter compounds have hydroxyl units. This
methoxylated analog in the catechin or gallocatechin
series has not yet been reported in Dipterocarpaceae
family. We now describe the isolation and structural
elucidation of compound 2 as an isomer mixture of
compound 3.

Compound 6 is not in the same class as stilbenoid,
but it’s derived from the same route called the shikimic
acid pathway, which replaces most plant phenolic
biosynthesis. The coumarin nucleus (benzo-2-pyrone) is
derived from cinnamic acid (phenyl acrylic skeleton) in
its biosynthesis [35]. Basically, all the compounds
originate from the same route alongside coumarin and
flavonoid. It starts from phenylalanine via the shikimate
pathway, where it branches off to different biosynthetic
routes in order to synthesize oligomeric and non-
oligomeric compounds [35]. Tables 2 and 3 showed the
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'"H-NMR spectroscopy for oligomeric resveratrol and
The
identification of the flavonoids in this study contributes

non-oligomeric  resveratrol,  respectively.

significantly towards the diversity of secondary
metabolites in the tribe Dipterocarpae. Flavonoids are
potential taxonomic markers to distinguish Dipterocarp
with closely anatomical features such as the Balau Group
in the genus Shorea [35]. Flavonoids are important
chemical markers due to their characteristics such as
structural variability, chemical stability, ubiquitous
occurrence, easy and rapid identification. Moreover,
flavonoids are also used to solve the problems of plant
identification where flowering and fruit development do
not frequently occur [36].

m CONCLUSION

This study found that Dipterocarpus cornutus
possesses the ability to synthesize oligomeric and non-
oligomeric compounds via different biosynthetic routes.
This finding was rather interesting, as this can be used to
investigate the relationship between species and genera
in Dipterocarpaceae.

m ACKNOWLEDGMENTS

The authors would like to thank the Ministry of
Higher Education for the scholarship-SLAB/UITM for
the Ph.D. study leave.

m REFERENCES

[1] Mubhtadi, Hakim, E.H., Juliawaty, L.D., Syah, Y.M.,
Achmad, S.A., Latip, J., and Ghisalberti, E.L., 2006,
Cytotoxic resveratrol oligomers from the tree bark of
Dipterocarpus hasseltii, Fitoterapia, 77 (7), 550-555.

[2] Muhtadi, Hakim, E.H., Syah, Y.M., Juliawaty, L.D.,
Achmad, S.A., Said, .M., and Latip, J., 2005, Tiga

kulit
Dipterocarpus retusus Blume (Dipterocarpaceae),
JMS, 10 (4), 137-143.

[3] Messer, A., McCormick, K., Sunjaya, Hagedorn,
H.H., Tumbel, F., and Meinwald, J., 1990, Defensive
role of

senyawa oligostilbenoid  dari batang

resins:  Antitermitic
sesquiterpenes from Southeast Asian
dipterocarpaceae, J. Chem. Ecol, 16 (12), 3333-
3352.

tropical tree

Wan Zuraida Wan Mohd Zain et al.



1138

[4] Khiev, P., Kwon, O.K,, Song, H.H., Oh, S.R., Ahn,
K.S., Lee, H.Y., and Chin, Y.W., 2012, Cytotoxic
terpenes from the stem of Dipterocarpus obtusifolius
collected in Cambodia, Chem. Pharm. Bull., 60 (8),
955-961.

[5] Senathilake, K.S., Karunanayake, E.H., Samarakoon,
S.R., Tennekoon, E.D., de Silva, E.D., and Adhikari,
A., 2017, Oleanolic acid from antifilarial triterpene

of Dipterocarpus
oxidative stress and apoptosis in filarial parasite
Setaria digitata in vitro, Exp. Parasitol., 177, 13-21.

[6] Ukiya, M., Kikuchi, T., Tokuda, H., Tabata, K,
Kimura, Y., Arai, T., Ezaki, Y., Oseto, O., Suzuki, T.,
and Akihisa, T., 2010, Antitumor-promoting effects

of dammar

saponins zeylanicus  induces

and cytotoxic activities resin
triterpenoids and their derivatives, Chem. Biodivers.,
7 (8), 1871-1884.

[7] van der Deolen, G.A., van den Berg, K.J., Boon, J.J.,
Shibayama, N., René de la Rie, E., and Genuit, W.J.L.,
1998, Analysis of fresh triterpenoid resins and aged
triterpenoid varnishes by high-performance liquid
chromatograhphy-atmospheric pressure chemical
ionisation (tandem) mass
Chromatogr. A, 809 (1), 21-37.

[8] Joshi, K., 2008, Chemotaxonomic investigation of

spectrometry, J.

Cotylelobium species (Dipterocarpaceae)
flavonoid analysis, Sci. World, 6 (3), 24-26.
[9] Ito, T., Tanaka, T., linuma, M., Nakaya, K,
Takahashi, Y., Sawa, R., Murata J., and Darnaedi, D.,
2004, (=5-[(1E)-2-(4-
hydroxyphenyl)ethenyl]benzene-1,3-diol) tetramers

using

Two new resveratrol
with a tetrahydrofuran ring from Dipterocarpus
grandiflorus, Helv. Chim. Acta, 87 (2), 479-495.

[10] Ramli, R., Ismail, N.H., and Manshoor, N., 2015,
Identification of oligostilbenes from Dipterocarpus
semivestitus through dereplication technique, Jurnal
Teknologi, 77 (2), 85-88.

[11] Ramli, R., Ismail, N.H., and Manshoor, N., 2017,
Recycling HPLC for the purification of oligostilbene
from Dipterocarpus semivestitus and

Neobalanocarpus heimii (Dipterocarpaceae), J. Liq.

Chromatogr. Relat. Technol., 40 (18), 943-9409.

Indones. J. Chem., 2021, 21 (5), 1132- 1139

[12] Wan Mohd Zain, W.Z., Ahmat, N., and Aisyah,
S.K., 2017, Oligostilbenoid from Dipterocarpus
cornutus, Planta Med., 4 (S 01), S1-S200.

[13] Surapinit, S., Jong-aramruang, J., Siripong, P.,
Khunkraktok, S., 2014,
Dipterostilbenosides A oligostilbene

and Tip-pyang, S,

and B,
glycosides from Dipterocarpus tuberculatus, Nat.
Prod. Commun., 9 (9), 1323-1326.

[14] Sotheeswaran, S., 1993,
Distribution of resveratrol oligomer in plants,
Phytochemistry, 32 (5), 1083-1092.

[15] Yang, W.S., Lee, B.H., Kim, S.H., Kim, H.G,, Yi,
Y.S., Htwe, KM, Kim, Y.D., Yoon, K.D., Hong, S,,
Lee, W.S., and Cho, J.Y., 2013, Dipterocarpus
tuberculatus ethanol extract strongly suppresses in

and Pasupathy, V.,

vitro macrophage-mediated inflammatory
responses and in vivo acute
Ethnopharmacol., 146 (3), 873-880.
[16] Chen, Y.S., Chen, C.J.,, Yan, W., Ge, H.M., and

Kong, L.D., 2017, Anti-hyperrucemic and anti-

gastritis, J.

inflammatory actions of vaticaffinol isolated from
Dipterocarpus alatus in hyperuricemic rice, Chin. J.
Nat. Med., 15 (5), 330-340.

[17] Kamarozaman, A.S., Latip, J., and Wan Mohd Zain,
W.Z., 2013, Antioxidant properties of Vatica
pauciflora and Vatica lowii crude extracts, JOLST, 1
(4), 205-209.

[18] USDA-ARS, 2008, Germplasm Resources Information
Network-(GRIN),
Germplasm Resources

National

Beltsville,
Maryland, http://www.ars-grin.gov/cgi.bin/npgs/
html/taxon.pl?446747, accessed on 10 July 2014.

[19] Wan Mohd Zain, W.Z., and Ahmat, N., 2011, Study
on antibacterial and antioxidant activities against

Online Database,

Laboratory,

dimer, trimer and tetramer resveratrol from
Malaysian’s Dipterocarpus verrucosus, Planta Med.,
77, SL57.

[20] Wan Mohd Zain, W.Z., Ahmat, N., and Osman,
C.P, 2018,

antibacterial activity of Diptoindonesin E, tetramer

Neurotoxicity, antioxidant and

resveratrol  from  Dipterocarpus
ESTEEM Acad. ]., 14, 42-50.

verrucosus,

Wan Zuraida Wan Mohd Zain et al.



Indones. J. Chem., 2021, 21 (5), 1132- 1139

[21] Basri, D.F., Luoi, C.K., Azmi, A.M.,, and Latip, J.,
2012, Evaluation of the combined effects of
stilbenoid from Shorea gibbosa and vancomycin
against methicillin-resistant Staphylococcus aureus
(MRSA), Pharmaceutical, 5 (9), 1032-1043.

[22] Wan Mohd Zain, W.Z., Ahmat, N., and Osman, C.P.,
2018, Antioxidant activities of oligostilbenoids from
the stem bark of Dipterocarpus verrucosus,
Dipterocarpus crinitus and Dipterocarpus cornutus,
Int. J. Eng. Technol., 7 (4.18), 409-414.

[23] Wan Mohd Zain, W.Z., Ahmat, N., Rukayadi, Y.,
Osman, C.P., Yusoff, N.A.H., and Winda, N., 2019,
In vitro antimycotic activity of chemical constituents
from  Dipterocarpus

verrucosus, Dipterocarpus

cornutus and  Dipterocarpus crinitus against
opportunistic filamentous fungi, Asian J. Agric. Biol.,
7 (3), 344-354.

C.F., 1974, Foresterss Manual of

Dipterocarps, University Malaya Publication, Kuala

[24] Symington,

Lumpur.

[25] Aslam, M.S., Ahmad, M.S., and Mamat, A.S., 2015, A
phytochemical, ethnomedicinal and pharmacological
review of genus Dipterocarpus, Int. . Pharm. Pharm.
Sci., 7 (4), 27-38.

[26] Wibowo, A., Ahmat, N., Hamzah, A.S., Latif, F.A,,
Norrizah, ].S., Khong, H.Y., and Takayama, H., 2014,
Identification and biological activity of secondary
metabolites from Dryobalanops beccarii, Phytochem.
Lett., 9, 117-122.

[27] Tanaka, T, Ito, T., linuma, M., Ohyama, M., Ichise,
M., and Tateishi, Y., 2000, Stilbene oligomers in roots
of Sophora davidii, Phytochemistry, 53 (8), 1009-1014.

[28] Ohyama, M., Tanaka, T., Ito, T., Iinuma, M., Bastow,
K.F.,, and Lee, K.H., 1999, Antitumor agents 200.
Cytotoxicity of naturally occurring resveratrol

1139

oligomers and their acetate derivatives, Bioorg.
Med. Chem. Lett., 9, 3057-3060.

[29] Tanaka, T., Ito, T. Nakaya, K., linuma, M.,
Takahashi, Y., Naganawa, H., and Riswan, S., 2001,
Six new heterocyclic stilbene oligomers from stem
bark of Shorea hemsleyana, Heterocycles, 55 (4),
729-740.

[30] Li, W.W., Ding, L.S., Li, B.G., and Chen, Y.Z., 1996,
Oligostilbenes from Vitis heyneana,
Phytochemistry, 42 (4), 1163-1165.

[31] Hirano, Y., Kondo, R., and Sakai, K., 2003, Novel
stilbenoid isolated from the heartwood of Shorea
laevifolia, ]. Wood Sci., 49 (1), 53-58.

[32] Oshima, Y., Ueno, Y., Hisamichi, K., and Takeshita,
M., 1993, Ampelopsin F and G, novel bridged plant
oligostilbenes from Ampelopsis brevipedunculata
var. hancei roots (Vitaceae), Tetrahedron, 49 (26),
5801-5804.

[33] Rohaiza, S., Yaacob, W.A., Din, L.B., and Nazlina,
I, 2011, Cytotoxic oligostilbenes from Shorea
hopeifolia, Afr. J. Pharm. Pharmacol., 5 (9), 1272-
1277.

[34] Davis, A.L., Cai, Y., Davies, A.P., and Lewis, J.R,,
1996, 'H and >C NMR assignments of some green
tea polyphenols, Magn. Reson. Chem., 34 (11), 887-
890.

[35] Abu-Eittah, R.H., and El-Tawil, B.A., 1985, The
electronic absorption spectra of some coumarins, A
molecular orbital treatment, Can. J. Chem., 63,
1173-1179.

[36] Talip, N., Greenharm, J., Cutler, D.F., and Lucas,
M.K., 2008, The utility of leaf flavonoids as
taxonomic markers for some Malaysian species of
the tribe Shoreae (Dipterocarpaceae), Bot. J. Linnn.
Soc., 157, 755-762.

Wan Zuraida Wan Mohd Zain et al.



1140 Indones. J. Chem., 2021, 21 (5), 1140 - 1147

Phenolics Profiling and Free Radical Scavenging Activity of Annona muricata, Gynura
procumbens, and Typhonium flagelliforme Leaves Extract

Dewi Anggraini Septaningsih’?, Amalia Yunita', Cecep Abdurohman Putra’, Irma Herawati
Suparto’**, Suminar Setiati Achmadi'?, Rudi Heryanto'*?, and Mohamad Rafi**"

'Department of Chemistry, Faculty of Mathematics and Natural Sciences, IPB University,
JI. Tanjung Kampus IPB Dramaga, Bogor 16680, Indonesia

2Advanced Research Laboratory, Institute of Research and Community Services, IPB University,
JI. Palem Kampus IPB Dramaga, Bogor 16680, Indonesia

*Tropical Biopharmaca Research Center-Institute of Research and Community Services, IPB University,
JI. Taman Kencana No. 3, Kampus IPB Taman Kencana, Bogor 16128, Indonesia

*Primate Research Center, Institute of Research and Community Services, IPB University,
JI. Lodaya II No. 5 Kampus IPB Lodaya, Bogor 16151, Indonesia

* Corresponding author:

email: irmasu@apps.ipb.ac.id’;
mra@apps.ipb.ac.id”

Received: December 10, 2020
Accepted: June 28, 2021

DOI: 10.22146/ijc.62124

Abstract: The leaves of Annona muricata (sirsak), Gynura procumbens (sambung
nyawa), and Typhonium flagelliforme (keladi tikus) have been used as traditional
medicines in Indonesia. This study aims to determine the antioxidant capacity and
putatively identified phenolics from the leaves of three medicinal plants forementioned
above. We used the DPPH (2,2-diphenyl-1-picrylhydrazyl) method for measuring radical
scavenging (antioxidant assay) while the phenolics profiling was determined using
UHPLC-Q-Orbitrap HRMS. The results showed that the percentage of radical scavenging
activity of G. procumbens leaves extract in ethanol was higher than the other two plants.
Phenolics profiling of the three medicinal plants was identified with 38 compounds
belonging to flavones and flavanols hydroxycinnamic acid, and several other groups. The
number of metabolites identified putatively was 12, 31, and 19 metabolites in the extracts
of A. muricata, G. procumbens, and T. flagelliforme, respectively. The results confirmed
the correlation between the phenolics presence and the antioxidant capacity of three
plants used in this study.

Keywords: Annona muricata; radical scavenging activity; Gynura procumbens;

phenolics profiling; Typhonium flagelliforme; UHPLC-Q-Orbitrap HRMS

= INTRODUCTION

Medicinal plants from Indonesia need to be
developed to find their specific biological activities for
possible usage as herbal medicine. The medicinal plant
extract's biological activity is strongly affected by its
metabolite composition and concentration, especially its
bioactive compound. Any information regarding the
metabolites'’ composition and concentration gives
different biological activity levels such as antioxidant
activity [1-2]. It was reported that some medicinal plants

from Indonesia are known to have antioxidant activity,

such as Annona muricata 3], Gynura procumbens [4],
and Typhonium flagelliforme [5]. These plants are also
known to contain phenolic compounds, which are
generally known as antioxidant agents.

Antioxidants play an essential role in inhibiting the
oxidation process from protecting cells from harmful
free radicals generated from the body's metabolism and
other external factors [6]. In general, antioxidants
derived from plants come from its phenolics, like
flavonoids [7], hydroxamic acids derivatives [8-9],
[11], and

coumarins [10], vitamins (tocopherol)
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phenolic acids (gallic acid) [12-13]. Phenolics are well
known as primary active compounds as natural
antioxidants and mostly found in plants [13-14].
Therefore, it is essential to have phenolics profiles in our
sample to analyze and evaluate their antioxidant capacity.
To date, there is no reported paper regarding
phenolic profiling of extract ethanol of A. muricata
(sirsak), G. procumbens (sambung nyawa), and T.
flagelliforme (keladi tikus). Therefore, we performed
phenolic profiling of the three medicinal plant extracts
and evaluated their percentage inhibition of DPPH
radical as an antioxidant assay. Phenolics profiling was
performed using UHPLC-Q-Orbitrap HRMS. This
analytical instrument has high sensitivity and accuracy in
the determination of the molecular weight of metabolites.
Additionally, we analyzed the correlation of phenolic
profile and its percentage inhibition of DPPH radical.

m EXPERIMENTAL SECTION
Materials

The leaves A. muricata, G. procumbens, and T.
flagelliforme were collected from the medicinal plant
garden of Tropical Biopharmaca Research Center
(TropBRC), IPB University, Bogor, Indonesia. Voucher
specimens of A. muricata (BMKO0091082016), G.
procumbens (BMK 0310122016), and T. flagelliforme
(BMKO0175092016) were in TropBRC, IPB
University. Ethanol pro analysis, acetonitrile, and water
(LC-MS grade) were purchased from Merck (Darmstadt,
Germany), while 2,2-diphenyl-1-picrylhydrazyl (DPPH)
was obtained from Sigma Aldrich (Palo Alto, USA). PTFE
filter 0.22 pm was obtained from Anpel (Shanghai, China).

stored

Instrumentation

The free radical scavenging assay by DPPH was
performed using a microplate reader (Epoch BioTek,
Winooski, USA). Separation and profiling of phenolics
were conducted in Vanquish Flex UHPLC tandem Q
Plus Mass
Spectrometer. The chromatogram data were analyzed
Thermo XCalibur, and the
identification was performed using Compound Discoverer
version 2.2 (Thermo Fisher, Waltham, MA, USA) with an

Exactive Orbitrap-High  Resolution

using the putative
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in-house database, chemical literature, and spectral
database.

Procedure

Extraction

The three samples' fresh leaves were separately
washed and sun-dried in the open air and pulverized. The
powder sample was macerated in ethanol with a ratio
between the powder sample weight with solvent extraction
of about 1:10 wt/v. The extraction was carried out for 24 h
with three repetitions; the filtrates were concentrated
using a rotary evaporator under low pressure [2].

Measurement of free radical scavenging activity
Ethanol extract stock solution was prepared with a
concentration of 250 ppm. A sample solution of 100 pL
was pipetted into the 96-well plate, added with 100 uL of
125 uM DPPH solution in ethanol, and incubated under
light conditions and at room temperature for 30 min.
The absorbance was measured using a microplate reader
at a wavelength of 517 nm. We performed triplicate
analysis, and the percentage of radical scavenging was
determined using the equation below:
(Abs. of blank — Abs. of sample)
Abs. of blank

Profiling of phenolics using UHPLC-Q-Orbitrap HRMS
A total of 50 mg of each extract were dissolved in

x100%

% Radicals cavenging =

5 mL methanol and sonicated for 30 min. The solution
was filtered using a 0.2 pm PTEFE filter into the vial and
ready to be analyzed using UHPLC-Q-Orbitrap HRMS
using a C18 column (100 mm x 2.1 mm x 1.8 pm). The
mobile phase employed was 0.1% formic acid in water
(A) and 0.1% formic acid in acetonitrile (B) under a
gradient of 5-95% (B) for 30 min. The flow rate was
0.2 mL/min, and the injection volume was 2.5 pL. The
source of MS ionization used was ESI (-) with Q-
Orbitrap mass analyzer, and the collision energy
deployed for ionization was 18, 35, and 53 eV. The range
of m/z of 100-1500 and automatic gain control (AGC)
was set at 3 x 10° and the injection time was 100 ms.
Other conditions were as followed: spray voltage 3.8 kV,
the capillary temperature 320 °C, sheath gas, and
auxiliary gas flow rate were 15 and 3 mL/min,
respectively. The scan type used is full MS/dd MS2 and
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full scan data in positive and negative were acquired at a
resolving power of 70,000 FWHM.

Data Analysis

The statistical analysis was carried out using one-
way analysis of variance (ANOVA) for free radical
scavenging activity and followed with Tukey test (p <
0.05). The UHPLC-Q-Orbitrap HRMS chromatogram in
raw data was processed using the X-Calibur 2.2 program
to convert the data. Putative identification of metabolites
was performed using Compound Discoverer 2.0 software
by processing the data with spectra process, aligning
retention time, detecting unknown compounds, group of
unknown compounds, and predicting compositions. The
work was continued with search the mass lists, fill gaps,
normalized areas, and marked background compounds.
Interpretation of mass spectra was used in-house
database, chemical literature, and spectral database.

m RESULTS AND DISCUSSION
Free Radical Scavenging Activity

Antioxidants stop or break the chain reaction of free
radicals in the body; hence they could inhibit or prevent
the body cells damage. DPPH is commonly used for
measuring the free radical scavenging activity of a sample.
DPPH is a stable free radical, dark purple color that can
turn yellow if it accepts electrons or hydrogen from an
antioxidant moiety, resulting in stable DPPH molecules
[15].

Fig. 1 shows the free radical scavenging activity of
ethanol extract of the three plants. At a concentration of
250 pg/mL, the inhibition of A. muricata, G. procumbens,
and T. flagelliforme ethanol p.a. extract was 31.60+1.24%,
59.56+8.39%, and 35.06+3.05%, respectively. Among
these extracts, G. procumbens has exhibited the highest
free radical scavenging activity. The free radical
scavenging activity of different extracts was in the
following order: G. procumbens > A. muricata > T.
flagelliforme, and no significant differences were found
between A. muricata and T. flagelliforme leaves extract (p
> 0.05). It means G. procumbens contained a high
concentration of antioxidant compounds.

Indones. J. Chem., 2021, 21 (5), 1140 - 1147

Phenolics Profiling of the A. muricata, G.
procumbens, and T. flagelliforme Leaves Extract

Metabolite profiling in the context of drug
development aims to identify and analyze a large group
of metabolites, including the investigation's
intermediate products, reflecting dynamic responses to
physiological changes or developmental stimuli [16-17].

The phenolics in the ethanol extracts were
identified using UHPLC-Q-Orbitrap HRMS. Fig. 2
shows a base peak chromatogram with negative
ionization mode in the three studied medicinal plants'
leaves extracts. The chromatograms give different
patterns, indicating a difference in each species sample's
metabolite composition and concentration.

A total of 38 compounds were putatively identified
based on confirmation of the ion precursor values and
MS2 fragmentation patterns with the available literature
(Table 1). The number of metabolites identified in the
leaves of A. muricata, G. procumbens, and T.
flagelliforme is 31, 12, and 19 phenolics, respectively.
These compounds belong to flavones, flavonols,

hydroxycinnamic acids, and several other groups. Thus,

100 1
S0

59.56b

1]
(=]

35.06a

% Scavenging
s
o o

31.60a

- N W
o o o

0

A. muricata G Procumbens T. flagelliforme
Fig 1. The DPPH radical scavenging activity of A.

muricata, G. procumbens, and T. flagelliforme leaves
ethanol extracts. All experiments were performed in
triplicate. Data are expressed as mean + SD (n = 3), and
data marked with a different letter indicates a significant
difference (p < 0.05)
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Fig 2. Base peak chromatograms of A. muricata (a), G. procumbens (b), and T. flagelliforme (c) ethanol extract in
negative ionization mode

Table 1. Putative identification of phenolic from the ethanol extract of A. muricata (AM), G. procumbens (GP), and T.
flagelliforme (TF) leaves extract by UHPLC-Q-Orbitrap HRMS

MW Rt Sample
No Compound Formula . R MS2 Group _
experimental (min) AM GP TF

1 Apigenin 7-O-rutinoside Cy7H30014  578.16776 5.83 269;225 Flavones v

2 Orientin (Luteolin 8-C glucoside) CaiHz200u 448.10103 8.93 327;285 Flavones v

3 Apigenin C-hexoside-C-pentoside CasH2s014 564.14873 7.29 545;443;431; 341; 311 Flavones v
4  Cirsilineol CisHis07  344.08898 14.38 345 Flavones v

5  Vitexin (Apigenin 8-C-glucoside) CaiH20010 432.10563 8.24 431;341;311;269 Flavones v
6  Kaempferol 3-O-rutinoside CH30015 594.15919 8.62 287 Flavonols J 3 J
7 Kaempferol CisHioOs  286.04753 12.51 257;153; 133; 121 Flavonols v oA
8  Quercetin CisH1007  302.04243 11.1  273;179; 1515 121 Flavonols Y

9 Quercetin 7-O-rutinoside CyH016  610.15386 7.99  301;271;255 Flavonols v v

10 Kaempferol methyl ether CisH120s ~ 300.06375 1.31 284 Flavonols y

11  Myricetin CisHi00s  318.03826 8.23 271;151;137 Flavonols y

12 Quercetin 3-O-glucoside CaiH20012  464.09618 8.29 303;205; 153 Flavonols y

13 Kaempferol 3-O-hexoside 448.10097 8.71 285;284 Flavonols y

14 Kaempferol 3-O-(6"-acetyl- CaoH3016  636.16945 8.54 325;337 Flavonols J

galactoside)-7-O-rhamnoside
15 2-Hydroxyformononetin CisH1205  284.05013 8.30 287,253 Isoflavonoids y
16 2,7-Dihydroxy-4,5- CyH14Os  314.07878 15.74 315; 300; 137 Isoflavonoids y
dimethoxyisoflavon

17 4-Hydroxybenzaldehyde C7He02 122.04827 1.25 123 Hydroxybenzaldehyde J
18 p-Anisaldehyde CsHsO» 136.05179 9.59 135;93 Hydroxybenzaldehyde y J
19 Protocatechuic acid C7HeO4 154.02601 2.53 109 Hydroxybenzoic acids y

20 p-Coumaric acid CoHsOs  164.04701 7.48 119;96 Hydroxybenzoic acids J N
21 Quinic acid CHiOs  192.06303 1.08 146; 102 Hydroxybenzoic acids J N
22 3-Caffeoylquinic acid CisHis0o  354.09543 542 191 Hydroxybenzoic acids V

23 4-Caffeoylquinic acid CisHisOo  354.09543 6.04 191;173;135 Hydroxybenzoic acids 3

24  3,5-Dicaffeoylquinic acid CasH24012 516.12664 10.07 353;191;179; 173; 161; 135 Hydroxybenzoic acids v

25 3,4-Dicaffeoylquinic acid CasH24012  516.12674 9.17 353;191;179; 173; 161; 135 Hydroxybenzoic acids v
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Table 1. Putative identification of phenolic from the ethanol extract of A. muricata (AM), G. procumbens (GP), and T.
flagelliforme (TF) leaves extract by UHPLC-Q-Orbitrap HRMS (Continued)

No Compound Formula MW R.t MS2 Group Lple
experimental (min) AM GP TF

26 4,5-Dicaffeoylquinic acid CasH24O012 516.12677 8.92  353;191;179;173; 135 Hydroxybenzoic acids N

27  Cinnamic acid CoHs02 148.05234 1.66 128;110 Hydroxybenzoic acids J

28 Ferulic acid CioH1004  194.05810 8.27 193 Hydroxybenzoic acids J

29 p-Coumaric a-glucoside acid CisHis0s  326.10081 571 163;145 Hydroxybenzoic acids J

30 3-p-Coumaroylquinic acid CisHisOs  338.11543 16.11  255; 147 Hydroxybenzoic acids V

31 Dihydroxyferulic acid CioH2O4  196.07377 6.05 197;151;103 Hydroxybenzoic acids V

32 Rosmarinic acid CisHi60s  360.08525 9.48 197;179; 161 Hydroxybenzoic acids V

33 Coumarin CoHsO2 146.03694 6.16 147;103;91 Coumarins V

34 Esculetin CoHsO4 178.02663 2.98 171;153;135; 133 Hydroxycoumarins v

35 Mellein CioH1005  178.06280 17.04 179;161;133 Dihydroxyisocoumarins v v

36 Caffeic acid CoHsO4 180.89940 6.64 135 Hydroxy propanoic acids ¥ 3 J

37 Caffeic O-glucoside acid CisHisO9  342.09569 411 179 Hydroxy propanoic acids \

38 Vanillin CsHsOs  152.04747 7.30 1515136 Aldehyde phenolics V NN

the phenolics in G. procumbens leaves are outnumbering
the other two species. This phenomenon can be
interpreted as correlating the metabolite content and the
G. procumbens leaves' radical scavenging activity.
Flavones. Compounds 3-7, identified as apigenin-7-O-
rutinoside, orientin (luteolin 8-C glucoside), apigenin C-
hexoside-C-pentoside, cirsilineol, and vitexin, belong to
the flavones group. Apigenin-7-O-rutinoside (1) was
identified from m/z 577 [M—H]™ and MS2 m/z 269 [M-H-
308]". The loss of 308 Da indicates rutinoside, so that this
peak is identified as apigenin 7-O-rutinoside. The
compound orientin or luteolin 8-C glucoside (2) yields
m/z 327 [M-H-120]" and 285 [M-H-162]". Apigenin C-
hexoside-C pentoside (3) is identified by the presence of
the MS2 m/z fragment 545 [M-H-18]", 443 [M-H-120],
431 [M-H-132], 341 [M-H-132-90]", and 311 [M-H-
132-120]". The MS2 specimen pattern confirms the
substitution of mono-C-hexoside-C-pentoside  at
positions 6 and 8 [18]. This compound was only detected
in T. flagelliforme leaf extract. Vitexin (5) shows m/z 431
(deprotonated molecule), m/z 341 [M—-H-90]" and m/z
311 [M-H-120]" as characteristic ions in the MS/MS
negative mode [19].

Flavonols. Primarily, flavonols are identified in the three
plants. The nine compounds detected were kaempferol 3-
O-rutinoside (6), kaempferol (7), quercetin (8), quercetin
7-O-rutinoside (9), kaempferol methyl ether (10),
myricetin (11), quercetin 3-O-glucoside (12), kaempferol
3-O-hexoside (13), and kaempferol 3-O-(6"-acetyl-

galactoside) 7-O-rhamnoside (14). Kaempferol 3-O-
rutinoside (6) is identified in all extract samples at a
retention time of 16 min. The resulting fragment
patterns m/z 593 [M-H], and 285 [M-H-308].
Fragment with m/z 285 indicates kaempferol (7) and the
loss of mass 308, indicating the loss of rutinoside.
Kaempferol methyl ether (10) is detected with MS2 m/z
fragment patterns 299 [M-H] and 284 [M-H-15]".
Quercetin (8) is detected at 11.10 min with ion
precursor m/z 301 [M-H] with the MS2 fragment
patterns are m/z 273 [M-H-28]", 179 [M-H-122]", and
151 [M—-H-122-28]". Similar to compound 1, compound 6
with the ion precursor 609 [M—H] loses a mass of 308 Da.
The resulting fragments are m/z 301 [M-H-308]", 300
[M—2H-308]", and 303, which
therefore, it is elucidated as quercetin 7-O-rutinoside.

shows quercetin;
Similar results are for a compound at 8.29 min with m/z
463 and the appearance of m/z 301 at MS2. The mass loss
of 162 Da indicates a loss of glucoside groups; thus, it is
determined as quercetin 3-O-glucoside (12). Similarly,
compound 13 is identified as kaempferol 3-O-hexoside
with m/z 447 [M-H-162]".

Isoflavonoids. Compounds 15 and 16 are detected by
precursor ion m/z 285 and 315, presumably 2'-
2,7-dihydroxy-4,5-
dimethoxy isoflavones. The latter compound, Ci;H140s,

hydroxyformononetin and

except for ion [m/z 137], indicates that the compound is

an isoflavone and characterized as dihydroxy-

dimethoxyisoflavone [20].
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Hydroxycinnamic acids. 23-35 are
identified as a group of hydroxycinnamic acids. p-

Compounds

Coumaric acid (20), quinic acid (21), cinnamic acid (27),
and ferulic acid (28) are detected with m/z 163 [M-H],
191 [M-H]J, 147 [M-H]", and 193 [M-H]", respectively.
Compounds 22 and 23 have an ion precursor of m/z 353
[M-H]™ and are identified as 3-caffeoylquinic acid with
m/z 191 as the base peak [21]. Peak 23 in the presence of
sufficiently high m/z 173 and 135
caffeoylquinic acid.

indicates 4-

The compounds 3,5-dicaffeoylquinic acid (24), 3,4-

dicaffeoylquinic acid (27), 4,5-dicaffeoylquinic acid (26)
are detected only in the extract of G. procumbens leaves.
The three compounds have the same ion precursor (m/z
515) but can be distinguished based on the intensity of the
MS2 fragment. The 3,5-dicaffeoylquinic acid compound
has a base peak MS2 m/z 191, whereas 3,4-dicaffeoylquinic
acid is characterized by an m/z intensity of 179. The latter
is shifted in higher m/z 173, distinguished from the three
compounds by the absence of m/z 161 [17]. Compounds
29-31 show p-coumaroylquinic acid, 3-p-coumaroylquinic
acid, and dihydroxy ferulic acid, with 326, 338, and 196
molecular weights, respectively. Rosmarinic acid (32) was
identified with m/z 359 [M-H]" produces MS2 m/z 197
[M-H-62]", which is a radical ion of 3,4-dihydroxy
phenylactic acid (CoH100s), and m/z 179 is a radical ion of
caffeic acid (CoHsO,) [22].
Other groups. Coumarin (33) is identified with
precursor m/z 147 [M+H]" and give fragments 103
[M+H-44]* and 91 [M+H-56]" [23]. The esculetin (34)
gives the 177 [M-H] fragment pattern. In the MS/MS
analysis, we found sequential CO losses, corresponding to
[M-H-CO]" m/z149 and [M-H-2CO]", m/z 119 fragment
ions and [M-OH-CO]~ m/z 133 fragment ions [24].
Esculetin belongs to the hydroxycoumarin group, whereas
mellein (35) belongs to the dihydroxyisocoumarins.

Caffeic acid (36) and cafteic O-glucoside (37) with
m/z are identified in the hydroxyphenyl propanoic acids
group. Caffeic acid is identified as the presence of
deprotonated molecular ions [M-H]™ at m/z 179 [M-H]"
and MS2 ions at m/z 135 [M-H-CO,]™ [25]. The caffeic
acid O-glucoside shows an m/z of 179 and a loss of 162 Da.
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Compound 38 is vanillin with fragments of m/z 151 [M-
H] and 136 [M-H-CH;]™ [26].

m CONCLUSION

Ethanol extract of G. procumbens leaves showed
higher free radical scavenging activity than A. muricata
and T. flagelliforme leaves. Phenolics profiling using
UHPLC-Q-Orbitrap HRMS from the three medicinal
plants showed about 38 metabolites were putatively
identified
hydroxycinnamic acid, and several other groups. G.

belongs to flavones, flavanols,
procumbens leaves extract has proven potential as an
antioxidant supported by a higher content of phenolic
compounds for about 31 metabolites. Further studies are
needed to look at the correlation between the

metabolites and the antioxidant activity.
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Abstract: The current study focused on utilizing cobalt oxide to eliminate
hazardous Eriochrome Black T (EBT) dye. The impact of pH (2, 4, 7, 8, and 10) and
temperature (45, 50, and 55 °C) was examined for EBT removal. The results show
that the maximum sorption occurred at pH = 2 and that the removal percentage
increased with increasing temperature. Five non-linear regression methods were
used to predict the best isotherm and kinetic models. A coefficient of non-
determination, K2, was very helpful for selecting the RMSD function as a preferable
error function among the five methods. Isothermal models to illustrate equilibrium
sorption information, the Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich models were used. The results showed that the Langmuir model (R?
= 0.99) was the most favorable, indicating monolayer sorption of EBT occurred.
The kinetics models were analyzed using pseudo-first-order and pseudo-second-
order whereas the sorption information was well described by the pseudo-second-
order model (R? = 0.99). The results of the thermodynamic study appeared that the
adsorption of EBT was endothermic, feasible, spontaneous, and physical adsorption.

Keywords: Eriochrome Black T dye; adsorption; isotherm; kinetic; error analysis

m INTRODUCTION

Dyes are very recalcitrant compounds as they are
stable to light, temperature, and microbial attack. Dyes
are used in many vital industries and classified as one of
the major causes of pollution of water resources [1]. Azo
dyes are environmentally polluting dyes that are
carcinogenic and very difficult to degrade even at low
concentrations. They are released in massive quantities
directly into water bodies impacting aquatic life and the
food web [2-3]. Azo dyes are categorized as one of the
most hazardous dyes due to their extreme stability in the
aquatic environment, complex aromatic structure, azoic
linkages, amino groups, and toxic nature; all these factors
combine to make azo dyes hazardous health of living
organisms [4-5]. Eriochrome Black T (EBT) is an anionic
form of azo dyes. This dye is commonly used as a
metallochromic indicator and employed in dyeing silk,
nylon, and wool. EBT is a toxic compound whose
breakdown can make a phenolic substance carcinogen [6-
7]. This dye is not degraded by biological treatment and is
resistant to decomposition under aerobic digestion and

oxidation agents because it consists of azo groups (-
N=N-) with aromatic rings and sulfonate groups [8-9].
EBT is a poison dye that causes blindness, severe eye and
skin irritation, liver damage, loss of consciousness, and
coma [10]. Numerous chemical, physical, and biological
processes have been developed to remove dyes from
water, including chemical oxidation, flotation, ion
exchange, and electrochemical treatments [11-12].
Nonetheless, adsorption stands out among these
approaches due to its speed. Many adsorbents are used
to remove EBT dye like Cotton Waste [13], surfactant
modified clay [8], Nteje Clay [2], and metal oxide [11-
12]. Besides simplicity, economics, and effectiveness,
reusability of adsorbent is possible. This fact made
adsorption proven to be the preferable method for
wastewater treatment [14-15]. Metal oxide adsorbent is
low cost and efficient for the adsorption process. Metal
oxides are widely used due to their ease of obtaining,
limited solubility, amphoteric properties, oscillator
properties, cheapness, and impedance to thermal
decomposition compared to other surfaces [16-17].
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Several metal oxides such as iron(III) oxide (Fe,03),
zirconium oxide (ZrQ,), aluminum(III) oxide (Al O3),
and cobalt oxide (Co3;0,) have been used for this purpose
[18]. In this report, EBT dye was removed Co;0, as a low
cost and effective adsorbent. The impacts of some
parameters like pH and temperature were studied. Four
adsorption isotherms were used to find the optimum
isotherm, in addition to the analyze and discuss kinematic
and thermodynamic data to use Cos;O, as an effective and
low-cost adsorbent for EBT removal. Errol statistics were
used to assess the adequacy and quality of the fitted models.

m EXPERIMENTAL SECTION
Materials

Eriochrome Black T(BDH), Co;04, HCIl, and NaOH
were purchased from (BDH), the standard dye solution of
500 mg L' was prepared and used to make different
concentrations using distilled water.

Instrumentation

The UV-Visible scanning spectrum was taken on a
(Cary 100, VARIAN CO.). A centrifuge, shaking water
bath (BS-11 digital, JETO Korea, TECH) was used to
shake off the samples. The pH meter (Hana) was used to
measure the pH of solutions.

Procedure

Adsorption experiments

Batch experiments were conducted under optimal
conditions, with a 50 mL flask containing 10 mL of EBT
solution (50 mg L), 0.1 g of Co;0, adsorbent, pH 2, and
55 °C. The flask was set on a shaking water bath and
shaking at 500 rpm for 50 min. The pH of EBT solution
was adjusted by 0.1 M hydrochloric acid and sodium
hydroxide in the range (2, 4, 7, 8, and 10). Three
temperatures (45, 50, and 55°) were used to study the
impact of temperature. Adsorption isotherms are evaluated
at different concentrations (30, 40, 50, and 60 mg L"), while
kinetic studies are done at various mixing times (10, 20, 30,
40, 50, and 60 min). Then the EBT was separated from the
stained solution by centrifuging for 15 min (3000 rpm),
and the concentration of the dye was determined at Aox =
520 nm. The following equation is used to calculate the
adsorption capacity and color removal (%):
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v
qe=CO—CeX— (1)
m
-C
Removal % = € x100 (2)

0
where v (L) is the volume of dye solution, m (mg) is the

mass of Co;0s, Co and C. (mg L) are EBT initial and
equilibrium concentration, respectively [19].

Isotherm and kinetic studies
Isotherm studies were used to analyzed data and
estimate the applicability of the process. The Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich models
were employed to describe the adsorption system. For
further interpretations in favor of adsorption, a
separation factor (R;) was used as in Eq. (3)
o
1+ K:Cy

where K, (L/mg) is the Langmuir constant. R, implies

(3)

Ry

the kind of isotherm to be irreversible (Ry = 0), favorable
(0 < Ri< 1), linear (R = 1) or unfavorable (Ry > 1) [14].
Also, Dubinin-Radushkevich isotherm was used to
identify if the adsorption is physic sorption or
chemisorption from its mean (E) kJ mol™, which
supply's
mechanism of the adsorption system. (E) can defend by:

E= 1 (4)

/_25
If the quantity of (E) less than 8 kJ mol™, the
reaction became is physical adsorption. While, if (E)

beneficial information on the type of

value between (8 to 16) k] mol™, the adsorption process
is via ion exchange mechanism, and If (E) > 16 k] mol™},
the mechanism of particle diffusion and the reaction is
chemisorptions [20-21].

Kinetics was verified by examining the impact of
contact time to remove the EBT dye using the pseudo-
first-order and pseudo-second-order models. The most
appropriate model chosen is based on R* and error
functions for both isotherm and kinetic studies. Table 1
included all equations that were used in this study.

Error analysis

Error analysis is an essential parameter that
assessments how well the curve pronounces the
experimental data. It is not sufficient to analyze the data
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based on the R? value to select the suitable isotherm and m RESULTS AND DISCUSSION

kinetic model, since to the empirical results R* value can .

) o . ] ] Effect of Solution pH
be high. Therefore, it is essential to diagnose regression to
analyze the outcomes [22-23]. Five error functions were
studied to find the most appropriate isotherm and kinetic

model, as seen in Table 2.

Table 1. Linear expressions of isothermal and kinetic models

pH is an essential factor that impacts the charge of
the adsorbent surface and the degree of ionization of the
sorbates in the solution. Thus, the pH impacts the

Isotherm model Equation Linearized form Plot Parameters Ref.
. gm = (intercept)™,
L = quKiCe/(1+KCe 1/qe = (1/K1gmCe 1/qm) 1/qevs. 1/C. 1
angmuir qe = quKiCe/ (14K, Ce) /qe = (1/K1qmCe) + (1/qm) 1/qevs. 1/C K, = intercept/slope [19]
Kr= int t),
Freundlich ge = Kg(Co)m Ing. = InK; + n7'InC. Inge vs. InC. = exp(intercept) [19]
1/n = slope
, ge = B In(K1C.) B = slope,
Temki «=BInKr + BInC, 1 1
emian were B = RT/b 4 nKr+BInC qe vs. InCe Kr = exp(intercept/slope) [1]
Dubinin- Qe = Qmexp(—PE?) qm = exp(intercept),
Inqe = Ing,, - Pe? Inqe vs. € 20
Radushkevich (D-R) weree=RT In(1 + C.}) nq. = Inqn - B Qe vs- € B=-slope [20]
Kinetics model
e = int t),
Pseudo-first-order qt = ge[1-exp(-kit)] Ln(ge - qt) = Inq. - kit In(q. — q) vs. t Q. = exp(intercept) [10]
k, = —(slope)
. =slope™, k, =
Pseudo-second-order qt = koqt/(1 + gekot) t/qe = 1/koqe + 1/qet t/qevs. t q. = slope™, k, [10]

(slope?)/intercept

Qe @m» q: (mg g") are the sorption capacity at equilibrium, saturated, and at time t; n is heterogeneity of site energies; b (J/mol) is Temkin constant;
B (J/mol) is constant related to heat of adsorption; & (J mol™) is the Polanyi potential; p (mol*/k]?) is the D-R constant; R (8.314 J/K mol) is the
gas constant; T (K) is the temperature; t (min) is time; Ke(mgg™") and Kr (L/g) are Freundlich and Temkin constants; Ki(min™) and Kx(mg g

min') are pseudo-first order and pseudo-second order rate constants

Table 2. Error functions list

Error functions Equations

Ref.

2
Marquardt’s is the percent standard deviation (MPSD) 100 1 [qcal' —exp. ] [11]

n-—p 9eal.
n
Sum of absolute errors (EABS) z Qecal. ~ Gexp. [11]
i=1
2
Chi-square (X?) S M [15]
i=1 9ecal.
2
Reduced chi-square 1 & (qcal. —qexp.) [22]
Error (X?-red) n-pZ Qeal.
Root means square error (RMSD) \/L(qcal ~Gexp )2 (23]
o1 . .

Qexp. and Qe are experiment and calculated EBT concentration, p is the number of parameters (p = 2 for

Langmuir and Freundlich and 3 = Temkin and D-R), n is the number of experimental data (4)

Hawraa Kassem Hami et al.



Indones. J. Chem., 2021, 21 (5), 1148 - 1157

structural stability and the color intensity of the dyes [24].
Fig. 1 shows that the highest removal ratio when the pH =
2, while increasing pH up to 10 reducing the removal
percentage. The EBT removal at pH = 2 was 96.6%. This
decrease in removal ratio with increasing pH is associated
with an increase in the number of OH- groups in the dye
that may compete with anionic ions. As a result, as the
number of positively charged sites decreases, so does the
removal ratio. The sites negatively charged on the surface
of the adsorbent will not prefer the adsorption of dye ions
because of the electrostatic repulsion of OH- groups. The
sulfonic group on the EBT dye may also bind via the ion
exchange [18,25]. These results are similar to previous
studies for adsorption of EBT dye on other oxide surfaces
such as Fe,Os [11], a-Al(OH); [25], and nanosilica [26].

Isotherm Studies

Adsorption isotherm is described as the ratio
between the adsorbed quantity and the remaining in
solution at a constant temperature, and it gives the
capacity of the adsorbent and the relationship between
adsorbent and adsorbate at equilibrium; Isotherm equips
fundamental physiochemical information for the
valuation of the applicability of a sorption system as an
operation unit [24,27]. For analyzing the mechanism of
EBT sorption on the Co;O; surface, four isotherm
equations (Langmuir, Freundlich, Temkin, and D-R)
were used (Table 3).

By comparing the values of R* and the error

functions in Table 3, it was discovered that the Langmuir

—
=
=]

"

120 - |
" 20| \“}J
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isotherm is the most appropriate model to describe the

study of EBT adsorption onto Co03;0s. Modeling the

equilibrium data using a Langmuir isothermal gave the
highest R-value and the lowest MSPD, EABS, X?, X*-red,
and RMSD values. Fig. 2(a-d) depicts the experimental

Langmuir, Freundlich, Temin, and D-R models.

(i) The adsorption of EBT on the surface of Co;0; is
homogenous with monolayer adsorption [28].

(ii) The value of R; between 0 and 1 represents favorable
sorption. Also, this is consistent with the findings
from Freundlich model 0 < 1/n < 1, which indicates
favorable sorption of dye on the adsorbent surface
[28].

(iii) Because the sorption energy B from the Temkin
isotherm  was
endothermic [29].

(iv) The D-H model calculated the mean sorption
energy (E) of 0.158 k] mol™" within the range of

positive, the adsorption is

physical adsorption (less than 8 k] mol™).

(v) Base on error functions, the isothermal arrangement
for the most suitable empirical data in this search
was: Langmuir > Freundlich > Temkin > D-H.

To verify the error function that reduces the
distribution of errors between the theoretical and
experimental isotherms, the coefficient of non-
determination (K?) was used, and it calculates from:

2 Unexplained variance

Total variance
1. Unexplained variance (5)

Total variance
=1-r2
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Fig 1. (a) impact of pH on the adsorption of BET (b) UV-Visible scanning spectrum and BET photographs [at
concentration of 50 mg L' and pH (2, 7, and 10)] of dye before and after adsorption
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Table 3. Values of isotherm variables for sorption EBT on Co3O;4

Isotherm models Parameter value MPSD EABS X2 X2-red RMSD
Langmuir Ky (ngl) 0.038 58.52 0.453 0.059 0.019 0.173
Q. (mgg™) 43
R? 0.99
Ry 0.36
Freundlich Kr (mg g‘l) 3.34 231.57 0.903 3.624 1.208 0.451
1/n 0.613
R? 0.95
Temkin Kr (L/g) 2.31 37.443 2.083 1.351 0.450 1.041
B (J/mol) 1.07
B (J/mol) 2548
R? 0.95
D-R (m (mg/g) 2.889 493.05 8.540 388.8 129.6 2.038
B (mol*/kJ?) 2%107
E (k] mol™) 0.158
R? 0.958
107 (@) 12 10
0.8 - 1.0 1
&
0.8
06 4
s g 06
- 0.4 y = 5.0006x + 02306 - -
R = 0.9958 oad [y=086135-1206
R* = 0.9507
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Fig 2. (a) Langmuir, (b) Freundlich, (¢) Temkin, and (d) D-H isotherm models at 55 °C

The K is a beneficial measurement of the linear or
non-linear co-variation of two variables and to derive any
inference about the range of the relationship between the
Convert empirical data and the expected isotherm [22].
Fig. 3 shows the values of K* for the isotherms expected by

minimizing or maximizing the different error forms for
EBT dye. Consequently, RMSD was the preferable error
function used to predict the optimum isotherm due to
minimal unexplained isotherm, proposing this function
as the batter function to reduce the distribution of error
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between the empirical and expected isotherms [30].
Therefore, using RMSD functions, the arrangement for
the best isotherm for EBT dye adsorption was as follows:
Langmuir > Freundlich > Temkin > D-R.

Effect of Temperature and Thermodynamics
Studies

The effect of temperature is very fundamental in
every transfer phenomenon like sorption due to some
thermodynamics factor-like enthalpy change (AH®),
entropy change (AS°), and Gibbs free energy change
(AG®). The studied thermodynamics factors help us
understand the nature of the sorption process, such as
endothermic or exothermic [2,31]. So, the adsorption
efficiency of EBT on CosO, was found at 45, 50, and 55 °C.
Fig. 4 shows the impact of temperature on the adsorption
system. It notices that with increasing temperature, the
removal efficiency of the EBT dye increases, indicating the
endothermic nature of the sorption process. The
thermodynamics factor can be defined by the equilibrium
constant Kc using the following equations:

Ca
K. =4 6
=T, (6)
AG®=-RTIn(K,) (7)
AGP® = AH® — TAS® (8)
AH® AS°
In(K_)= - 9
(K¢) T R )

whereas Cx and C. (g/L) are the concentrations of EBT in
the adsorbent phase and solution at equilibrium. The AH®
and AS° values determined from the slope and the
intercept from the plot of In K vs. 1/T (K-1) [21].

Table 4 showed as a result of thermodynamics
factors, where the positive charge of AH® referred that the
adsorption nature is endothermic, which is supported by
the prediction from the Temkin model and the increase in
EBT removal with raising the temperature from 318 K to
328 K [1,28]. Whereas, the positive values of AS°® propose
a raising the randomness at the solid-liquid interface,
which showed that the sorption system is favorable [9].
The AG® values suggest that at low temperatures, the
adsorption while

process is non-spontaneous,

spontaneity happens at high-temperature [32]. The
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energy of activation (E.) was determined based on the

following relationship:

E, = AH°+RT (10)
In this study, the activation energy values (less than

42 k] mol™) indicating the adsorption processes controlled

by diffusion [33].

Adsorption Kinetics

Adsorption kinetics gives more information about
the reaction pathways and sorption mechanisms of the

400 1
= Langmuir
350 +
® Freundlich

0 4
& Temkin

‘L_ 250 1 ® Dubinin
& 200 A
x
150 -
100 o

50 1

0 - T — T \
MPSD EABS X2 X2-red RMSD

Fig 3. The relationship between Error function and
isotherm models of EBT adsorption onto Co;O, surface

120 4

- /
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[

% Removal

40 +

20 4
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316 318 320 322 324 326 328 330
T{K)

Fig 4. Impact of temperature on the adsorption system

Table 4. Thermodynamics factors of the sorption BET

dye on the Co;0,
T (K) AG°KJ/mol AH°K]J/mol AS°J/mol A kJmol™
318 0.156 9.06 28.23 11.703
323 -0.058 11.74
328 -0.199 11.786
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sorbate by the sorbent and helps understand system
dynamics [8]. Two kinetics models were used to explain
the kinetics studied of removal EBT dye on Co;0, surface
by pseudo-first and pseudo-second-order models as
shown in Table 5.

Depending on the results from the amounts of (R?),
error function, and kinetic factors in Table 5, we noticed
that the pseudo-second-order was best suited to describe
the kinetics of the adsorption. The pseudo-second-order
had a higher R* (0.990) value and a smaller error function
for the five models. Furthermore, the calculated qe(ca)
(0.638) value measured from pseudo-second-order
kinetic model was analogous to the empirical qe(exp) = 0.6
amounts whereas the qe(ca) (0.5) for the pseudo-first-
order model was not. These results demonstrate the
success of a pseudo-second-degree model in describing
EBT dye uptake kinetics [34-35] (Fig. 5). For kinetic
studies, RMSD functions are the preferable error function
used to predict the kinetic model, as shown in Fig. 6.

Comparison with Other Research

This report included comparing the results of our
study with other reports on the removal of EBT by
different adsorbents, as shown in Table 6. As noticed, the

Indones. J. Chem., 2021, 21 (5), 1148 - 1157
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kinetics models of EBT adsorption onto CosO4 surface

Table 5. Kinetic parameters for removal of EBT dye

Kinetics models Parameter value MPSD EABS X2 X2-red RMSD
Pseudo-first-order K 0.016 295.65 19.7 22.253 7.417 6.3553
Qe 0.5
R? 0.89
Pseudo-second-order K, 0.23 53.66 8.362 7.769 2.5896  4.1809
e(cal) 0.638
e(exp) 0.6
R? 0.99

Table 6. Comparison results of removal of EBT with other adsorbents in literature

Adsorbent Contact time pH/adsorption =~ Removal Ref.
(min) nature percentage %
Biochar-derived date palm fronds waste 240 2/endothermic - [36]
Graphene/NiMgAl-layered hydroxides 180 2/exothermic - [24]
Cotton waste 120 2/- 83.4 [15]
Activated carbon prepared from waste rice hulls 60 2/- 93.1 [20]
H;PO,;-modified berry leaves 60 -/exothermic 91.0 [9]
Nteje clay 60 2/endothermic 92.0 [2]
Surfactant modified clay 30 3/endothermic 70.0 [8]
Co304 50 2/endothermic 96.6 This study
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contact time is lower than other adsorbents (except
adsorption of dye in surfactant modified clay surface had
lower time). Table 6 shows that Co;O, had the best
equilibrium time and highest removal percentage
showing Co;0; as a feasible adsorbent for removing EBT
dye from water. The low pH of EBT absorption is
preferred for various absorbents.

m CONCLUSION

In this report, the sorption of EBT dye from an
aqueous solution using low-cost CosO, surface was
investigated. EBT
equilibrium time of 50 min and an optimal pH of 2, with

adsorption occurred with an
the removal percentage of adsorption increasing with
temperature. According to the isotherm study, the
Langmuir isotherm is the appropriate model for the
adsorption system, which confirmed the highest R* value
and the smallest value of error functions, indicating that
favorable monolayer adsorption was observed between
EBT and Co0;0.. The adsorption process was occurred via
physical nature and controlled by diffusion. The sorption
kinetics followed a pseudo-second-order model with the
excellent agreement between experiments and calculated
sorption capacity, as well as the highest R* and the smallest
error function values. The adsorption of EBT was
endothermic and spontaneous at high temperatures.
From the K* value, the RMSD function was identified as
the best function for foretelling the isotherm and kinetic
models.
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Abstract: The research of bioaccumulation Plutonium of Babylonia spirata from
Jakarta Bay using *?Pu radiotracer has been conducted. The aquaria experiments were
applied by two oxidation states of Pu speciation with three replications. The experiment
was carried out by 2 steps, such as uptake and depuration. The bioavailability of **Pu in
the (III) and (IV) oxidation states from the sea has been studied for Babylonia spirata.
Biokinetics parameters, such as concentration factors (CF.), uptake rate constants (k,),
elimination rate constants (k.), bioconcentration factors (BCF), and biological half-life
(tv12), were investigated. The dissection is carried out to separate the parts of the
gastropod’s body so that the target organs for Plutonium contamination can be identified.
Each part of the gastropod’s body was prepared radiochemically and analyzed using an
alpha spectrometer. The results show that Pu®* is potentially accumulated in more
significant value than Pu** by B. spirata, in which Pu is more rapidly distributed and

retained longer in the proboscis and gastrointestinal tract.

Keywords: Babylonia spirata; bioaccumulation; Jakarta Bay; Plutonium; speciation

= INTRODUCTION

Plutonium is a transuranic element whose isotope,
*°Pu, is one of the three primary fissile isotopes (**U and
#°U are the other two) with a half-life of 24,000 years [1].
Pu emission can spread to the environment and be
deposited in soil and water. The ocean acts as a dispersant
and accumulates radionuclides. The total release of
Plutonium in the Pacific Ocean as a result of a nuclear
facility accident and world nuclear weapon testing is
estimated at 6.3 pBq [2]. The distribution of plutonium in
the ocean is affected by particle formation and radioactive
decay.

Plutonium entering the waters will interact with
sediment and suspended particles. The food chain plays
an important role as a tracer factor and a radionuclide
cycle in ocean waters because each chain can absorb
radionuclide, and radionuclide migration between the
chains has a relatively fixed absorption factor [3]. A

bioindicator is used to monitor the level of Pu
contamination in marine waters through marine biota
sampling in a regular time interval and measurement of
Pu concentration in the body of the biota.

Anthropogenic radionuclide such as ****Pu has
high toxicity and can be ingested into the human body
through contaminated water, soil, and sediments, as well
as ingestion of contaminated food, inhalation, and in
some cases a dermal absorption pathway, can also be
considered [4].

The increased number of Pu concentrations shows
the ability of marine biota to accumulate Pu by
multiplying the factor in the body of marine biota as Pu
movement from environment to marine biota through
various exposure paths. The accumulated potential of Pu
in the body of marine biota is determined as the
Bioconcentration Factor (BCF) obtained by comparing
the Plutonium concentration in the biota to the
Plutonium concentration in seawater. However, the data
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are not sufficient to describe the overall dynamic process
of bioaccumulation of plutonium that is also influenced
by environmental factors and biotic factors. Pu
bioaccumulation by marine biota is affected by its
bioavailability towards an organism’s body tissues, the
chemical properties of Pu, and the metabolic system of
contaminated biota [5]. The bioaccumulation factor
(BAF) is determined as the main parameter that describes
Pu’s transfer from marine waters to the human body
through the food chain. Plutonium in marine waters can
enter the human body by consuming food from the sea,
such as fish, shellfish, and seaweeds, with varying
concentration factors of radionuclide [6].

Tiger snail (Babylonia spirata) is one of the
gastropods from the mollusk phylum with high economic
value and can accumulate various types of heavy metals
and radionuclides contained in marine waters. B. spirata
is utilized from its meat through its shell. Meat used as a
source of food (seafood) is popular, operculum for
medicinal materials, and shells for the manufacture of
ornaments [7]. Habitat B. spirata is a sandy or muddy
seabed at 5-20 m depth with a relatively settled life and
limited mobility. B. spirata distribution is abundant and
evenly distributed across several Indo-Pacific coastlines,
including in some coastal areas of Indonesia. Based on its
behavior, spread, and capability to accumulate
contaminants, B. spirata can be used as a Plutonium
bioindicator [1,8].

The study of bioaccumulation of radionuclides and
other contaminants that is based on aquaria experiments
is still limited. The biokinetic study was reported for the
bioaccumulation of ’Cs by Chanos Chanos and by
Cyprinus carpio [9-10]. The study of bioaccumulation of
chloramphenicol by Paneous monodon and heavy metal
by Perna Viridis has been reported [11-12]. However, the
number of Plutonium bioaccumulation studies by marine
biota is still limited. Experiments on the dynamics of
accumulation and elimination of plutonium were carried
out in marine mollusks and wildlife mammals [13-14].

Nevertheless, these studies were conducted for
environmental monitoring and based on large
concentrations of biokinetics [15-16]. Furthermore, no
bioaccumulation study of plutonium-based on its
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chemical speciation in B. spirata has never been carried
out. In this research, the impact of Pu speciation by B.
spirata will be observed wusing a concentration
corresponding to its concentration in the environment.
In addition, the bioaccumulation of Pu by B. spirata was
quantified through this study using the single-
compartment model.

m EXPERIMENTAL SECTION
Materials

The materials used in this experiment were HCI,
NH,0H-HCI, FeCl; and NaNO,, NH,OH, HNO;, H,SO,
(E. Merck, Germany), radiotracer **Pu (Eckert & Ziegler
Analytics), and stainless steel plate (Canberra, USA).

Instrumentation

The instrumentations used in this experiment
included Alpha spectrometer model 7401 Canberra
equipped with a vacuum chamber, PIPs detector, HV
bias supply, preamp-amplifier, pulser-discriminator,
counter, and digital display. This system was connected
to a PC that is operated by Genie 2000 basic software.

Procedure

Biota sampling was referred to Johansen et al. [14].
Sampling was conducted in August 2017. Some of B.
spirata were collected from farming sites in Tanjung
Kait, Jakarta Bay.

Acclimatization [14]

A total of 80 B. spirata were cleaned and placed
into an aquarium containing 250 L of seawater equipped
with the filtration and aeration system to maintain the
quality of water and the amount of oxygen. In addition,
the measurements of physical conditions of seawater,
such as pH, temperature, and salinity, were performed
to ensure that no effect from all three factors during the
bioaccumulation experiment tainted the result. The
acclimatization was done by maintaining the B. spirata
for 7 days in contaminant-free seawater. Seawater
replacement was performed every 3 days. Feeding of fish
pellets was done in the morning and the evening. The
aquarium was given 12 h of light and then was left in the
dark for the following 12 h during the acclimatization
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process. Experiments can be continued if the number of
marine biota during the acclimatization process was more
than 80% alive.

Bioaccumulation [14]

Bioaccumulation experiments and measurements of
Plutonium content were performed in the aquatic
laboratory of PTKMR BATAN wusing an alpha
spectrometer. The bioaccumulation experiment was
carried out with various species of **?Pu’* and ***Pu**
through seawater on B. spirata with three repetitions.

Uptake 22Pu®* and 2*?Pu** through seawater [14]

After undergoing acclimatization, B. spirata was
transferred into a jar containing 2 L of filtered seawater
using a 0.2 pm filter at pH 7 (normal seawater) and
containing 1 mL of **Pu*" 0.74 Bq mL™. Each jar
contained three B. spirata and was equipped with an
aerator. A similar process was also performed on B.
spirata contaminated by **Pu’* (obtained from reducing
*2Pu* using NH,OH-HCI with heating). The uptake
process was conducted for 18 days. One snail was taken
from each jar every day and dissected to obtain: (1) gills
and kidneys, (2) proboscis and gastrointestinal tract, and
(3) shells and remainders; then, it was weighed.

Furthermore, the samples were prepared and
analyzed for Pu content using an alpha spectrometer.
Determination of the ability of B. spirata to accumulate
*2Pu’* and **Pu** through seawater was derived from Eq.
(1). Concentration factor (CF) was the ratio between Pu
concentration in the biota (Bq g') and the Pu
concentration in seawater Bq mL™"), while the uptake rate
constant (k,) was obtained as the slope of the
concentration factor over time curve [17]

CF, =CE, (1+¢ Xt (1)

The depuration of *?Pu?* and >#>Pu**

B. spirata from the uptake process was transferred to
an aquaria system containing contaminant-free seawater
under flowing conditions (50 L/h debits). Feeding,
sampling, dissection, and weighing of biota samples were
performed the same as previous treatment for 7 days
during the depuration process. Furthermore, the samples
were prepared and analyzed for Pu content using an alpha
spectrometer. According to Whicker and Schult equation
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[18], the loss was expressed in terms of the percentage of
remaining radioactivity (i.e., radioactivity at time t
divided by initial radioactivity (t;) measured in the
whole body biota at the end of the uptake period,
multiplied by 100). The losses were described by:

At :Aoe—ke.t (2)
where A; and A, are the remaining activities (%) at time
t (days) and 0 days, respectively. k. is the biological loss
rate constant (day™'). The determination of k. allows the
calculation of the radionuclide biological half-life:

tyap = llr(l_z 3)

€

The Pu preparation and determination method is
based on the IAEA procedure with modifications [19].
The biota samples were cleaned and burned at 550 °C for
7 h using a furnace, then being cooled in the atmosphere
for 12 h. Ash was dissolved in HCI (12 M) by heating,
and then NH,OH-HCI was added. The hot solution was
added with FeCl; and NaNO,; then, we waited until the
vapor was gone. The addition of NH,OH (1:1) and HCI
was performed to adjust the pH of 6-7. It was
characterized by the formation of brown granules, which
are precipitated. The sample was decanted to separate
the precipitate from the solution. The precipitate was
diluted with HCI (12 M), then HNO; (14.6 M) and
followed by evaporation. Furthermore, the sample was
added with HNO; (8 M) and NaNO, by heating. The
solution was filtered, and the filtrate was evaporated and
dissolved in H,SO45%. As many as 3 drops of the thymol
blue indicator and a few drops of NH,OH were added
until the color changed from pink to yellow, and then we
added a few drops of H,SO4 5% until it changed from
yellow to pink. The solution was electrodeposited for 2 h
in 1 A of current at pH 2 on a stainless steel planset. The
planset was washed with aquades and dried in oven at
100 °C for 5 min, and then counted by using an alpha
spectrometer [19].

m  RESULTS AND DISCUSSION

The uptake process of ***Pu as Pu** and Pu** by B.
spirata through the seawater for 18 days is shown in Fig
1. The uptake rate constant (k,) describes the speed of
Pu distribution to various organs of B. spirata as the
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Fig 1. Bioaccumulation of Pu’* and Pu** by B. spirata

interaction of the physiological factor of the biota with Pu.
In this research, ***Pu being used is the Pu** and Pu*
resulting in Pu of the one entering the biota body is a
single-form ion. The physiological factor, including the
metabolism process of contaminants in the body of the
biota, is assumed to be constant.

The experiment reveals that Plutonium in Pu’* and
Pu** forms are distributed more rapidly in the proboscis
and the gastrointestinal tract, followed by shells and
remainders, and then in gills and kidneys (Table 1). Fig. 1
shows that the ability of Plutonium accumulation for Pu’*
and Pu* is significantly different in the proboscis and
gastrointestinal tract and shells and remainders, but not
in gills and kidneys. Plutonium in Pu** form is potentially
accumulated in a more significant number compared to
Pu’* for all organs.

The elimination process of Plutonium as Pu’* and
Pu* is shown in Fig 2. The results of the depuration
experiment show the significantly different elimination

rate in gills and kidneys, also in the proboscis and
gastrointestinal tract, but almost no difference in shells
and remainders. Pu’* can be eliminated faster from gills
and kidneys, also from proboscis and gastrointestinal
tract by B. spirata.

The bioaccumulation capability of Plutonium as
Pu’* and Pu** through seawater can be observed more
comprehensively based on BCF values obtained as the
ratio between the uptake rate constant (k,) and the
elimination rate constant (k). Table 1 shows a higher
BCF value for Pu** than Pu®'. In addition, the BCF value
in the proboscis and gastrointestinal tract is much higher
than in gills and kidneys, in shells and remainders for
both Pu speciation. A component is considered to be
bioaccumulative when the BCF value exceeds a specific
value threshold. Depending on the regulatory framework,
the bioaccumulation threshold value ranges from 500 to
5000 [20]. Table 1 shows that the value of BCF for Pu**
and Pu** by B. spirata was under 500; therefore, B. spirata
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Fig 2. The elimination process of ***Pu by B. spirata
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Table 1. Summary of biokinetic parameters of Plutonium bioaccumulation (as ***Pu) by B. spirata through seawater

Specpiztion Body fractions CFs(mLg"') k.(day?) k.(day') BCF tu. (day)
Gills and kidneys 4.57 0.268 0.076 3.53 9.1
Pu’* Proboscis and gastrointestinal tract 8.29 0.447 0.034 13.06 20.3
Shells and remainders 6.02 0.339 0.048 7.11 14.5
Gills and kidneys 5.11 0.274 0.055 4.97 12.6
Pu** Proboscis and gastrointestinal tract 11.32 0.636 0.019 32.78 35.7
Shells and remainders 7.72 0.400 0.048 8.34 14.4

cannot be used for environmental risk assessment [20].
The experimental results show that Pu** and Pu** retained
the longest in the proboscis and gastrointestinal tract and
the shortest in gills and kidneys. While in the shells and
remainders, Pu’* and Pu*" have biological half-lives that
do not differ significantly. Table 2 shows a comparison of
Concentration values of various marine organisms. Base
on these data, the Concentration Factor values in various
marine organisms are very widely in a reasonably wide
range.

Plutonium is an actinide metal with electron
configuration of [Rn] 5f° 7s>. The core structure of Pu is
known clearly along with the development of nuclear
physics, and then it is known that Pu is a radioactive
element consisting of various

isotopes. Twenty

radioactive isotopes of plutonium have been
characterized. The longest-lived is ***Pu with a half-life
of 80.8 million years, **Pu with a half-life of 373,300
years, and *’Pu with a half-life of 24,110 years. All of the

remaining radioactive isotopes have half-lives that are less

Table 2. The value of CF, from another study of Plutonium bioaccumulation by mollusks through seawater

. . Concentration Factor Time
Biota and Radiotracer Reference
(mLg™) (days)
Venerupis decussata
(B"Pu(IID)+(IV)) Whole body 74+ 5 22 [34]
140 17
(B"Pu(V)+(VI)) Whole body 61 +1 22
Hermione hystrix
CYPu(IID)+(IV)) Whole body 370 + 10 22 [34]
130 20
®"Pu(V)+(VI)) Whole body 275+ 11 22
Mytilus galloprovincialis Soft tissues 28 21 [35]
(*¥°Pu) Shell 148
Tapes decussatus Soft tissues 18 21 [36]
(*¥°Pu) Shell 165
Scrobicularia plana Soft tissues 38 21 [37]
(*¥°Pu) Shell 200
Babylonia spirata
(*2Pu(III)) Gills and kidneys 4.57 18 Present study
Proboscis and gastrointestinal tract ~ 8.29
Shells and remainders 6.02
(**2Pu(IIL)) Gills and kidneys 5.11 18
Proboscis and gastrointestinal tract ~ 11.32
Shells and remainders 7.72
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than 7,000 years. This element also has eight metastable
states, though all have half-lives less than one second [21].
Plutonium is primarily derived from nuclear testing
and waste from fuel elements. *’Pu is one of the three
primary fissile isotopes synthesized the most (**U and
25U are the other two) [22]. In a reactor, more than 50%
of *’Pu will undergo fission, and a small part of it captures
a neutron and produces **Pu, **'Pu, ***Pu, and ***Pu [23].
The concentration of *Pu in nature is so small that its
existence can be ignored. The *°Pu is derived from
Uranium ores that capture neutrons as a result of
spontaneous fission of Uranium in nature, and also it
comes from the decaying of Cm in a tiny amount [24].
The first nuclear experiment was conducted in the
New Mexico Desert, the USA, on May 16, 1945, followed
by dropping atomic bombs on Hiroshima-Nagasaki on
August 6, 1945. The highest frequency of nuclear
experiments was conducted by developed countries, such
as the USA, USSR, UK, and France, from 1954 to 1964.
Initially, nuclear experiments were openly conducted in
the atmosphere, but since 1979 nuclear experiments were
conducted underground. Nuclear testing in previous
decades has resulted in the release of Pu into the
atmosphere, which is then distributed by the wind as a
fall-out away from the source, especially in the northern
hemisphere. Other sources of Pu come from Chernobyl
and Fukushima Dai-ichi accidents of the past few years.
For multivalent elements such as plutonium, its
behavior and complex stability in the environment are
quite varied. Releases from reactors may contain Pu
incorporated in fuel particles, Pu-colloids, oxidized forms
(Pu(V, VI)), reduced forms (Pu(IIl, IV), or organic
complexes. How the Pu partition itself between possible
species in any given environmental system is known to
depend upon the chemical form in which it enters the
system, redox conditions, pH, ionic strengths, the type
and concentration of organic and inorganic complexing
agents, and the extent of hydrolytic colloid formation [25].
The ocean is where the radionuclide accumulated
land
process,

from direct releases of nuclear installations,

deposition  from the geomorphology
atmospheric fall-out and cosmic ray exposure from outer

space, and nuclear accidents [26]. In seawater, Pu
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naturally forms cations, such as Pu(II)**, Pu(IV)*,
Pu(V)O,", Pu(VI)O,**, and Pu(VI)O, anion [27].
Pu(VII)Oy is highly unstable and tends to be reduced to
Pu(VI)O;**, while Pu(III)’* is instantly oxidized to
Pu(IV)*, and it causes plutonium in seawater to be
dominated by Pu(IV)*, Pu(V)O,", and Pu(VI)O,* [28].

Pu(III), Pu(IV), Pu(V), and Pu(VI) are present in
the waters simultaneously according to the equilibrium

reaction:
3Pu0," +4H" - Pu’* +2Pu0,*" +2H,0 (4)
Pu** +2H,0 —»2Pu’" + PuO,*" +4H" (5)

Radioisotope Pu’* and Pu®" are insoluble in water
and precipitated on marine sediments. However, when
the nitrite concentration is high, Pu’* and Pu®* can be
reduced to Pu** which is more soluble in water. Nitrite
in seawater can be produced from the decomposition of
dissolved organic compounds [29].

The conversion rate of Pu is varied from one
oxidation number to another. The redox reaction
between Pu(IIl)**—»Pu(IV)* and Pu(V)O,"»Pu(VI)O2
is generally faster because it is only through the electron
exchange process. Meanwhile, the reaction between
Pu(IV)*-Pu(V)O," and Pu(IV)*—»Pu(VI)O,*" is slower
because it undergoes forming and breaking the Pu-O
bond process [30]. The behavior of Pu in the solution is
affected by its oxidation number. The tendency of Pu to
hydrolyze is reduced by order of oxidation numbers IV
<< VI <III < V. Plutonium is made in Pu(IV)*" form to
reduce its solubility. Pu’* and Pu** are strongly bonded
to the particles compared to PuO," and PuO,*". Thus, Pu
with various oxidation states can form many form
complexes can affect their solubility [31].

Bioaccumulation is a complex and dynamic
process but can be explained by the model constructed
from experimental results. The single-compartment
model is widely used for various aquatic species by
providing mathematical explanations on the number of
contaminants that are determined by the uptake rate and
of the
bioaccumulation process consist of the concentration

elimination rate. Biokinetic parameters

factor (CF,,), uptake rate constant (k,), elimination rate
constant (k.), bioconcentration factor (BCF), and
biological half-life (ty12).
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The ability of B. spirata to accumulate Plutonium as
Pu’* and Pu*" in the environment is influenced by internal
and external factors. Internal factors are the active side of
cell membranes belonging to B. spirata as metal-binding
molecules, while external factors are pH, salinity,
particulate content, and dissolved organic matter content
[30,32]. The organic particulates are eliminated by
filtering the seawater, while other external factors are
ignored because the seawater comes from the waters of
Jakarta Bay [33].

m CONCLUSION

Bioaccumulation of Plutonium by B. spirata
through seawater is affected by its speciation, where Pu**
has higher bioavailability than Pu’. It is shown by
concentration factors (CF) and uptake rate constant (k)
of Pu*" which is much higher in gills and kidneys, also in
the proboscis and gastrointestinal tract, but almost similar
in shells and remainders. Plutonium is distributed more
rapidly and retained longer in the proboscis and
gastrointestinal tract for both Pu speciations.

B. spirata can be used as a bioindicator of
plutonium-based on its ability to accumulate heavy
metals and radionuclides in the environment. However,
B. spirata as a bioindicator has a BCF value less than 500;
therefore, this biota cannot be used for environmental risk
assessment.
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Abstract: This study employed a selective and high adsorption performance for
meropenem. Molecularly imprinted polymer for meropenem (MelP) as the selective
sorbent was prepared through a bulk polymerization reaction. Methacrylic acid, ethylene
glycol dimethacrylate, benzoyl peroxide, and dimethyl sulfoxide were applied as functional
monomer, crosslinker agent, initiator, and solvent, respectively. Scanning electron
microscopy, thermogravimetric analysis, Brunauer-Emmett-Teller analysis, and Fourier
transform infrared spectroscopy were used to characterize the morphology, pore size, and
structure of imprinted polymers. The maximum adsorption capacity was achieved at pH
= 3, after 4 h contacted, under 150 rpm, and 25 mg of polymer applied. The maximum
adsorption capacity of MelP for meropenem was 51.963 mg/L; the synthesized polymer
had superior selectivity to meropenem compared to that of the other antibiotics (imprinting
factor, IF = 2.58). Furthermore, the thermodynamic and kinetic analyses indicated that
the results were in accord with the Freundlich model and the pseudo-second-order kinetic
model, respectively. MelP was selective in batch adsorption, and molecularly imprinted
solid-phase extraction protocols were selective to meropenem. It was then applied to
analyze meropenem in human blood plasma and resulted in 78.52 + 2.71 of recovery.

Keywords: meropenem; molecularly imprinted polymer; selective; solid-phase extraction

= INTRODUCTION

build-up of resistance to antibiotics by microorganisms,
highlighting a decline of antibiotic efficiency unless a

Meropenem, chemically (4R,5S,65)-3-[(3S,55)-5-
(dimethylcarbamoyl)pyrrolidin-3-yl]sulfanyl-6-[(1R) -1-
hydroxyethyl]-4-methyl-7-oxo-1-azabicyclo[3.2.0] hept-
2-ene-2-carboxylic acid, is a broad-spectrum antibacterial
agent from the carbapenem family, with a B-lactam ring
on its main structure [1]. Meropenem is commonly used
in a therapy or a treatment of infection or disease in both
adults and children that is caused by single or multiple
susceptible bacteria [2]. For intravena protocols,
meropenem was found in human blood plasm at 23
pg/mL and 49 pg/mL after 30 min of injection for the dose
of 500 mg and 1,000 mg respectively [3]. Currently, the
misuse of antibiotics is becoming a great concern along
with drug resistance arising in the target of a treated
microorganism. There are several reports regarding the

more rational and controlled use of such compounds is
established [4]. Some methods mostly based on UV and
MS detection have been developed to quantify
antibiotics in different matrices. The determination of
antibiotics in liquid samples has been reported, which
commonly used the solid-phase extraction (SPE)
method [5-7]. SPE was favorable recently because of its
simplicity, short time procedure and minimal of solvent
consuming. The development of sample pretreatment of
antibiotics, especially meropenem, using, for example,
SPE and column switching methods have been reported
to be due to the combination of SPE-chromatography
for the determination of some kinds of medicine [8].
However, the extraction of antibiotics as analytes using
the SPE method is rather difficult due to the lack of
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selectivity. Recently, the use of a molecularly imprinted
(MIP),
imprinting method, as a sorbent has been evolved to
enhance the high selectivity of SPE (MI-SPE). The MIPs
use the functionality of a target molecule (template) by

polymer synthesized using the molecular

forming specific interactions with a matrix during
polymerization to assemble their own recognition site.
The mechanism involves the formation of interaction or
bonds by the template molecule, and the functional
element before locking-in or bonds then drives the
formation of a matrix with a selective recognition site for
the template [9]. Because of its specific recognition and
high selectivity, MIP has been applied as a potential clean-
up system in many different sample matrices. MI-SPE
also exhibits other favorable properties such as low cost,
high stability, reusability, and long-term storage [10-11].
Highly selective sorbents toward a large number of
analytes of environmental and pharmaceutical interests
can be prepared by molecular imprinting.

This study presented the preparation of meropenem
imprinted polymer (MelP), through bulk polymerization,
using methacrylic acid (MA) as a functional monomer,
ethylene glycol dimethacrylate (EGDMA) as a crosslinker,
benzoyl peroxide (BPO) as an initiator, dimethyl
sulfoxide (DMSO) as a porogenic solvent and meropenem
(Merp) as a template molecule. The aim of this work was
to find the selective adsorbent of SPE for meropenem
identification in human blood plasma. The morphology
and structure of MelIP were characterized using scanning
electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), and thermogravimetric analysis;
pores and the surface were analyzed using Brunauer-
Emmett-Teller (BET). The adsorption characteristics of
MelP were also investigated. Then, it was coupled with
high-performance liquid chromatography (HPLC); MeIP
was employed for SPE and applied to determine the
amount of meropenem in spiked human blood plasma. A
polymer synthesis from MA, EGDMA, and DMSO as
solvents had not been reported previously.

m EXPERIMENTAL SECTION
Materials

The chemicals used in this study were meropenem

Indones. J. Chem., 2021, 21 (5), 1167 - 1179

trihydrate purchased from Bernofarm Laboratories
Company, MA, acrylamide (Sigma Aldrich), EGDMA,
DMSO and BPO. Acetic acid (Merck Chemicals),
(Fulltime
amoxicillin and

nitrogen gas, methanol, acetonitrile

Chemicals), curcumin, cefadroxil,
penicillin G (Kalbe Farma) were also used. While the

distilled water was purchased based on HPLC grade.
Instrumentation

The Thelco Laboratory model 130D heater was
used for polymer synthesis; FTIR (Shimadzu Prestige
21) was used to investigate the functional groups of
polymers; UV-visible spectrophotometer (Agilent 8453
G1103A); scanning electronic microscope (Hitachi SU
3500); HPLC (Infinity Agilent Tech. 1260 series), was set
at 298 and 309 nm; Restek column for chromatography
(C-18 150x4,6);  BET (NOVA-Quntrachrome
Instruments 10.01) was used to analyze the surface area,
pore size, and pore diameter; SPE procedure was carried
out using Supelco Visiprep™ 24; thermogravimetric
analysis was performed using NETZSCH STA 449 F1;
shaker and pH meter.

Procedure

Preparation of MIP, NIP, and MelP

For the preparation of MIP, 0.5 mmol meropenem,
and 5 mmol MA were dissolved in 15 mL DMSO. They
were contacted for approximately 15 min, in the pre-
polymerization process at room temperature and
without velocity on shaking procedure. Then, 20 mmol
EGDMA was added to the solution, followed by water
sonication, and N, gas was streamed into the mixture for
approximately 10 min. A polymer solution was heated at
65 °C for 4 h. After the polymerization completed and
produced MIP. MIP was then separated from excess of
solvent, dried at 65-70 °C. The templates were extracted
from the polymer by soxhlation where a mixture of
methanol:acetic acid (87.5:12.5 v/v) was used as the
solvent to construct MeIP. The extraction was controlled
using a UV spectrophotometer at A = 298-300 nm and
HPLC at A = 298 nm to ensure that the template
molecules were totally extracted from the polymer. A
non-imprinted polymer (NIP) was synthesized with the
same composition and procedure of producing MIP in
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the absence of the analyte (meropenem). Adsorption of
meropenem was done under batch adsorption process
and also for continuous protocols to extract meropenem
from human blood plasm through SPE cartridge.

Characterization of polymers

The functional group and structure in MIP, NIP and
MelP were observed using an FTIR spectrophotometer
from 4,000 to 500 cm™'; morphology of the polymers was
also observed using SEM with 2,000 times of magnitude
for each polymer. Thermal analysis of polymers was
carried out at a heating rate of 10 °C/min from room
temperature to 800 °C under an air atmosphere. The
specific pore diameter, surface area, and average pore
diameter were measured by ANNOVA instruments with
a bath temperature of 77.3 K and a nitrogen atmosphere.

Adsorption test

The stock solution of 1,000 mg/L of meropenem was
prepared fresh daily before the analysis with distilled
water of HPLC grade. The effect of pH on the adsorption
capacity of the polymer was investigated by mixing the
polymer with the analyte in a 0.03 M phosphate bufter
solution with a variation pH of 3 to 8 for 24 h; a 40 mL
50 mg/L meropenem solution was mixed with 30 mg of
NIP and MelIP. The final concentration and capacity were
then calculated using the Eq. (1) [12]:
Q=V(Cy)-C{)/m (1)
where Q = adsorption capacity (mg/g), Co = analyte
concentration before adsorption (mg/L), C; = analyte
concentration after adsorption (mg/L), m = mass of
sorbent (mg), and V = solution volume (mL). Shaking rate
was also observed by mixing a 30 mg polymer with a
30 mg/L analyte solution in conical flask of 100 mL for
20 h at various rates: 100, 150 and 200 rpm at room
temperature with a 0.03 M phosphate buffer solution
adjusted at pH = 3. The mass of polymer for adsorption
was also observed by mixing a 20, 25, 30, 50,75, 100 and
125 mg of polymer with a 50 mg/L analyte solution in a
conical flask of 100 mL for 20 h with a 0.03M phosphate
buffer solution at pH = 3. The effect of contact time (1-
10 h) was investigated by mixing a 50 mg/L analyte
solution, 40 mL, 25 mg of the polymer, then adsorption
capacity was determined. Initial concentration was also
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studied with the variation of concentration applied were:
10, 25, 50, 80, 100 and 125 mg/L. Adsorption capacity
was then determined. The adsorption capacity was then
examined using a UV spectrophotometer. Selectivity
was represented by the imprinting factor (IF) and
selectivity coefficient a, defined as

IF = QMIP / QNIP (2)
and
o =IEpatite / TFana log molecule (3)

where QMIP is the adsorption capacity of MelIP, and
QNIP is the adsorption capacity of NIP [12].

To investigate the adsorption kinetics, 25 mg of
polymer, 25 mL-40 mg/L of meropenem solution were
placed into a conical flask. The mixture was shaken at
25 °C at different time intervals (60, 120, 180, 240, 300,
360, 480, and 600 min), and the concentration of
meropenem in the supernatant was then analyzed.

Molecularly extraction
procedure

As much as 50 mg of MelP particles were packed

imprinted solid-phase

into a 1 mL syringe as the cartridge and capped with a
fritted polyethylene disk at the bottom. The cartridge was
consecutively preconditioned with 2 mL distilled water
and 2 mL methanol, followed by loading of 1 mL of the
sample solution. After that, the cartridge was washed with
acetonitrile:water (95:5 v/v) and eluted with methanol:
acetic acid (80:20 v/v). The desorption solvent (methanol:
acetic acid = 80:20) gave a better percent adsorption
value than (methanol:acetic acid = 90:10 v/v), but to
maintain sorbent safety, an eluting solvent was chosen
(methanol:acetic acid = 85:15 v/v).The flowrate was
optimized with a variation of 0.25, 0.55, and 3.00 mL/min,
then left for 5 min, and left again for 10 min. The
concentration of the sample solution before and after its
adsorption by the sorbent was analyzed using HPLC.
The optimization in SPE includes: the selection of
conditioning solvents carried out on two types of
solvents, namely methanol and methanol-water
composition. Methanol provides a better percent
recovery, so that methanol is chosen as the conditioning
solvent. Furthermore, for the washing solvent the
authors chose acetonitrile water (95:5 v/v) with the

approach that meropenem dissolves well in water. By
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selecting acetonitrile:water as the mobile phase, it is
expected that meropenem will retain well in the sorbent,
this is evidenced by the chromatogram produced after
washing. For the elution stage, the same solvent as the
desorbing solvent was chosen, which has been done
previously.

Sample preparation

A fresh drug-free human plasma sample was
obtained from the Indonesian Red Cross Organization,
(PMI) Bandung-Indonesia. It was frozen, thawed, and
allowed to reach room temperature before usage. To
reduce matrices, blood plasma was diluted in methanol
and then centrifuged at 6,000 rpm at room temperature.
Methanol fraction was taken for further use. As much as
1 mL of clean blood plasma spiked with 50 mg/L of
meropenem in human plasma was allowed to pass the SPE
column containing 50 mg of sorbent MeIP. Plasma was
considered as the diluent to dilute the meropenem
solution. The flow rate was adjusted to 0.25 mL/min.

The filtrate then placed in a clear bottle and analyzed
using HPLC. The adsorption and recovery were
calculated following these equations:

% of adsorption = (Cy ;a1 — Cafter )/ Cinitial %100 (4)
% recovery =Cg¢, .4 /(C Cafter ) X100 (5)
Cinitr 1s the concentration of the prepared analyte

initial —

solution before its adsorption by MelP, Cier is the
concentration after adsorption by the polymer through
the SPE column, and Cgung is the concentration found
after adsorption of the analyte by MelP that was extracted
from the polymer using a solution of methanol:acetic acid
(80:20 v/v).

m RESULTS AND DISCUSSION
Synthesis of MIP, NIP, and MelP

The synthesis of MIP was carried out through bulk
polymerization. This method was chosen because it is
very simple, easy-prepared and no need of special
treatment. DMSO was chosen as the solvent because it is
an aprotic solvent that serves as porogen. The analyte has
good solubility in water and DMSO. Although it has a
high boiling point, the polymer should be dried before
used. A previous study reported that a suitable porogen
for noncovalent polymerization must be aprotic. The

Indones. J. Chem., 2021, 21 (5), 1167 - 1179

formation of interaction between monomer and the
stabilized
environmental [13]. The MIP was yellow, and NIP was

template  are under  hydrophobic
white because of no meropenem in its composition or
backbone of the polymer. This work followed the
noncovalent approach, where complete polymerization
was followed by the process of crushing and sieving to
small particle sizes from a macroporous polymer. The
template was removed from the polymer by Soxhlet
extraction with methanol:acetic acid (87.5:12.5 v/v) as
the solvent for extraction. The extraction of meropenem
was controlled periodically by measuring the amount of
meropenem in the extraction solvent using a UV
spectrophotometer until no analyte was found. The
decrease of absorbance at 298-300 nm after time cycle of
soxhlation means that the concentration of analyte
(meropenem) was also decreased by the time. In Fig. 1,
it can be seen that the specific peak of meropenem
appeared at 300 nm (showed by the black line)
meanwhile the red line shows that the peak was
disappeared. Then it can be concluded that no more
meropenem existed in the backbone of the polymer after
the extraction. It means that meropenem has been
successfully removed from the polymer, hence the
polymer is ready to be used. The leached polymer
particles were sieved to obtain particles with sizes
between 60 and 80 mesh.

10- —— Mearopenam 50 mg/L|

—— Aftar extraction |
is) /)

0.6 - / I||I
. [

Absorbance
[ =
F N

|/

150 200 250 300 350 400 450 500
Wavelength (nm)
Fig 1. The spectrum of the analyte solution after analyte

removal
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Table 1. Adsorption capacity of NIP and MeIP

Sorbent G, ppm C, ppm Q, mg/g IF
MelP 25 18.3235 5.3412 2.589
NIP 25 22,4216 2.0627

To confirm the adsorption capacity of synthesized
and extracted polymers, a batch-binding experiment was
employed. As much as 30 mg of polymers (MeIP and NIP)
were placed in a 100 mL conical flask and mixed with 30
mL of the analyte solution 25 mg/L which diluted with
demineralized water under room temperature. Table 1
presents that MelIP had higher adsorption capacity than
NIP. When the selectivity equals to 1, there is no
adsorption capacity difference between MeIP and NIP.
When the binding of MeIP > NIP, it indicates that MeIP
has higher specific binding ability than NIP [14].

Characterization of the Polymer

Morphology characterization

The surface morphology of NIP, MIP, and MelP was
characterized by SEM with 10,000 times of magnification
(Fig. 2). As seen on the SEM image, remarkable differences
in the morphologies of the polymers were considered, and
a porous surface could be manifestly observed in MelP,
whereas the surface of MIP was bulky because of the
presence of meropenem in the formation of the polymer.
The more porous surface of MelP supports the higher
adsorption of the analyte, meropenem.

FTIR analysis

To confirm the functional group of the polymers,
characterization using FTIR analysis was done. As seen in
the spectrum Fig. 3, no peak was found around 1,600 cm™,
corresponding to the peak for the vinyl group. The
possible explanation is that all of vinyl was involved in the
polymerization. At 3,400-3,450 cm ™, a broad peak of OH

Fig 2. The morphology of (a) NIP, (b) MIP, and (c) MelP characterized by SEM

was found in the MIP spectrum, which is different in
sharpness compared to NIP and MelP corresponding to
the presence of assembled-OH from a monomer and the
template (meropenem) in the process before extraction.
Since the OH peak was only from the monomer, it was
found that the peak was not broad after the template
extraction. The peaks in this region were similar for NIP
and MelP. The presence of meropenem in the spectrum
of MIP was detected at the wavenumber of 1,018 cm™
and 950 cm™’, where these peaks come from B-lactam for
C-H stretching and C-N stretching [15].

Thermal characterization

The thermal characterization was accomplished to
examine the stability of the material [16-17], illustrated
in Fig. 4. All polymers smoothly decomposed from 100
to 200 °C because the excess of solvent loss and the
complex decomposition process started at 270 °C. As
seen in the thermogram, MIP was decomposed at 340 °C,

—MIP
MelP
——NIP

Transmittance (a.u.)

™

. ~_

o 1 o 1 o 1 o 1 o 1 o 1 o 1 o 1
4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig 3. FTIR spectrum for NIP, MIP, and MelP
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Fig 4. The thermogram of NIP, MIP, and MeIP

whereas the decomposition of NIP and MelP started at a
temperature under 340 °C. The possible reason for this
phenomenon is that MIP had molecules of meropenem,
which MelIP and NIP did not have, so the presence of
meropenem leads to the necessity of higher temperature
for its decomposition. Also, the difference in weight loss
between MIP and NIP may be attributed to the
temperature of meropenem degradation., which made the
grafting density of the polymer different during
polymerization.

BET analysis for specific surface area

Since specific surface area and pore size influenced the
efficiency of MISPE adsorption, the parameters were
obtained using a BET analysis. From Table 2, it can be
seen that the pore diameter of MeIP was smaller, but the
specific area and the pore volume were larger than those
of NIP. Compared with NIP, MeIP has more pores. This
phenomenon strongly indicated the effect of imprinting on
polymerization. From the data, MeIP could provide more
accessible cavities and binding sites for the target analyte
than NIP. Therefore, the MelIP synthesized has benefited

Table 2. The results of BET analysis for NIP and MelIP

Polymer

Specific area, Pore volume Pore diameter

m”g (cc/g) (A°)
NIP 4.643 1.83 x 102 78.69
MelP 47.08 6.43 x 102 27.27

from the conduction of interaction and has more
accessibility to the adsorbate.

Adsorption Test

Effect of pH
Owing to the presence of OH", H', and NH in the

structure of meropenem, as well as the pH value of
meropenem (pKal = 2.9; pKa2 = 7.4) [18], the pH may
influence its ionic form. That is why pH is important to
be considered in studying the adsorption behavior of
MA as the polymer has pKa of 5.4 [19]; thus, the high
adsorption at pH 3 could be caused by the electrostatic
interaction between meropenem in the anionic state and
MA in the protonated state. The presence of a cavity also
supported this high value. However, in pH 4, the
adsorption was decreased because the positive charge on
the MA surface was decreased. By contrast, when the
meropenem met its isoelectric point of approximately
5.15 [20], it was attached to the sorbent surface by
partition mechanism [21]. Further, the adsorption
dropped with increasing pH because of the negative
charges on both the sorbent surface and meropenem.
Thus, the interaction was electrostatic repulsion instead.
Predominantly, the adsorption of meropenem using
MelP resulted in a higher value than that using NIP
because of by the cavity in MelP. Fig. 5 indicated the
decrease of adsorption (n = 3) because adsorption was

Lasmaryna Sirumapea et al.



Indones. J. Chem., 2021, 21 (5), 1167 - 1179

dependent on not only the charge of the analyte but also the
charge of the surface of the functional monomer, MA [22].

Effect of mass of the sorbent

The mass of the sorbent must affect the adsorption
capacity because it represents the amount of the sorbent
that can adsorb the analyte. Fig. 6 illustrates the
dependence of the adsorption capacity on the mass of the
sorbent (n = 3). It can be stated that increasing the
polymer mass increased the adsorption of meropenem.
However, the adsorption remained constant when the
mass of the sorbent was over 25 mg. This can be attributed
to the saturation of the active site on the sorbent [23].

MelP gave a higher adsorption capacity than that of
NIP at the same mass considering the active site of the
imprinting molecule. Meanwhile, the adsorption on NIP
was caused only by the unspecific pore in the surface,
contrary to the adsorption on MelP, which is mainly
caused by the active site. It can be concluded that the
imprinting factor successfully gained.

Effect of contact time

In the adsorption process, contact time is typically
investigated in a different span of 1 to 10 h. In Fig. 7, 4 h-
contact time gives the maximum adsorption of
meropenem. The adsorption of meropenem onto MelP
always gave a higher value than that onto NIP because the

active site on MelP offered more adsorption than the

—&— MelP
94 —o—NIP
8 -
il
o
£
G 61
5= \/\_—.//.
4 -
3 T r T r T r T r T r T r 1
20 40 60 80 100 120 140

Mass (mg)
Fig 6. Effect of mass of the sorbent on adsorption capacity
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surface of NIP, which was only caused by the unspecific
pore of NIP. However, MeIP met the constant state
when the contact time was over 4 h. This indicated that
the analyte had covered up the MelP surface. Thus, the
surface had been saturated and could not draw more
analytes [24].

From Fig. 8, the kinetics model of meropenem
adsorption onto MelP fit to a pseudo-second-order
mechanism that had a regression value of 0.8524. The
adsorption involved electron exchange between the
adsorbent (MeIP) and the analyte (meropenem). The

] —=— NIP
20 - —a— el

16 H

@ (malg)

: 5 6 71
pH
Fig 5. pH effect to adsorption capacity

[
o -

—=— NIP
—e—MelP

25+
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Fig 7. Effect of contact time
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Fig 8. The (a) pseudo-first order and (b) pseudo-second-order kinetics model of the meropenem adsorption by using

MelP

pseudo-second order assumes that there is no desorption,
so the back reaction is negligible. The concentration of the
analyte involved in adsorption was considered to be stable
because concentrations observed were those in the
adsorbent, not in the analyte solution [25].

From Fig. 8, the kinetics model of meropenem
adsorption onto MelIP fit to a pseudo-second-order
mechanism that had a regression value of 0.8524. The
adsorption involved electron exchange between the
adsorbent (MeIP) and the analyte (meropenem). The
pseudo-second order assumes that there is no desorption,
so the back reaction is negligible. The concentration of the
analyte involved in adsorption was considered to be stable
because concentrations observed were those in the
adsorbent, not in the analyte solution [25].

Effect of initial concentration

As presented in Fig. 9, the adsorption capacity
increased as the initial concentration increased until the
concentration of 75 mg/L (n = 3). The adsorption capacity
remained stable, implying that equilibrium had been
reached. MelP capacity was higher than NIP capacity at
any concentration, indicating that binding affinity of
meropenem in the sorbent (MeIP) had been successfully
obtained.

In this work, the adsorption isotherm was
determined by the amount of the analyte after the
adsorption process to determine the analyte adsorbed.
and Freundlich
examined in this work. Langmuir assumes the monolayer

Langmuir isotherm models were

adsorption; the active site in the surface of adsorbent has

homogen energy of adsorption at any area in the surface
[26]. Meanwhile, K, in the isotherm model of Langmuir
and Freundlich, depicts the amount of binding capacity
between the analyte and the surface of the adsorbent
(MeIP) [26]. The equilibrium data of MeIP were fitted to
the Langmuir and Freundlich isotherm models. The
correlation coefficient (R*) is used to study the
applicability of the isotherm models to the adsorption
behaviors.

The adsorption isotherm constants of MelP are
listed in Table 3. Furthermore, non-linear regression is
used to compare the Langmuir isotherm model with the
Freundlich isotherm model for adsorption of meropenem
onto MelIP, and the results are illustrated in Fig. 10. The
Langmuir isotherm model is used to describe monolayer

—a— NIP
—eo—MelP
40 -
301
&)
(o]
€ 20-
o
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0=
¥ T ¥ T ¥ T ¥ T ¥ T ¥ T ¥ 1
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Initial concentration (mg/L)
Fig 9. Effect of initial concentration
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Table 3. Parameters of isotherms

L ir Isothi
angmulr fsotherm Freundlich Isotherm

Qumax

/ I/mg
m
&8 K, R K R
51.963 0.069 0.7963 8.437 0.9379
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Fig 10. Isotherm model of the adsorption of meropenem
using MelP

adsorption on the adsorbent surface with limited
identified sites [26]. The linear form is expressed by Eq.
(6), and the Freundlich isotherm model is given as Eq. (7).
An empirical equation is used to describe the adsorption
process [27].
C./q.=C./q,, +1/(q, KL) (6)
Inq, =InC, /n+InKF (7)
From Fig. 10, the data calculated was presented in
Table 3. It can be confirmed that the adsorption of
meropenem followed the Freundlich model.

b NH
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OH
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Selectivity test

The imprinting factor of meropenem was
compared to those of other competitive compounds to
determine the selectivity. The competitive compounds
selected were cefadroxil, penicillin G, amoxicillin, and
curcumin. Cefadroxil, penicillin G, and amoxicillin (see
Fig. 11) were chosen because of the similarity of B-lactam
in their main structure; curcumin was also investigated
because its selectivity had to be examined as it was often
prescribed together with antibiotics on therapy. The IF
value is given in Fig. 12. The result indicated that the
adsorption amounts of penicillin G and cefadroxil were
high; this resulted from their structural similarity to
meropenem. By contrast, MeIP had low affinity for
amoxicillin; this might be because the optimum
condition (pH and employed solvent) obtained for
extraction of meropenem was not suitable for amoxicillin.

3.0 4

258

I
2.0 1 1.8582 1.995

1.337 1302

0.0 T T T T
Meropenem Cefadrocdl  Amecdllin Penicillin G
Competitive molecules

Fig 12. IF of meropenem and competitive molecule

T
Curcumin

S
(/}\OH

(e)

Fig 11. The chemical structure of competitive compounds: (a) cefadroxil, (b) amoxicillin, (c) penicillin G and (d)

curcumin (e) meropenem
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MelP also had affinity to curcumin, a supplement
compound that is given mostly with antibiotics; however,
they have a different structure to that of meropenem. This
might be caused by the unselective pores in the surface of
the polymer, which accommodates the size of the
molecule of curcumin. In the calculation of the
imprinting factor, IF, the adsorption capacity of MeIP was
higher than that of NIP, because of the absence of binding

sites in NIP that also caused low adsorption and affinity.

Thermodynamics of adsorption

The common thermodynamic parameters, i.e., the
standard enthalpy change (AH®), the standard free energy
change (AG®) and the standard entropy change (AS°),
were also determined in this study. Those were calculated
using Eq. (8) and (9).

InK_ =—AH®/RT+AS°/R (8)
AG®=RTInK, €)
K. (mL/g) is a distribution constant and can be

calculated by plotting In(q./Ce)

extrapolating q. to zero. The value of K. is the intercept of

versus (. and

the straight line; T is the absolute temperature (K), and R
is the gas constant (8.3145 J/(mol K)). The obtained
thermodynamic parameters for meropenem-MelP for the
adsorption process are listed in Table 4. A negative AG®
value indicated that the adsorption of meropenem onto
MelP was spontaneous within the evaluated temperature
range. A negative value of AH° confirmed that the
adsorption process was exothermic. Therefore,
decreasing the temperature can favor the adsorption of
meropenem onto MelP [28]. The more the meropenem
molecules adsorbed onto the MelP surface, the more
solvent molecules surrounded meropenem molecules.
Thus, the degree of freedom to meropenem molecules was
decreased [29]. A negative value of AS® suggested that
there was low-binding randomness at the solid-solution

interface [28].
MISPE Analysis

A 50 mg amount of imprinted polymer was packed
into an empty SPE cartridge of a 1 mL analyte solution
with frits at the bottom. The bleeding of the residual
template from the polymer was checked by washing the
MISPE cartridge with acetonitrile:water (95:5 v/v). The

Indones. J. Chem., 2021, 21 (5), 1167 - 1179

chromatogram was free of meropenem. For the first step
of extraction of meropenem, MISPE cartridges were
conditioned with 3 mL of methanol and 3 mL of HPLC
grade water, to wet the polymer completely before its
usage; then, 1 mL of 40 mg/L of the meropenem solution
was passed through at 0.25, 0.55, and 3 mL/min. After
loading, the polymer was washed with acetonitrile. The
target analyte was eluted from the polymer with 1 mL of
methanol:acetic acid (80:20 v/v). The effect of the flow
rate and treatment before elution applied on extraction
is presented in Table 5.

The lower flow rate applied meant the longer time
of the analyte in contact with the polymer that led to
more the analyte being adsorbed. As seen from the table,
although the polymer and the analyte were in the same
cartridge but made no contact, it did not give an
advantage for the adsorption.

Reusability study of the adsorbent is one of
important parameter that can show an advantage of
MIS-PE application. In this study, the investigation of
MelP reusability (n = 3) gave the result as shown in Fig.
13.

Further, for the SPE study, we investigated the
selectivity of the MeIP to amoxicillin. 50 mg/L for each
meropenem-amoxicillin passed through the 1 mL SPE
column with a flow rate of 0.25 mL/min. According to the
modified
water:methanol:phosphoric acid: triethylamine
(842:150:4:4 v/v/v), and the pH adjusted to 4 was the best

literature, the optimum eluent was

Table 4. Thermodynamic parameters of meropenem-
MelP

T(K) AH°(kJ/mol) AG"® (kJ/mol) AS° (J/(mol K))
298 -26.229
313 -71.465 —23.952 -151.797
328 -21.675

Table 5. The effect of the flow rate applied (n = 3)
Adsorption (%)

Flow rate (mL/min)

0.25 82.59
0.55 77.01
3.00 28.66
Left for 5 min 26.11

Left for 10 min 26.02
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separation on SPE

Table 6. Summary of meropenem-amoxicillin adsorption
on SPE (n = 3)

meropenem  amoxicillin
Cinitial (mg/L) 50 50
Cafier (mg/L) 7.01 28.64
Adsorption (%) 85.98 42.72
Cround (mg/L) 35.25 17.75
Recovery (%) 81.12 83.09

for the separation for meropenem-amoxicillin in HPLC
[30]. The separation chromatogram and the recovery can
be seen in Fig. 14 and Table 6, respectively; they indicate
that the adsorption of MeIP to meropenem was two times
higher than that to amoxicillin.

1177
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Fig 15. Chromatograms of meropenem before and after
MISPE

Table 7. Determination of meropenem in plasma using
MISPE (n = 3)
Spiked concentration Adsorption (%) Recovery (%)
40 mg/L 76.85 + 6.18 78.52 +2.71

Sample Preparation

The fresh human blood plasma was obtained from
Red Cross Indonesia, Bandung region, Indonesia.
Chromatograms of the analyte before and after MISPE
application are presented in Fig. 15. The percentage of
adsorption and recovery of meropenem are listed in
Table 7. The percentage of adsorption seemed to be
stable in three times of repetition, referred to the stability
use (reusability) of the synthesized polymer.

m CONCLUSION

A novel molecular imprinted polymer (MeIP) for
extraction and identification of meropenem using a
polar solvent was successfully prepared. In this study,
MelP was prepared to quantify meropenem in human
blood plasma. An MISPE procedure was applied by
combining it with HPLC detection. This study has
demonstrated good performance of adsorption capacity
compared to NIP, high selectivity of competitive
molecules, and good reusability of polymers to
meropenem. These polymer particles can be promising
materials for SPE and column packing materials.
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Abstract: Pharmacokinetics studies of domperidone generally analyze plasma matrix
samples. The present work aimed to develop and validate a rapid and simple reversed
phase-HPLC method for quantifying domperidone in plasma matrices. The
chromatographic method implemented: 1. Luna Phenomenex® C18 (250 mm x 4.6 mm
id; 5 um) column, 2. isocratic mobile phase mixture of phosphate buffer 0.02
M:acetonitrile (70:30, v/v) with a flow rate of 1 mL/min, 3. UV detection at 285 nm.
Domperidone and propranolol hydrochloride (as internal standard) were extracted from
the deproteinated plasma sample. The method linearity was 0.998 in the range
concentration of 15-200 ng/mL. The percentage of accuracy error was between -8.49-
4.31%, while the percentage coefficient variation of precision ranged between 5.11-
14.24%. This proposed method was simple, rapid (separation time less than 10 min), and
selective. The validation parameters responses satisfied the method's requirements to
determine domperidone in a plasma sample.

Keywords: domperidone; RP-HPLC; spiked plasma; validation

m INTRODUCTION

methods implement a high liquid chromatography

Domperidone, a dopamine antagonist, is commonly
prescribed as an antiemetic and prokinetic agent for the
treatment of nausea and vomiting. The recommended
daily dose is 10-40 mg in divided doses. Domperidone has
a low oral bioavailability, approximately 13-17%, due to
the extensive first-pass effect and efflux by transporters in
the small intestine [1-3]. Therefore, the modification or
utility of advanced technology of formulation for
improving the delivery system of domperidone is
demanded. The improvements facilitate an efficient in
vivo evaluation, such as in pharmacokinetics and
bioequivalence studies. The validation method for
domperidone analyses in biological samples, i.e., plasma,
is crucial for providing reliable data.

There are several reports exhibit various methods
for quantifying domperidone in plasma matrices. The

approach coupled with UV (HPLC-UV), fluorescence, or
tandem mass spectrometry (HPLC-MS/MS) detection
[2-12]. Other reports applied the ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-
MS/MS) [13-14] and the ultra-fast liquid chromatography
(UFLC) method with fluorescence detection [15]. Some
reports show a better selectivity and sensitivity of drug
quantification. However, the procedure uses extraction
with chloroform, a relatively toxic solvent reported with
hepatotoxicity and nephrotoxicity risks [4,16]. In addition,
the sample extraction needs a freezing process which is
time-consuming [6]. The solid-phase extraction method
was also investigated to extract samples in the plasma
but require long steps in preparation [7]. Another
method showed a relatively long separation time of
about 12 min [3].
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The study's objective was to develop a rapid and
simple HPLC-UV method to quantify domperidone in
plasma, along with a very simple extraction in sample
preparation and faster run time analysis. The method could
be the reference method for pharmacokinetic studies.

m EXPERIMENTAL SECTION
Materials

The materials used were domperidone (EDQM,
France), propranolol HCl (Sigma-Aldrich, USA),
methanol and acetonitrile HPLC grade (E-Merck,
Germany), potassium dihydrogen phosphate (E-Merck,
Germany), distilled water (PT. Ikapharmindo Putramas),
orthophosphate acid 85% (E-Merck, Germany), and
blank human plasma that was obtained from the
Indonesian Red Cross in Yogyakarta-Indonesia.

Instrumentation

High-Performance Liquid Chromatography (L-
2000 Hitachi, with L-2130 pump and Hitachi L-2420 UV-
Vis detector), and 0.45 pm syringe filter (Phenomenex®)
were used.

Procedure

Chromatographic conditions

The LC system used chromatographic column Luna
Phenomenex® C18 (250 mm x 4.6 mm id; 5um). The
mobile phase was composed of an isocratic mixture of
phosphate buffer 0.02 M and acetonitrile (70:30, v/v) with
a flow rate of 1 mL/min, while the injection volume was
20 pL, and 285 nm UV detection.

Preparation of standard solutions

The stock solution of 100 pug/mL of domperidone
and propranolol HCl (as an internal standard) was
separately prepared in methanol. The domperidone stock
solutions were diluted with methanol to obtain various
concentrations in the range of 0.75-10.00 pg/mL (as
working solutions).

Sample preparation

Sample plasma was prepared by spiking
domperidone and propranolol HCI standard solutions.
An aliquot of 200 pL of blank plasma was spiked with an

appropriate concentration of domperidone working
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solutions to obtain range calibration standards
concentrations (15-200 ng/mL), while the final

concentration of propranolol HCl was 1 ug/mL. Then
the plasma was deproteinated with the addition of
600 uL of acetonitrile. The mixture was shaken for 2 min
and centrifuged at 10.000 rpm 4 °C for 10 min. The
supernatant was taken and put in the vial. Acetonitrile
was added again to precipitate the protein, centrifuged
such a condition again before. Then, the supernatant
was separated and merged with the same sample vial.
The supernatant was dried with heat airflow. Then the
residue was added with 1 mL of the mobile phase. The
solution was filtered using a membrane filter of 0.45 pm
before being injected into the HPLC system.

System suitability

This test was performed by injecting the analytes in
plasma at a 200 ng/mL concentration six times into the
HPLC systems. The chromatographic parameters were
observed, such as peak area and retention time, by
determining those percentage coefficients of variance (%
CV), asymmetry, resolution, and height equivalent to
the theoretical plate (HETP) [17].

Validation parameters

The validation method was according to standard
guidelines [18] in terms of selectivity, linearity, lower
limit of quantification (LLOQ), accuracy, and precision.
Selectivity. The selectivity was analyzed by comparing
the blank samples and spiked samples chromatograms.
The interference chromatograms around the retention
times of domperidone and propranolol HCl were
observed. The complete separation of the peak of blank
plasma samples, analyte, and internal standard was also
evaluated.
Linearity. Determination of linearity of the method was
performed by spiking the working standard solutions to
the blank plasma. The linearity was evaluated by
constructing calibration curves in the range of 15-
200 ng/mL for domperidone. Propranolol HCI as an
internal standard was added to each solution at a
concentration of 1 pg/mL. The ratio peak area of
domperidone to the peak area of internal standard was
plotted against their corresponding concentration. The
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linearity was assessed by calculating the correlation
coefficient. The error percentage recovery of each
concentration must be in the range of + 20% for LLOQ
and + 15% for other concentrations.

Accuracy and precision. Accuracy and precision were
conducted using four concentration levels: the LLOQ, low
(3 x LLOQ), medium (around 30-50% of the range of
calibration curves), and high (75% of the upper calibration
curve range) levels. The concentration of domperidone
used were 15,45, 95, and 150 ng/mL and propranolol HCI at
1 ug/mL. Each of the concentration levels was prepared for
five replications. Accuracy was determined by comparing
the observed concentration to the nominal concentration
expressed as a percentage of deviation or error from
nominal concentration (%-error). The acceptance criteria
for accuracy were the % error of the mean of observed
concentration within 15% of the nominal concentration,
except for the LLOQ, which was < 20% of the nominal
concentration. The precision of the method was evaluated
by calculating % CV. The acceptance criteria for precision
was that the % CV did not exceed 15% of the sample
concentration and for LLOQ not exceed 20%.

Lower limit of quantification (LLOQ). The lowest
domperidone concentration can be quantified with
acceptable accuracy and precision (% CV < 20%).

m  RESULTS AND DISCUSSION
Sample Preparation

Determining the drug from the biological sample,
such as plasma, requires an extraction step before
injecting it into the liquid chromatography analysis
system. Several extraction techniques are solid-phase
extraction (SPE), liquid-liquid extraction (LLE), and
protein precipitation [19-20]. Protein precipitation is the
simple and fast techniques applied for extraction in which
its supernatant could be directly injected into the system
compare with SPE and LLE, which need a further step
before being injected [20-21].

The use of the protein precipitation technique in this
proposed method gave advantages, i.e., only using
acetonitrile solvent to precipitate the protein plasma and
also providing a shorter time in sample preparation as its
simplicity.

Indones. J. Chem., 2021, 21 (5), 1180 - 1186

Development of Chromatographic Condition

The ratio of the mobile phase (phosphate buffer-
acetonitrile) was optimized. It was noticed that increase
acetonitrile composition in the mobile phase reduces the
retention time also shorter resolution between
domperidone and internal standard. The best ratio
combination of mobile phase for this method was
phosphate buffer:acetonitrile (70:30, v/v) as exhibit a
good peak shape, retention time, and resolution.
Therefore, its ratio was selected for further analysis.

The pH of the mobile phase is also critical when
analytes have acidic, basic, or both characteristics. The
pH of the eluent should be controlled and could be
achieved by using buffers. The pH affects the analyte's
protonation state, which influences its interaction with
the stationary and mobile phases [22]. On the
orientation of choosing the pH of phosphate-buffered as
a mobile phase, the value of pH used were 3, 5, and 8. At
the higher pH, retention time was increased, and
sensitivity was reduced for domperidone and
propranolol HCL. At higher pH (pH > 3), the presence of
amine moieties in domperidone can interact with silanol
residues of silica gel (C18) by electrostatic interaction
resulting in peak tailing and increasing the retention
time [23]. Meanwhile, at lower pH (pH of 3), the
retention time decreased, and the peak shape of both
analytes was better. So, the best pH of phosphate-
buffered chosen was at pH 3.

The flow rate of the mobile phase affects the
retention time and peak shape [24]. On the process
development, the best result for the flow rate was
1 mL/min as showed better retention time and
resolution. Therefore, it was selected as the best flow rate

condition for the method.
Validation of the Method

System suitability

The system suitability test was performed before
running the quantitative analysis to ensure the
instrument was in a good performance, so that gave the
valid results. In this study, chromatographic parameters
for the system suitability test were satistied with system
suitability criteria (Table 1). The % CV of peak area and
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retention time was < 2, asymmetry < 2, resolution > 2, and
HETP > 2000. In addition, the separation time between
domperidone and propranolol was less than 10 min. It
indicates that the performance of the HPLC system gave
a good performance for the quantitative analysis of
domperidone.

Selectivity

The proposed method was selective for the analyte
and the internal standards. There were no significant
interference chromatograms between endogenous
compounds from blank plasma and domperidone or
propranolol HCI at a retention time of about 6-9 min,
where both peaks appeared. The good separation of those
peaks was confirmed by chromatograms of blank plasma
and plasma spiked with domperidone, and the internal
standard is shown in Fig. 1. The resolution of
domperidone and propranolol HCl was about 8.30.

Therefore, the method showed good selectivity.

Linearity

The linearity of the method was obtained by linear
regression analysis to calculate intercept, slope,
correlation coefficient. The linear regression equation and
correlation coefficient are presented in Table 2. The
percentage recovery results met the requirements, i.e.,
+20% for LLOQ and + 15% for other concentrations from
the nominal value. The method also showed quite linear
within the concentration range with an r-value of more

than 0.99 [23].

Accuracy and precision
The results of accuracy and precision are presented
in Table 3. It exhibited that % error at all levels of accuracy
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Fig 1. Chromatogram of blank plasma (a), blank plasma

spiked with internal standard (b), and blank plasma

spiked with domperidone and internal standard (c) with

phosphate buffer:acetonitrile (70:30, v/v) as mobile phase

Table 1. System suitability test

) Domperidone Propranolol HCI
Parameters Requirement
Mean* CV (%) Mean* CV (%)

Peak area (AU) CV<2% 6433.50 1.18 22706 1.06
Retention time (min) CV<2% 6.57 0.47 8.83 0.46
Asymmetry <2 1.10 2.75 1.16 0.89
Resolution >2 8.30 0.23 8.30 0.23
Height equivalent to the

> 2000 11393.83 1.43 14000.83 0.68

theoretical plate (HETP)

*Data were mean of six times injection repetition
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Table 2. Linear regression data for the calibration curve
and sensitivity of the method

Parameters Values

Range (ng/mL) 15-200

Linear regression equation y=0.0015x + 0.0119
Correlation coefficient 0.998

Lower limit of quantification (LLOQ) 15 ng/mL

both within-run and between-run were not exceeded
15%, except for LLOQ not exceeding 20%. Meanwhile, the
precision study showed by % CV values were < 15% and
LLOQ < 20%. These parameters satisfied the standard
guideline acceptance criteria.

Lower limit of quantification (LLOQ)

The LLOQ value of this study was 15 ng/mL. The
concentration value showed % error recovery and
precision was < 20% and % recovery in the range of 80-
120%. Those parameters indicate that the concentration
was fulfilled the requirements of the standard guideline.

In this article, the comparison between the proposed
method and previous reports was presented in Table 4.
From Table 4, it can be indicated that the proposed
method had some advantages. Compared with a previous
report [7], which used solid-phase extraction (SPE) in
sample preparation, the proposed method used a simple
extraction method, which was protein precipitation by
using only acetonitrile as deproteination agent and also
had better sensitivity. In addition, the process analysis in
the instrument is faster than the previous report, which

Indones. J. Chem., 2021, 21 (5), 1180 - 1186

needed more than 10 min [3]. These studies showed the
proposed method had good, acceptable parameters
validation responses and no needed a long time in
preparation sample and separation time in the
instrument. Regarding the method in this study was
conducted in vitro, further research is necessarily
performed, such as applying this method directly in
pharmacokinetic studies in animals or humans.

m CONCLUSION

The HPLC method from the study (in vitro) was
simple, rapid, and accurate. The method showed good
selectivity, linearity, sensitivity, accuracy, and precision.
Thus, the proposed method could be the reference for
the quantification of domperidone in the plasma sample.
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Table 3. Accuracy and precision of the method

The nominal concentration of

Within-Run (n = 5)

Between-Run (n = 10)

domperidone in spiked plasma (ng/mL) Mean Error (%) CV (%) Mean Error (%) CV (%)
15.015 15.42 2.72 14.24 15.66 4.31 13.15
45.045 44.86 -0.40 12.72 44.00 -2.31 9.85
95.095 87.02 -8.49 9.41 90.61 -4.72 9.94
150.150 140.35 -6.52 7.17 141.75 -5.60 5.11

Table 4. The comparison between the proposed method and the other method using reversed phase-HPLC-UV

Parameter Method A* Method B [3] Method C [7]
Linearity r=0.998 r=0.997 N/A

Range (ng/mL) 15-200 10-600 N/A

Sensitivity LLOQ =15 ng/mL LLOQ = 10 ng/mL LOD =1 pg/mL

Extraction method Protein Precipitation Protein Precipitation  Solid Phase Extraction

*method A= the proposed method
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A-MnO: Thin Films with Sponge-Like Structures: Synthesis,
Characterization and Physiochemical Applications
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* Corresponding author: Abstract: Manganese dioxide has acquired significant research attentiveness in many
fields over the past years because of its exciting physicochemical features. The magnetized
A-MnO; thin films with sponge-like structures (TSLs) were prepared by hydrothermal-
soft chemical and delithiation-lithium manganese process. The XRD, XPS, EDX, FESEM,
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Accepted: June 12, 2021 as-prepared product’s structure composition, morphology, and surface area. The particle
DOI: 10.22146/ijc.64392 growth details of A-MnO, are postulated by the oxidation-ionic change-delithiation

(OID) mechanism. The electrochemical property was analyzed by galvanostatic
discharge-charging, electrochemical impedance spectrum (EIS), and cyclic voltammetry
(CV). Special attention of A-MnO; S.L.s is given to their applications in the degradation
of methyl orange (MO) from wastewater under O, air bubble pump and cathodic
substance in the lithium-ion battery. Due to the peculiarity crystal form and morphology
face, the \-MnO, TSLs might be promisingly applied in the various physicochemical area.
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= INTRODUCTION chemical compositions but also on their shape and size

Azo dyes such as methyl orange (MO) are textile dye including their synthetic and the processes route [19-

used in food, paper, and leather industries. However, the 20]. In particular, MnO, nanostructures with different

release of MO and their products from the environment crystallographic forms originated in one-dimensional
such as nanobelts [21], nanorods, nanowires [22],
nanotubes  [23-24], and nanofibers  [25-26]

morphologies have been achieved by several routes such

causes severe pollution problems [1]. Metal-oxide such as
ZnO, TiO,, ZrO,, and WOs, with different morphologies,

have recently been utilized as catalysts to degrade various

dangerous pollutants [2-5]. Mn-based oxides are as hydrothermal, sol-gel and electrospinning technique

extensively applied as a cathode material in battery methods. In terms of \-MnO;, few reports are applied to

technologies due to their outstanding structural flexibility, fabricate - the nanoparticles and ~nanodisks using

. . microemulsion, macroporous cellulose gel beads, and
low cost, abundance, toxicity, and environmental

friendliness [6-10]. Among the various manganese(IV) delithiation-lithium manganese process in an acid

oxide forms, A-MnO; has been used widely as a material medium [27-29]. Nevertheless, one of the challenges in

. . . materials science is to prepare nanostructure with
for metal-air batteries [11], fuel cells [12], supercapacitors prep ucture w

[13], anodic materials [14-15], and catalytic water desirable properties and structures form in proper ways.

oxidation [11,16]. The implementation of A-MnO; as To the ‘F)est of our 1nformat10n,‘th1‘s is tbe first tlme. to
synthesize lambda manganese dioxide with sponge-like
structure (A\-MnO, TSLs).

In this paper, the \-MnO, TSLs were obtained by

the  hydrothermal-soft  chemical  process of

cathodic material in Zn-Mn redox flow batteries [17],
Mg-ion batteries [18] was recently reported.
Recently, several authors have considered the

properties of nanomaterials to depend not only on S )
permanganate with lithium perchlorate in benzaldehyde
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solution under acidic treatment. Due to its noteworthy
physicochemical characteristics, A-MnO, TSLs was used
as cathodic materials for lithium-ion batteries and
catalytic degradation of methyl orange through air bubble
pumping in an aqueous solution.

m EXPERIMENTAL SECTION
Materials

All analytical grade reactants and solvents, including
KMnO,, LiClO4 benzaldehyde, ethylene carbonate,
dimethyl carbonate, and methylene orange (MO), were
used without any additional purification and purchased
from Techno Pharma. Chem. Vardhman City Center
Delhi, India, and New Jersey, USA.

Instrumentation

The crystal structures of the samples were measured
by X-ray diffractometer (Panalytical X’ Pert Pro;
Netherlands) using a Cu Ka target (£ = 1.5418 A) at an
angular 20 speed of 2°/min. Energy Dispersive X-ray
Spectrometry (EDS) EDAX spectrometer was utilized
with Agilent 6510 in positive ionization mode mass in
ranges of 50-600 Da. The chemical elements in the
composite powders were analyzed by X-ray photoelectric
spectroscopy (XPS) employing Kratos Analytical Axis
Ultra DLD with Al K radiation. For the broad spectrum,
the X-ray photon energy of 1.486 kV was used with a
passage of 160 eV in the range 0-1200 eV. FEI Sirion, 200,
Netherlands (FE-SEM) model microscope was used to
outlook morphologies. Tecnai G20, Netherlands, (TEM)
images were used to investigate the morphologies
parameters and SA-ED. The lattice distance and growth
direction were examined by high-resolution transmission
electron microscopy (HR-TEM) image and was
performed on a JEM-2010 FEF TEM at an acceleration
voltage of 200 kV. The magnetic properties (M-H curve)
were measured at 5 K on an ADE 4HF vibrating sample
magnetometer.

Procedure

Synthesis of A-MnO; thin films

In a typical procedure, 0.5 mmol (79 mg) of KMnOs,
0.012 mmol (1.28 mg) of LiClO,, and 0.4 mL of
benzaldehyde were mixed and added into a 50 mL Teflon-

Indones. J. Chem., 2021, 21 (5), 1187 - 1195

lined stainless steel autoclave, sealed and heated at 120 °C
for 10 h in an electric oven. The autoclave was cooled to
room temperature (25 °C). The product was collected by
centrifugation at 8,000 rpm for 5 min and washed with
distilled water and absolute ethanol several times,
followed by drying in an oven at 50 °C for 12 h. The
autoclave results were pre-treated in 0.5 M aqueous
sulfuric acid solution under magnetic stirring for 1 h.

Electrochemical test

Electrochemical descriptions were achieved by
utilizing the lithium foils in both counter and reference
electrodes. About 85% of the mentioned sample was
adequately mixed with 5% polytetrafluoroethylene
(PTFE) in absolute ethanol. The slurry materials were
pressed uniformly onto black thin film by twining roller
and dried in an electric vacuum oven at 60 °C for 24 h.
The electrodes were modified to a chip in a diameter of
12 mm with the mass weight of 1.0-1.2 mg/cm?
Ultimately, electrode films were replaced into an Ar-
replete glove box and ingathered with M LiClO, in
ethylene carbonate:dimethyl carbonate (1:1 v/v) as the
electrolyte solution under room temperature. The cell
battery was tested in the voltage of 0.01-4.00 V versus
Li*/Li. Cyclic voltammetry (CV) curves were examined
on a CHI600E electrochemical workstation under a
scanner rate of 0.5 mV/s and a potential of 0.01 to 4.00 V.
Electrochemical impedance spectroscopy (EIS) was
carried out in the range from 0.01 Hz to 100 kHz.

Catalytic test

The catalytic degradation of the MO process was
conducted in a three-neck glass under a reflux
condenser, magnetic stirring, and oxygen air bubble at
room temperature. A suspension of 0.5 mmol (0.043 g)
catalyst powder was added in 200 mL of aqueous MO
(0.1 g/L) solution. At regular intervals, the samples were
taken from the reactor container after removing the
powder by filtration and centrifugation. Varian Cary 50
Bio UV/Visible Spectrophotometer was used to analyze
the disintegration of dye. The degradation efficiency %
was calculated by this equation: (Degradation efficiency
= (Ao-A)/A, x100), where A, is the absorption in the
beginning of reaction and A.is the absorption after a
specific time of reaction.
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m  RESULTS AND DISCUSSION

Fig. 1(a) describes the X-ray diffraction patterns of
the as-synthesized sample. The diffraction patterns peaks
show a highly crystalline of \-MnO, with a cubic phase
structure and a lattice parameter of 0.803 nm in the space
group of Fd-3m (no. 227). The XRD diffraction pattern
corresponds to the standard data of JCPDS card no. 44-
0992 (Fig. 1(b)). No other peaks were detected for
impurity stages and un-reacted precursors.

In other ways, the choice of substance and element
composition was identified by EDX analysis (Fig. 1(c)).
The element affirmation of the product affirms the
apparition of Mn and O elements with atomic weight of
1:2 and the chemical structure of MnO,. XPS is a
beneficial technique to reveal the surface chemistry and
chemical bonding in the resultant particles. Fig. 2(a)
offered that XPS Mn 2p region and an asymmetrical main
of Mn 2ps;, peak in the presence of Mn’* and Mn*" (Fig.
2(b)), which in the present a multiplet splitting of the A-
MnO; spectrum with satellite peaks at 655 and 641 eV and
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it referred to MnOg octahedral body which is similar to
the earlier studies [15,30].

Different magnification images investigated the
morphology and size of the as-prepared sample. As
shown in Fig. 3(a), the low-SEM photograph reveals that
the precursor presents in wire structure. Accuracy
analysis by high-magnification SEM, thin-film wire
exposed consists of ultra-long nanowires with average
thickness size of 10-20 nm and length longer than 6 mm
(Fig. 3(b)). To further verify the sample, TEM analysis is
utilized to check the nanosize dimension of A\-MnO,
(Fig. 3(c)). The corpus of the nanowires is like FE-SEM
observation. The selected area electron diffraction (SA-
ED) pattern (insert in Fig. 3(c)) indicating the A-MnO,
TSLs has a single crystal structure. As depicted in Fig.
3(d), the formation of single-crystalline 1D-TSLs is
evidenced by well-aligned lattice lines in the HR-TEM
images. The interplanar distance calculated from the
lattice fringe of 0.202 nm denotes to {400} plane of A-
MnO:..

(c)
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Fig 1. (a) XRD pattern, (b) JCPDS card file, and (c) EDS spectra of \-MnO, TSLs
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Fig 2. (a) XPS analysis and (b) photoelectron spectra of Mn 2p in A-MnO, TSLs
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(d) HR-TEM images of A-MnO, TSLs

The BET surface area of \-MnO, TSLs analysis was
examined by nitrogen adsorption-desorption isotherm.
Fig. 4(a) depicts that the Sger of A-MnO, TSLs is 19 m?/g,
which the isotherm curve is typically a slightly mesoporous
substance with a type IV of Brunauer-Deming-Deming-
Teller (BDDT) loops [31]. As debated, the mixture of
Mn’* and Mn** valence state in \-MnO; alludes to one of
the reasons for the ferromagnetic organizing-spinal
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0.202 nm

behavior at low temperatures. The M-H curves evidence
in (Fig. 4(b)), reveals the super-paramagnetic property
of A-MnO, TSLs in saturation magnetic moment either
per mass unit at 5 K. Due to current results and recent
reports [11,16], the formation of MnO, crystal with the
occupation of Mn and O ions in the octahedral 16d sites
and 32e sites, is constructed by treating lithium
manganese oxides in dilute acid solution.

b
15 |®
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0.0 4
-0.5 4
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Fig 4. (a) N, adsorption-desorption isotherm curve, and (b) M-H curve of \-MnO, TSLs
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The mechanism of growth TSLs particles is likely
considered for the amalgamation process following the
previous reports [16,21]. Fig. 5 clarifys the following steps
of crystal growth through schematically anisotropic
structures. The formation of A-MnO, TSLs in our current
work is closely related to the benzaldehyde and
hydrothermal-soft chemical process condition. KMnO,
may oxidize the benzaldehyde to benzoic acid and become
reduced to birnessite. Furthermore, lithium manganese
oxide may be produced under the ionic exchange process
by the lithiation of birnessite in the oven. \-MnO, TSLs
are formed via delithiation of lithium manganese oxides
in an acidic medium during the OID process.

The electrochemical property of A-MnO, TSLs is
investigated with different techniques. Fig. 6(a) shows
that CV curves are exhibited in the first cathodic scan
cycle, with two reduction peaks at 0.3 and 0. 65 V that is
with  the electrolyte
apportionment and following the construction of solid

evidence for coinciding

electrolyte interphase (SEI) layer generation. In the
anodic orientation, one peak of oxidation at 1.3 V
signalize that attributable to the delithiation process from
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the lithiated manganese oxide matrices and the
dissociation of Li,O [30-31].

However, the galvanostatic charge-discharge
electrode displaying a reversible capacity of A-MnO,
TSLs is about 180 mAh g™ (Fig. 6(b)). After 50 cycles
(Fig. 6(c)), the capacitor residue is 156 mAh g™'. This
result suggests that the lithium-ion capacitor may be
affected by phase morphology and spinal structures of
MnO,. As shown in Fig. 6(d), the significantly lower
charge-transfer resistance in a smaller semicircle at the
high-frequency region of MnO, TSLs (65 ) promotes
improved electron delivery and Li-ion diffusion to
increased specific capacitance. It is useful for application
as cathode material in the lithium-ion battery.

The catalytic behavior of \-MnO, TSLs in MO dye
degradation is studied. Fig. 7(a) shows the UV-vis
absorption spectrum of MO solution before and after
degradation catalyzed by A\-MnO, TSLs under air bubbles
at various time intervals. It can be seen from the spectra,
before the treatment, the UV -vis spectrum of MO consists
of two prominent characteristic absorption bands. One
peak in the visible region (464 nm) has referred to as an
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Fig 5. Schematic elucidation of reaction process included in the synthesis of \-MnO, TSLs
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Fig 7. (a) UV-vis spectra of degradation products of MO with air bubble pumping catalyzed by A-MnO, TSLs in
aqueous solutions for different times, (b) the degradation percentages of MO followed by air bubble pumping (I); by
A-MnO, TSLs (II); A-MnO, TSLs-air bubble pumping (III) and (d) Photoluminescence spectra change of terephthalic
acid in various time
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azo bond, and the other peak in the U.V. region (272 nm)
is associated with an aromatic ring [32]. When A-MnO,
TSLs treated MO solution in the presence of O, air
bubbles, the absorption intensity of peaks is decreased
with time; it suggested that MO is gradually degraded of
the aromatic ring. Several impulse tests were carried out
to study the influencing factors of MO dye degradation,
such as the catalyst powder and O,-air pumping. As
shown in Fig. 7(b), the degradation percentage (D%) of
MO followed by without catalyst (I), absent oxygen (II),
and with catalyst under O, air pumping (III). Curves (I)
and (II) display that the MO hardly degraded when
performed under O,-air or catalyst only, respectively. The
rapid degradation of MO with an average of 96%
efficiency is achieved by A-MnO, TSLs under O,-air
following. This result suggests that air bubbles are
necessary, but the oxygen flow rate has no significant
effect on the degradation process.

Due to the surplus of oxygen bubbles, the chemical
kinetics of degradation of MO on \-MnO, TSLs catalyst is
considered pseudo-1*-order reactions. As shown in Fig.
7(c), the plots of In(A./A,) vs. times per minute are
straight lines. The rate constant may be calculated using
[K = In(A./Ay)/t]. From the plots, the rate constants for
the degradation of MO catalyzed by A-MnO, TSLs is
0.0143 min™'. Based on previous results [33-34], the
possible mechanism for removing MO on A\-MnO, TSLs
catalyst is supported under O,-air bubble and room light
conditions as the following equations.

A—-MnO, +hv—>e” +h" (1)
e +0, >0, ()
H,0+h" > OHe+H" 3)
0, +H" »HO, 4)
«OH + MO — degradation products (5)

Previously several authors have investigated the
degradation of methyl orange by manganese oxide, which
is required to anesthetize the elements or intermediate
reaction under a Fenton-like process [35-36]. At present,
A-MnO, TSLs may effectively motivate O, and H,O
molecules into hydroxyl radicals under the room light
irradiation, acid

confirmed by  terephthalic

photoluminescence the radical probing techniques in
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solution with irradiation times (Fig. 7(d)). The
piecemeal rise of emission intensity at 430 nm band is
due to the reaction of intermediate hydroxyl radicals
with terephthalic acid. The above results indicate that
the insertion may permeate a particular physical
property without regard to the importance of the listed
element but rather the medical role and function.

m CONCLUSION

In conclusion, the A-MnO, TSLs with magnetic,
catalytic
synthesized via the hydrothermal-soft chemical process.

electrochemical, and efficiencies  are
The suitable formation mechanism of \-MnO, TSLs is
suggested by the OID process. The hysteresis loop of A-
MnO, TSLs belays a strong magnetic contrast. The
electrochemical properties of the product provide faster
Li* and electron kinetics and effectively alleviate the
volume change during catholic lithium insertion-
extraction. It exhibits novel constructors as well as
outstanding rate capability and sterling cycling ability of
capacity ~180 mAh g retained after 50 cycles. The
catalytic test revealed good catalytic degradation of MO
under oxygen air bubble pumping, which is attributed to
high crystallinity, unique magnetic, and one dimension
particles. Therefore, our findings open up unexplored
possibilities for these materials, leading to the expansion
of various physiochemical applications.
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Abstract: Existing methods used in tracing Tetracyclines' antibiotics (TCAs) residues
which pose serious environmental problems, consume high amounts of organic solvents,
are time-consuming, and are relatively expensive. A simple and effective magnetic solid-
phase extraction (MSPE) based on reduced graphene oxide/magnetite (RGO/Fe;O,)
nanocomposite sorbent was successfully developed for preconcentration and extraction of
TCAs residues from water samples. The analytes were determined by high-performance
liquid chromatography with a diode-array detector (HPLC-DAD). The synthesized
nanocomposite was characterized using Fourier-transform infrared spectroscopy (FTIR),
X-ray diffractometry (XRD), and field emission scanning electron microscopy (FESEM).
Sample pH, amount of adsorbent, sample volume, extraction time, desorption time, and
desorption solvent were evaluated and optimized. Under optimized conditions, the
method demonstrated good linearity over the concentration range of 0.05-1.0 mg L' with
the coefficient of determination (R?) > 0.9978. Limit of detection (LOD) and limit of
quantification (LOQ) were 0.006-0.011 mg L™" and 0.019-0.036 mg L™, respectively. The
accuracy and precision of the developed method were proven by good analyte recovery
(89.77-106.33%) and acceptable precision with relative standard deviation, RSD <
5.54%. The results showed that magnetic solid RGO/Fe;O, could be a suitable adsorbent
in the preconcentration and extraction of TCAs in water samples.

Keywords: magnetic solid-phase extraction; reduced graphene oxide/magnetite;
tetracycline antibiotics; water samples

= INTRODUCTION

this reason, residues of these compounds would be
excreted and released to the environment water source

Tetracycline antibiotics (TCAs) are a natural or

semisynthetic group of antibiotics frequently used to treat
bacterial infections in human and veterinary medicine
[1]. Due to their low cost, low toxicity, and broad-
spectrum antimicrobial activity, TCAs have been used
extensively in the medicinal field for prophylactic,
therapeutic, and growth-promoting purposes [2].
However, TCAs usually would not be completely
absorbed and metabolized within the body system [3]. For

[4-5]. However, studies have suggested that the frequent
abusive consumption of antibiotics may cause toxicity in
the body. Hence, many studies have been actively
conducted to find efficient analytical techniques for
trace determination of antibiotic pollutions in the
environment.

Several analytical techniques, such as liquid-liquid
extraction [6] and solid-phase extraction [7], are
commonly performed for this purpose. However, most
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existing methods utilize high consumption of organic
solvents, are rather time-consuming, and relatively
expensive with low extraction efficiencies [8-9]. For this
reason, magnetic solid-phase extraction (MSPE), a
minijaturized technique derived from an exhaustive
technique called solid-phase extraction (SPE), was
introduced. This technique offers excellent features such
as simple, low cost, sensitive, high reusability, and
minimum organic consumption and is considered an
environmentally friendly method [7]. MSPE sorbents are
prepared by incorporating two types of materials -
organic material with high sorption capacity and an
inorganic material with excellent magnetic properties
[10]. One exceptional property of MSPE is that prepared
magnetic adsorbents can be isolated from sample
solutions with ease using an external magnetic field [11].
Recently, magnetite nanoparticles (MNPs) provided
the most promising materials with good adsorption
efficiency for water remediation applications, with further
modification using carbon-based materials such as
graphene oxide (GO) and carbon nanotubes [12-13].
MNPs are well accepted due to their super-paramagnetic
nature, low toxicity, and biocompatibility. Fe;O, is the most
commonly used MNPs to coat adsorbent materials [14].
To date, there are growing demands for magnetic
reduced graphene oxide (RGO/Fe;O4) nanocomposite,
which has emerged as a viable adsorbent material used in
MSPE [15]. Reduced graphene oxide (RGO) is an
allotrope of carbon consisting of a single layer of sp’-
bonded carbon atoms, densely packed in a honeycomb
lattice, which is also one of graphene oxide (GO)
derivatives [16]. RGO has a lower number of oxygen-
containing functional groups in comparison to GO.
Therefore, RGO is sometimes more preferred due to its
lesser disruption of conjugated mt electrons. In addition, it
has many potential applications such as drug delivery,
sensors, and wastewater treatment, owing to its large
specific surface area and remarkable physical and
[17]. Attributed
containing functional groups on its surface, such as

chemical properties to oxygen-
hydroxyl, epoxy, and carbonyl groups, RGO has good
dispersibility in water and polar organic solvents, which

allows it to form a stable aqueous suspension and
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rendering the nanosheets nearly impossible to be
recovered. As a means to overcome this problem, RGO
is often magnetized using MNPs [17].

Various methods for the synthesis of RGO/Fe;O4
nanocomposite have been reported in the literature,
such as the chemical co-precipitation method [18], the
solvothermal method [19], a hydrothermal method [20],
covalent bonding method [21], and electrochemical
method [22]. However, some of the major drawbacks of
these methods are that they are multistep. In addition,
they rely on numerous synthetic conditions such as the
ratio of Fe**/Fe’*, ionic strength, and temperature, and
they employ highly toxic reducing agents such as
hydrazine [23]. In order to solve these problems, a simple,
green, and efficient in situ redox synthesis of RGO/Fe;O,
nanocomposite has been developed [24]. The synthesis
can be performed via a one-step procedure, which
eliminates the usage of toxic reducing agents.

This RGO/Fe;04
nanocomposite was employed as a magnetic adsorbent

new  generation  of

for MSPE of TCAs residues from water samples in the
study. The RGO/Fe;04
nanocomposite, synthesized from a one-step in situ

present work employs
redox synthesis method as a sorbent to extract four
selected TCAs from the tap, lake, spring, and river water
samples using MSPE prior to HPLC-DAD. The
RGO/Fe;04-based MSPE method provides a rapid yet
simple and excellent extraction performance. In
addition, the procedures support the concept of green
chemistry as they can be considered significantly

economical and environmentally friendly.

m EXPERIMENTAL SECTION
Materials

The chemicals used in this study, namely graphene
oxide (GO), ferric chloride tetrahydrate (FeCl,-4H,O),
ammonium hydroxide (NH,OH), ethanol, methanol,
acetone, acetonitrile, and oxalic acid, were purchased from
Sigma Aldrich (St. Louis, MO, USA). All these chemicals
were of analytical reagent grade and were used without
any further purification. HPLC grade organic solvents,
namely acetonitrile and methanol, were purchased from
Merck Chemicals (Darmstadt, Germany), and 18.2 MQ
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ultrapure water was used (Millipore Direct, QTM).
Standards of oxytetracycline (OTC), tetracycline (TC),
chlortetracycline (CTC), and doxycycline (DC) were
procured from Sigma-Aldrich (St. Louis, MO, USA).

Instrumentation

The quantification of TCAs compounds was
performed using HLPC equipped with a diode array
detector and a manual injector. The chromatographic
separation of TCAs was carried out using the ZORBAX
Eclipse Plus Cis column (2.1 x 100 mm, 3.5 mm) from
Agilent at 25 °C. The separation was performed using a
gradient mobile phase consisting of methanol,
acetonitrile, and 0.03 M oxalic acid (A:B:C) with an initial
composition of 0:8:92 for 1 min 0:18:82 for 2 min and
remained isocratic for 5 min at the ratio 5:20:75 [25]. The
composition was then set at 10:25:65 for 3 min, 15:20:65
for 1 min, and 15:25:60 for 3 min. The flow rate of the
mobile phase was fixed at 0.2 mL min™’, and then 5 uL of
the sample was injected into the system. The TCAs
compounds have different absorption maxima, and thus
the detection wavelengths analyte was set at 360 nm for
TC and OTC, 370 nm for CTC, and 350 nm for DC.

Procedure

Preparation of stock and standard solution

Stock solutions of TC, OTC, CTC, and DC were
prepared at a concentration of 1000 mg L™ by dispersing
10 mg of each standard in 100 mL of methanol. A
standard mixture of 100 mg L™ was prepared as an
intermediate solution by diluting 10 mL of each stock
solution with methanol to a final volume of 100 mL.
Subsequently, a series of standard solutions were prepared
at five (5) different concentrations as calibration
standards by diluting each standard with appropriate
volumes of ultrapure water. For optimization purposes,
ultrapure water was spiked with the standard mixture for a
final concentration of 1 mg L. All solutions were
refrigerated at 4 °C before analysis.

Water samples

The applicability of the developed method was
demonstrated using RGO/Fe;O4 nanocomposite in the
MSPE procedure for trace determination of TCAs from
actual water samples, namely, tap, lake, spring, and river

Indones. J. Chem., 2021, 21 (5), 1196 - 1211

water. All samples were collected in Selangor, Malaysia.
Tap water was collected from the laboratory in
Universiti Teknologi MARA (UiTM), Shah Alam; lake
water is from Tasik Seksyen 7, Shah Alam, while both
spring and river water were collected from Batu 16, Hulu
Langat. The collected samples were filtered using 0.45 pm
Nylon filter paper to remove any suspended particles and
were stored in polyethylene bottles at 4 °C before analysis.

Preparation of RGO/Fe;0, nanocomposite
RGO/Fe;O4 nanocomposite was prepared by a
simple, one-step deposition of Fe;O4 onto the surface of
GO nanosheets at ambient temperature. The method was
adopted from previously reported literature with minor
modifications [26]. First, 25 mg of GO nanosheets was
dissolved in 20 mL of ultrapure water by ultrasonication
for 1 h. Next, the pH of the mixture was adjusted to 11
by slowly adding drops of 25% ammonia solution.
Under continuous stirring, 125 mg of FeCl,-4H,O was
added very slowly into the mixture. Black suspensions of
RGO/Fe;04 nanocomposite were formed immediately.
The mixture was left agitated for 3 h to allow complete
bonding between Fe;Os and RGO nanosheets. The
RGO/Fe;04 nanocomposite suspensions were separated
using a centrifuge at 4000 rpm and washed with ultrapure
water 3 times. The nanocomposite residue was dried
overnight in a hot air oven at a temperature of 60 °C.

Characterization

The synthesized RGO/Fe;O4 nanocomposite along
with Fe;O; nanoparticles, GO, and RGO nanosheets
were characterized using X-ray diffraction (XRD), field-
emission scanning electron microscopy (FESEM), and
Fourier-transform infrared spectroscopy (FTIR) [21,27-
28]. The XRD analysis of GO nanosheets, Fe;O4
nanoparticles, and RGO/Fe;Os; nanocomposite was
performed using PANalytical Empyrean XRD in the
range of 20 from 10°-80° at a scanning rate of 3° min™
with Cu-Ka radiation (1 = 1.54056 A) under the
acceleration voltage of 40 kV and a current of 40 mA.
The morphology of the studied materials was
characterized using Hitachi S-4800 FESEM (Japan) with
a generator voltage of 15 kV. The FTIR spectra were
recorded using Avatar 360 FTIR (Thermo Fisher
Scientific, Waltham, MA).
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Magnetic solid-phase extraction (MSPE) procedure
The MSPE procedure was adopted from previous
[26]. The MSPE

procedure was initialized as follows: 10 mg of the

literature with minor alterations

synthesized RGO/Fe;O4 nanocomposite was dispersed in
8 mL of the water sample. The mixture was sonicated for
5 min to allow adsorption of TCAs onto the adsorbent
surface. Next, the adsorbent was separated from the
sample matrix with the aid of an external magnetic field,
and the supernatant liquid was decanted. The adsorbent
was then dispersed into 500 pL of ethanol and sonicated
for 2 min to elute the analytes that were trapped on its
surface. Subsequently, the adsorbent was removed, and
the eluent was evaporated completely using nitrogen
blow. Finally, the dried analyte was reconstituted with 100
uL of methanol and filtered using a 0.45 pum PTFE syringe
filter. For analysis, 5 pL of the solution was injected into
the HPLC system. A summary of this process is depicted
in Fig. 1. Several MSPE parameters were optimized by
changing one factor at a time, and the optimal conditions
The
performance of this procedure was compared with

were used in all subsequent experiments.

previously reported methods from literature.

Method validation and data analysis
The MSPE performance of the

RGO/Fe;04 nanocomposite for the extraction of the

synthesized

Adsorption
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selected TCAs was quantified and evaluated with respect
to the linearity, limit of detection (LOD), the limit of
quantification (LOQ), precision (repeatability and
reproducibility), and accuracy.

Calibration curves. Calibration standard curves were
determined using linear regression: y = ax + b, where y is
the peak area, a is the slope, x is the respective
concentration, and b is the intercept. The linearity
responses of TCAs were evaluated using a series of
standards at five concentrations ranging from 0.05-1.0
mg L', where the coefficient of determination (R?)
should be at least 0.95.

Limits of detection and quantification. The limit of
detection (LOD) and the limit of quantification (LOQ)
values were determined using linear regression where
LOD =3.306/Sand LOQ =10 0/S, where o is the standard
deviation of the lowest concentration, and S is the slope
of the calibration graph.

Repeatability. The repeatability (intra-day precisions)
and reproducibility (inter-day precisions) of the
proposed method were expressed in terms of relative
standard deviation (RSD). The intra-day precisions were
determined using a triplicate measurement of the lowest
concentration level and were prepared on the same day.
Meanwhile, to determine the inter-day precisions, the
same procedure is repeated for three consecutive days.
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Fig 1. MSPE procedure of TCAs analyte from water using RGO/Fe;O4 nanocomposite
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Recovery. The method's accuracy, expressed in terms of
% recovery (R%), was determined by fortifying real water
samples with each targeted analyte at a final concentration
of 500 pg L°'. Although there has been no official
established for the
pharmaceuticals in water, the acceptable value should
normally range from 70-120% with RSD < 20% [29-30].

guideline recovery of spike

m  RESULTS AND DISCUSSION
System Performance

The performance of HPLC-DAD was calibrated
under optimal conditions to ensure the instrument meets
the desired and intended performance standards. A series
of TCAs standard mixture at five different concentrations
were injected into the system. Good separation peaks of
TC, OTC, CTC, and DC were obtained within 14 min.
Calibration curves of the selected TCAs were plotted, and
linear ranges were established between 2-10 mg L™ with
a coefficient of determination (R?) greater than 0.999.

Preparation of RGO/Fe304 Nanocomposite

Fe;O, nanoparticles were incorporated onto the
surface of RGO nanosheets by a simple electrostatic self-
assembly method [28]. This process involved a redox
reaction between the two main precursors to produce
RGO/Fe;04 nanocomposite. The chemical scheme of this
reaction is shown in Fig. 2. GO became highly negative

NH,4OH, pH 11
———
Simple reduction

Indones. J. Chem., 2021, 21 (5), 1196 - 1211

when dispersed into the water due to the ionization of
the carboxylic acid and phenolic hydroxyl groups
present on its surface. Fe** ions were deposited onto the
surface of GO nanosheets. GO acts as an oxidizing agent.
GO was reduced to RGO and effectively increased the
oxidation state of Fe’* to Fe’*. The formation of Fe;04 on
the surface of RGO occurred via two distinct pathways.
The first pathway manifested in alkaline conditions,
where Fe’* reacted with the excess Fe*" to form Fe;O, on
the GO surface. The second pathway involves the
hydroxyl group that attached itself to the GO surface,
which reacted with Fe** to form Fe;O, on the GO surface.
During the redox reaction, the polar oxygenated
functional groups on the GO nanosheets serve as the
anchoring sites for the Fe;O4 nanoparticles, consequently
preventing severe agglomeration of the MNPs.

Characterization of Magnetic
RGO/Fe30,; Nanocomposite XRD

Nanoparticles

The phase and structure for GO nanosheets, Fe;O4
nanoparticles, and RGO/Fe;O, nanocomposite were
determined as shown in Fig. 3. GO shows a basal
reflection (002) sharp peak at 20 = 14.1° indicating
oxygen-rich functional group and water molecules
between the layer of GO nanosheets. In Fig. 3(b), the
XRD pattern of Fe;O4 nanoparticles was reflected by the
six distinctive diffraction peaks at 20 = 30.2°, 35.6°, 43.3°,

Deposition of Fe304
onto RGO surface

nanocomposite

RGO/Fe;0,

Fig 2. Chemical scheme of the synthesis of RGO/Fe;O4 nanocomposite
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Fig 3. XRD patterns of (a) Fe;O4 nanoparticles, (b) GO nanosheets, and (c) RGO/Fe;O4 nanocomposite

53.7°,57.3° and 62.8° corresponding to (220), (311), (400),
(422), (511), and (440) crystal planes of Fe;O4, respectively.
The XRD pattern of Fe;O, nanoparticles suggested that the
MNPs possess good crystallinity, indicated by the distinct
diffraction peaks and the absence of impurities. As shown
in Fig. 3(c), the synthesized RGO/Fe;O, nanocomposite
possesses all the characteristic diffraction peaks that
matched the crystal planes of both GO nanosheets (14.1°)
and Fe;O4 nanoparticles (20 = 30.2°, 35.6°, 43.3°, 53.7°,
57.3°, and 62.8°). The average crystallite size of the
nanocomposite calculated using the Scherrer equation is
24.76 nm. Hence, it can be inferred that RGO/Fe;0O,
nanocomposites were successfully synthesized, and the
crystalline structure of Fe;O, remained unchanged upon
synthesis.

FESEM

The FESEM images of all the studied samples are
shown in Fig. 4. The micrograph in Fig. 4(a) depicts the
smooth and wrinkled surface of GO nanosheets with a
distinctive layered appearance. Fig. 4(b) shows the
FESEM image of FesO, nanoparticles. The MNPs
appeared as a spherical-like structure with a wide
distribution of particle size and an apparent tendency to
After  RGO/Fe;04
formation, the Fe;O4 nanoparticles were distributed on

agglomerate. nanocomposite
the surface of RGO nanosheets, which has become
corrugated due to loss of oxygen-containing functional
groups. The energy-dispersive X-ray (EDX) analysis was

performed to determine the elemental mapping of the
RGO/Fe;04 nanocomposite. The EDX spectrum in Fig.
4d indicates that the adsorbent contained 25.23 at % of
iron (Fe), 43.39 at % of oxygen (O), and 29.97 at % of
(C). The
compositions of the adsorbent. Furthermore, it also

carbon results estimated the major
provided evidence that substantiated the embedment of

Fe;O4 onto the surface of the RGO.

FTIR

FTIR spectra of the studied samples are shown in
Fig. 5. The strong and broad peak that appeared in the
high-frequency area at 3421 cm™ for synthesized
RGO/Fe;04 nanocomposite (Fig. 5(a)) can be attributed
to the O-H stretching and bending of the free or
adsorbed water in RGO and Fe;O,. The characteristic
peaks that appeared at 1636, 1201, and 1051 cm ™ denote
the C=C stretching of the aromatic ring, C-O-H
bending of the phenolic group, and C-O stretching of
the epoxy group in RGO nanosheets, respectively. The
apparent peak at 587 cm™ is a resonance to the Fe-O
bond stretching vibration characteristic to Fe;Os.
Compared to the FTIR spectra of individual RGO (Fig.
5(b)) and Fe;O, (Fig. 5(d)), all the characteristic peaks
synthesized RGO/Fe;04
nanocomposite, supporting the evidence observed in
XRD patterns (Fig. 3) and FESEM images (Fig. 4), which
indicates that Fe;O4 was successfully incorporated onto
the surface of RGO.

are present in the
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Fig 5. FTIR spectra of (a) RGO/Fe;O, nanocomposite, (b) RGO nanosheets, and (c) Fe;O4 nanoparticles

Optimization of Magnetic Reduced Graphene

extraction time, desorption time, and desorption
Oxide Extraction Conditions

solvent. In addition, the ionic strength of the sample

The MSPE procedure was optimized in order to
achieve the highest recovery, lower the consumption of
solvents and materials and shorten the analysis time
duration. The parameters involved in this study were the
sample pH, amount of adsorbent, sample volume,

solution was excluded due to its negligible influence on
the TCAs [31-33].
experiments were conducted using ultrapure water
spiked with TCAs analyte at a final concentration of
1 mg L™ to simulate a real sample.

recoveries The optimization
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Effect of sample pH

The pH of the sample plays a significant role, which
influences the sorption behavior of TCAs on the surface
of RGO/Fe;04 nanocomposite. The point of zero charges
(pH;.c) of the nanocomposite surface is estimated to be
approximately at pH 3.6. Therefore, the modification of
the sample pH influences the protonation-deprotonation
transition of the oxygen moieties that are attached on its
surface; where the surface becomes acidic with a positive
net charge when the sample pH is lower than that of the
pHeze (pH < pH,.), and vice versa [34]. Additionally,
TCAs are jonizable organic compounds, which chemical
speciation is strongly dependent on the pH of the media
[35]. Thus, TCAs may exist as (1) cations (TCH") at pH <
4 through the protonation of dimethylammonium group;
(2) zwitterions (TCO*N*) at pH 3.5-7.5 through
deprotonation of the phenolic diketone moiety, or (3)
anions (TCO*) by deprotonation of the tricarbonyl
system and phenolic diketone moiety.

The effect of the sample pH was investigated in the
range of 2-12 to control the electrostatic interactions of
TCAs and RGO/Fe;0, nanocomposite. As can be seen,
the recovery of TCAs abruptly increased and reached a
point of maxima when the sample pH was adjusted from
around 4 to 6 (pH > pH,,) due to stronger electrostatic
interactions between the TCAs zwitterions and the net
negative charge of the moderately basic surface of the
nanocomposite. However, with a further increase of the
pH (pH > 7), the adsorption of TCAs can be seen
progressively decreased due to stronger electrostatic
repulsive force between the TCAs anions and the net
negative charge of the strongly basic surface of the
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nanocomposite. Therefore, pH 4 was selected and used
in all subsequent experiments.

Effect of the amount of adsorbent

The amount of adsorbent is another important
parameter to be considered in the MSPE procedure.
Generally, an increase in the amount of adsorbent will
increase the number of adsorption sites that may occupy
the adsorbate particles during the extraction procedure
[36-37]. In order to determine the minimum amount of
adsorbent sufficient to extract the total amount of TCAs
per sample, the influence of the mass of RGO/Fe;O4
nanocomposite on the recovery of the targeted TCAs
was investigated in the range between 5 and 25 mg. The
recoveries of TCAs increased when the weight of
RGO/Fe;04nanocomposite was increased from 5 to 10 mg
(Fig. 6). However, a further increase in the adsorbent
weight from 10 to 50 mg did not improve the recovery
of TCAs. From the data, it can be concluded that 10 mg
of RGO/Fe;04
sufficient number of active sites to occupy the total

nanocomposite would provide a

amount of TCAs in the 8 mL of sample solution. For this
reason, the weight of RGO/Fe;O; nanocomposite was
kept constant at 10 mg in all subsequent experiments.

Effect of sample volume

In order to determine the maximum suitable
volume of sample per unit weight of adsorbent, the
influence of sample volume on the sorption behavior of
TCAs on RGO/Fe;0, nanocomposite was studied in the
range between 2 and 10 mL. From Fig. 7(a), it can be
observed that the recovery of TCAs gradually increased
with the increase of sample volume from 2 to 8 mL. With
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Fig 6. Effect of (a) sample pH (b) amount of adsorbent on the extraction of TCAs using RGO/Fe;O4 nanocomposite
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Fig 7. Effect of (a) sample volume, (b) extraction time, (c) desorption solvent, and (d) desorption time on the extraction

of TCAs using RGO/Fe;O, nanocomposite

a further increase in sample volume above 8 mlL, the
recovery remained constant. Therefore, increasing the
sample volume should also increase TCAs' recovery, as a
larger volume of sample would result in a larger total
amount of TCAs molecules available to occupy the active
sites on the surface of RGO/Fe;O4 nanocomposite [38].
However, it is also important to note that the maximum
amount of analyte adsorbed onto the adsorbent surface is
limited by the weight of adsorbent used during the
extraction procedure and the overall adsorption kinetics
of TCAs when the volume of the sample is increased [39].
From the results obtained, it was deduced that the
maximum applicable volume of sample per 10 mg of
RGO/Fe;04 nanocomposite is 8 mL. For this reason, the
sample volume was set at 8 mL in all subsequent
experiments.

Effect of extraction time
The effect of extraction time was studied to
determine the time required for the complete adsorption

of TCAs onto the surface of RGO/Fe;O4 nanocomposite.
A sufficient amount of time must be given for a close
MSPE system to achieve adsorption equilibrium, at
which the rates of adsorption and desorption become
constant [40]. In this experiment, the adsorption of
TCAs was facilitated by the use of ultrasonication. The
influence of extraction time between the analyte and
adsorbent was investigated by varying the sonication
time from 1 to 15 min. The experimental results in Fig.
7(b) demonstrate that the recovery of TCAs increased
gradually as the sonication time progressed from 1 to
5 min. This suggests that the adsorption of TCAs
increases over time as it allows a higher frequency of
effective contacts between the adsorbent particles and
adsorbate molecules in a given sample. After 5 min, the
recovery of TCAs remained constant, indicating that the
adsorption equilibrium has been achieved and that the
adsorption process has completed. Therefore, the MSPE
procedure was carried out employing 5 min of
extraction time in all further stages of this work.
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Effect of desorption solvent

The selection of a suitable organic solvent is
important to ensure the complete elution of trapped
analytes from the surface of RGO/Fe;O, nanocomposite
[41-42]. In this study, the influence of different types of
organic solvents was investigated to enhance the recovery
of analytes. Arranged according to the increasing order of
polarity, the solvents used were acetone, acetonitrile,
ethanol, and methanol. The volume of the desorption
solvent was fixed at 500 pL. The results shown in Fig. 7(c)
show that the use of acetone as a desorption solvent yields
the lowest recovery and is therefore impotent for the
desorption of the targeted TCAs. Although methanol is
the most polar solvent used in this experiment, it has
failed to yield the best recovery percentage and could not
effectively break the adsorbent-adsorbate bond between
the two phases since both TCAs, and RGO/Fe;O,
nanocomposite were also hydrophilic in nature [43-44].
The highest recoveries for all the targeted TCAs were
obtained using ethanol, presumably due to its higher
compatibility and stronger hydrogen bond and dipole-
dipole intermolecular interactions with the targeted
TCAs, thus enabling effective desorption of TCAs from
the nanocomposite surface. Therefore, ethanol was
selected as the desorption solvent in all subsequent
experiments.

Effect of desorption time

Desorption time is the time required for the analyte
to be eluted from the adsorbent surface [45]. In this study,
the elution of TCAs from the prepared RGO/Fe;O,
nanocomposite was performed using an ultrasonic bath.
The effect of desorption time was studied for 0-5 min to
determine the minimum amount of time required for
complete elution. Fig. 7(d) shows that the recovery of
TCAs improved significantly within 2 min. However,
further increase in sonication time did not result in any
improvement of the recovery of analytes. This fact
demonstrates that the recovery of TCAs increases as time
progresses before finally reaching a saturation state,
indicating that the state of sorption equilibrium between
the bulk phase (sample solution) and the adsorbent
surface has been achieved. Based on this, it is acceptable
to assume that the completion of the desorption process

1205

can be achieved within 2 min. For this reason, the
desorption time of 2 min was selected in all further
experiments.

Reusability

Reusability of the synthesized RGO/Fe;O4
nanocomposite is a crucial property that has a notable
impact on the proposed method's economic and
environmental aspects [46]. In this work, the reusability
study was conducted to determine the number of times
the adsorbent can be regenerated and reused before any
significant degradation in the extraction performance
can be noticed. The nanocomposites' reusability was
evaluated by collecting and washing the used
nanocomposite with a sufficient amount of methanol,
0.03 M oxalic acid, and ultrapure water to remove any
remains of TCAs molecules from the previous
extraction. The adsorbent was then dried overnight in an
oven at 60 °C. The same MSPE procedure was further
repeated for 10 cycles. The concentration of TCAs
solution was fixed at 1 mg L. The data of TCAs
recoveries were recorded at every two intervals of the
extraction cycle. The results obtained suggest that the
recoveries of the targeted TCAs remain almost
consistent without significant loss of performance up to
10 cycles (Fig. 8). Thus, the results also confirmed that
RGO/Fe;04 nanocomposite can be regenerated and
reused and has a great potential in real sample
preparation.

Method Validation

Under optimal MSPE conditions, several key
parameters such as linearity, the limit of detection
(LOD) and limit of quantification (LOQ), precision, and
accuracy were validated to evaluate the analytical
performance of the developed RGO/Fe;O,-MSPE-
HPLC-DAD method. The linearities of the method can
be determined by plotting the calibration curves for all
TCAs analytes using a series of standards at five (5)
different concentrations within the selected range of
0.05-1 mg L. Good linearities were achieved for the
targeted TCAs with coefficients of determination (R*) of
0.9989, 0.9991, 0.9978, and 0.9992 for TC, OTC, CTC,
and DC. The LODs at which the signal-to-noise ratios are
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Fig 8. Reusability of RGO/Fe;O4 nanocomposite for the extraction of TCAs

equal to 3, were established ranging from 0.006-0.011 mg
L™'. Meanwhile, the LOQs at which the signal-to-noise
ratios are equal to 10, were established ranging from
0.019-0.036 mg L. Both the LODs and LOQs lie well
below the maximum residual limit (MRL) of TCAs set by
the European Union, which is 100 pg kg™ (equivalent to
0.1 mg L") in food products [47]. Furthermore, the
precisions of the method were evaluated in terms of
repeatability and reproducibility using triplicate
extraction data (n = 3) from the intra-day test (three tests
on the same day) and inter-day test (repetition of
triplicate MSPE procedure for three consecutive days)

using 8 mL of ultrapure water spiked with TCAs analytes

at a final concentration of 1 mg L. Precisions of the
intra-day and inter-day obtained, expressed in terms of
RSD, were 1.39%-3.38% and 2.75%-5.59%, respectively.
The analytical evaluation of the RGO/Fe;O4,-MSPE-
HPLC-DAD method is summarized in Table 1.

Real sample analysis

The developed method was applied to analyze three
(3) different water samples, namely tap, river, and spring
water, to verify the developed RGO/Fe;O,-MSPE-HPLC-
DAD method's performance in the real application. The
results shown in Table 2 indicate that no trace of TCAs
can be found in each of the samples. The accuracy of the
proposed method was evaluated by spiking the samples

Table 1. Analytical data of RGO/Fe;O,-MSPE- HPLC-DAD method for the determination of TCAs in water

Analyte Llnear{tly, R? LOD, mgL™! LOQ, mg L™ RSD (n = 3)
mgL Intra-day Inter-day
OTC 0.05-1.0 0.9991 0.008 0.026 2.39 2.75
TC 0.05-1.0 0.9989 0.009 0.029 1.39 4.15
CTC 0.05-1.0 0.9978 0.011 0.036 2.54 5.59
DC 0.05-1.0 0.9992 0.006 0.019 3.38 3.14
Table 2. Analysis of TCAs in four different water samples
Water OTC TC CTC DC
Sample R% RSD% R% RSD% R% RSD% R% RSD%
Tap 92.67 2.18 92.38 1.32 98.41 1.94 96.69 2.01
Lake 89.82 5.69 91.85 3.31 93.35 6.59 90.84 4.90
Spring 95.74 3.22 94.87 4.03 89.77 422 103.41 3.27
River 99.15 2.76 106.33 2.93 96.58 5.48 93.16 5.54
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Fig 9. HPLC-DAD chromatogram of (a) blank sample and (b) spiked sample (0.5 mg L' for each analyte)

Table 3. Comparison of the analytical performance of the developed method with other methods for the extraction

and determination of TCAs in a water sample

Extraction technique Sorbent Sample LOD,ugL? RSD,% Recovery, % Ref
MSPE-HPLC-DAD RGO/Fe;0, Water  6-11 1.39-5.59 89.8-106.3 [This work]
SPE-HPLC-MS C18 cartridge Water  3.1-3.8 4-11 72-93 [44]
SPE-LVSS-CE C18 cartridge Milk 19.93 1.7-9.7 - (48]
MSPE-DLLME Fe;04@Si0,@GO-B-CD Water  1.8-2.9 78.5-109.3 1.6-6.3 [37]
MSPE-UPLC-TUV Fe;0,@5i0,@FeO Water  0.027-0.107 <4 91.0-104.6 (49]
u-SPE-HPLC-UV PET/GO nanofiber Honey 15.3 4.9 89-94 [36]
SALLME- HPLC-UV - Urine 0.17 8 91-105 [50]
SPE-UPLC-Q/TOF MS Oasis HLB Urine 0.138 4.1-7.8 90 [51]
SPE-HPLC-DAD Oasis HLB Water 3.5-6.5 <14.5 82.1-114.7 [52]

with a standard mixture of TCAs at a final concentration
of 0.5 mg L™". The chromatogram of blank and spiked
water samples is presented in Fig. 9. Satisfactory
recoveries were obtained for all TCAs analytes ranging
from 89.77%-106.33%. Meanwhile, analyses on the
triplicates gave acceptable RSDs ranging from 1.32% and
6.59%.

Comparative Study

The MSPE RGO/F€304
nanocomposite for the extraction of the selected TCAs

performance  of

from the water was compared with other reported
methods in terms of LOD, RSD percentage, and
recoveries percentage (Table 3). The developed method
exhibited LOD SPE
technique based on C;s cartridge and p-SPE based on
PET/GO nanofiber. However, relatively lower LOD
values may be caused by the quantification instruments
used, not due to the developed adsorbent's capability for
extraction of analytes from samples. Nevertheless, it is

comparable to conventional

worth noting that the developed adsorbent offers
advantages compared to previously reported methods,
including high percentage MSPE recoveries (> 89.8%) for
real samples with satisfactory RSD percentage (< 5.59%).
In addition to this, the desorption rate was fast (3 min
ultrasonication assisted) with good reusability (10
adsorption-desorption cycles).

m CONCLUSION

extraction (MSPE)
technique based on a new generation RGO/Fe;O,

A magnetic solid-phase
nanocomposite has been established and demonstrated
as an efficient alternative technique for rapid separation,
preconcentration, and enrichment of OTC, TC, CTC,
and DC from water samples. Remarkable extraction of
TCAs can be achieved due to the ability of the
nanocomposite to form m-m interactions and
electrostatic force with the analytes. The nanocomposite
was synthesized using a quick, easy, and green

technique, which eliminates multistep procedures and
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the consumption of toxic reducing agents. The MSPE-
RGO/Fe;04 technique was optimized, evaluated, and
compared with other existing methods. It offers several
notable advantages regarding good linearity, low LOD
and LOQ, acceptable precision, and satisfactory accuracy.
In addition, the RGO/Fe;O, nanocomposite sorbent is
reusable up to 10 times. Thus, this newly developed
efficient, and

technique provides a rapid, more

comparable  performance for rapid extraction,
preconcentration, and trace determination of TCAs from

water samples.
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Abstract: Novel derivatives of heterocyclic azo compounds have been synthesized
through a free catalyst reaction. The structures of the synthesized compounds were
confirmed by using different techniques such as '"H-NMR, “C-NMR, and mass
spectroscopy. The prepared derivatives were evaluated as corrosion inhibitors for mild
steel after the inhibitory performance toward mild steel in 0.1 M HCI solution. The
prepared derivatives, i.e. (1,1-(((1E,1'E)-1,4-Phenylenebis(diazene-2,1-diyl))bis(4-
methyl-3,1-phenylene))bis(1H-pyrrole-2,5-dione)) 1 and (1,1-(((1Z,1'Z)-(Oxybis
(4,1-phenylene))bis(diazene-2,1-diyl))bis(4-methyl-3,1-phenylene) )bis(1H-pyrrole-2,5
-dione)) 2 showed inhibition efficiency 89.22% and 91.30%, respectively at
concentration 1 x 10 M. The isotherm adsorptions of these derivatives were found
to obey Langmuir model. Furthermore, Density functional theory was used for
theoretical estimation of the HOMO, LUMO, and other chemical quantum
parameters. The results indicated that the synthesized derivatives displayed a
corrosive inhibitory property in which derivative 2 was more effective than derivative
1. In addition, the theoretical results were in agreement with the experimental data.

Keywords: azo compounds; N-(4-hydroxylpheneyl) maleimide; Tafel curve;
corrosion inhibition; theoretical study

m INTRODUCTION

Corrosion is seen to be a major problem that

reduces or prevents the penetration of many corrosive
factors from reaching metal surfaces. Therefore, the
success of this method reduces the formation of defects

restricts the widespread use of metallic materials.
Corrosion-related damage causes an increase in the
maintenance cost. Thus, there is a greater need to protect
the materials used. Many researchers have attempted to
develop methods for decreasing corrosion on metals [1-
2]. The metallic materials react with their surrounding
media based on the electrochemical corrosion process.
Various environmental conditions such as acidity,
salinity, moisture, and aeration are responsible for
causing the corrosion of iron or iron alloy materials.
Corrosion can deteriorate materials properties such as
chemical, physical and mechanical properties [3-4].

One method to achieve this purpose includes using
organic inhibitors that could effectively decrease or
prevent the corrosion effects of metals and metallic alloys.
Organic compounds can create a protective layer that

on metal surfaces. The organic inhibitors used to prevent
steel surface corrosion include organic compounds that
contain sulfur, nitrogen, and/or oxygen atoms [5-6].
Azo compounds are an important class of organic
compounds that are versatile for synthetic organic
compounds. Azo compounds can be used in several
applications [7], for instance, textiles, leather, cosmetics,
pharmaceutical reagents, and even corrosion inhibitors
[8] such as used it as corrosion inhibitors for carbon steel
[9-10], mild steel [11-12], and aluminum [13-15]. The
protective methods involved a chemical reaction
between the azo group and the various substituted
aromatic bonds that exist on the metallic surfaces. This
process reveals an intense color to the compounds over
the full visible range. Moreover, these chemical reactions
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also enhance the metals' stability, require less production
cost, and use uncomplicated synthetic processes [8-11].
We have synthesized novel maleimide derivatives
and tested their efficiency against the carbon steel
material in this work. These derivatives were dissolved in
0.1 M HCI and tested to evaluate their corrosion
inhibitory  efficiency using a  potentiodynamic
addition,
simulations were conducted to calculate some quantum

polarization  technique. In computer
chemical parameters values to study the relationship

between theoretical and practical properties.

m EXPERIMENTAL SECTION
Materials

Chemicals and solvents were ordered from Sigma-
Aldrich (USA). The progress of reactions was monitored
by using thin-layer chromatography (TLC) for all the
synthesized compounds using pre-coated silica gel 60, UV
254 TLC plates. The "HNMR and "CNMR spectra were
recorded on a Bruker Inovo AV-400 spectrometer (Iran),
using DMSO-ds as a solvent. The protons for the
decoupling values (J) are expressed in Hz, and the melting
points of the compounds were measured with the help of
capillary tubes using a Gallenkamp melting point
apparatus. The accurate mass spectra of the synthesized
compounds were run on a JEOL JMS-5X 10217 in the EI
genre (Iran).

Procedure

Synthesis of 1,1'-(((1E,1'E)-1,4-phenylenebis(diazene-
2,1-diyl))bis(4-methyl-3,1-phenylene))bis(1H-pyrrole-2,
5-dione) (1)

A cooled solution of benzene-1,4-diamine (0.01
mol) dissolved in a dilute HCI solution (conc. HCI:H,O,
1:1 v/v) was kept in an ice bath (< 5 °C). NaNO, (0.02 mol)
dissolved in water (10 mL) was added dropwise to the
above solution. This mixture was continually stirred
under the ice bath. To the above content, N-(4-methyl
phenyl) maleimide) (0.02 mol) was added according to
the references [14-16]. The resulting mixture was
dissolved in NaOH solution (10% wt/v, 20 mL) at 5 °C.
The resulting mixture was chilled in an ice bath and
additionally stirred for 20 min. The resulting precipitate
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was then filtered and recrystallized from glacial acetic
acid and washed with methanol to remove the traces of
glacial acetic acid. Finally, a precipitate formed that was
filtered, washed with distilled water, and the desired
product was dried in the oven at 50 °C for 24 h.

Brown solid, yield 85%, m.p 150-153 °C. '"H-NMR
(500 MHz, DMSO-ds) 8 (ppm): 2.25, s (6H, CH3), 6.30,
d (2H, J = 10 MHz, CH=CH), 6.46, d (2H, J = 10 MHz,
CH=CH), 7.13-7.52, m (10H, Ar-H). "C-NMR (125
MHz) § (ppm): 16.71, 104.51, 117.78, 119.95, 127.48,
129.36, 129.52,131.99, 135.96, 171.76, MS [EI]* m/z
504[M]*.

Synthesis of 1,1'-(((1Z,1'Z)-(oxybis(4,1-phenylene))bis
(diazene-2,1-diyl))bis(4-methyl-3,1-phenylene))bis(1H-
pyrrole-2,5-dione) (2)

A cooled solution of 4,4"-oxydianiline (0.01 mol)
dissolved in a dilute HCI solution (conc. HCI:H,O, 1:1
v/v) was kept in an ice bath (< 5 °C). NaNO, (0.02 mol)
dissolved in water (10 mL) was added dropwise to the
above solution. This mixture was continually stirred
under the ice bath. To the above content, N-(4-methyl
phenyl) maleimide) (0.02 mol) was added according to
the references [14-16]. The resulting mixture was
dissolved in NaOH solution (10% wt/v, 20 mL) at 5 °C.
The resulting mixture was chilled in an ice bath and
additionally stirred for 20 min. The resulting precipitate
was then filtered and recrystallized from glacial acetic
acid and washed with methanol to remove the traces of
glacial acetic acid. Finally, the desired product was dried
in the oven at 50 °C for 24 h.

Brown solid; yield 79%, m.p. 178-180 °C, '"H-NMR
(500 MHz, DMSO) 6 (ppm): 2.26, s (6H, CH3), 6.30, d
(2H, J = 10 MHz, CH=CH), 6.46, d (2H, J = 10 MHz,
CH=CH), 7.13-7.52, m (14H, Ar-H). *C-NMR (125
MHz, DMSO) § (ppm): 16.70, 104.01, 117.77, 118.01,
119.86, 127.38, 128.47, 130.98, 131.18, 135.47, 135.89,
171.65, MS [EI]* m/z 540 [M]*.

Theoretical calculations

The chemical structure of studied compounds has
been drawn by ChemDraw-2014 program in a 2D
format and saved as MDL Molfile. Then the file was
opened in the Material Studio-DMol3 ver. 5.5 Software
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program. The synthesized compounds' geometry
optimization and energies calculation were performed
using density functional theory (DFT). Becke exchange
plus Lee-Yang-Parr correlation (BLYP) and Double
Numerical plus d-functions (DND) as the basis set have
been applied on the synthesized compounds. The
BLYP/DND level has been shown to be suitable for
bismaleimide compounds where the results calculated are
consistent with the corresponding experimental results
[17]. Material Studio-DMol3 ver. 5.5 Software was used to
extract the output files. Energy values of the extracted
molecular orbital were determined to calculate ELymo and
Enomo using the calculated values of numerous quantum
chemical parameters according to the following Eq. (1-7)
[18]. The calculations were made using DELL laptop with

a dual-core processor and Ram 4 Giga.

Tonization potential (IP) =—Egomo (1)
Electron affinity (EA) =—E; Mo (2)
Electronegativity (y) = —I/Z(EHOMO +Erumo) (3)
Chemical hardness (n) = —1/ 2(EHOMO - ELUMO) (4)
Global electrophilicity (w) = x2 / 2n (5)
Absolute softness (o) =1/1 (6)
Number electrons (AN) = %ge = Xinh /Z(nFe +Ninh ) (7)
transferred

m RESULTS AND DISCUSSION
Chemistry

In this work, diazonium salts were prepared by
4,4'-
oxydianiline in the presence of dilute HCI acid and

diazonation of benzene-1,4-diamine and

= NaNO,, HCI
— T
HaN NHp 05 C

=l eg el
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sodium nitrite. The resulted diazonium compounds
were coupled with N-(4-methylphenyl) maleimide to
synthesize compounds 1 and 2, as shown in Scheme 1.

The structure of these compounds 1 and 2 was
confirmed by their 'H-NMR, “C-NMR, and mass
spectroscopy. The "H-NMR spectra show two distinct
doublets § = 6.30 and 6.46 ppm for alkene group
(CH=CH) at the expected regions. In addition, one
singlet signal was noted at § = 2.25 ppm for compound
1 and § = 2.26 ppm for compound 2 attributed to the
protons of methyl groups. The other aromatic protons
appeared as multiplet signals between 6 =7.13-7.64 ppm
and 7.13-7.52 ppm for compounds 1 and 2, respectively.

On the other hand, the ?C-NMR spectra displayed
the following signals, which confirmed the structure of
the synthesized compounds: 171.76 and 171.65 ppm
(C=0); 135.89 and 135.96 ppm (HC=CH); 135.74 ppm
(C-0O) for compound 2; 131.99-104.01 ppm (C=C,
aromatics), and 16.71 and 16.70 ppm (CH;). Moreover,
the mass spectra of compounds indicated the presence
of molecular ion peak as a base peak at m/z 504 for
compound 1 and m/z 540 for compound 2.

Polarization Measurements

Fig. 1 depicts the polarization behavior of mild
steel material in 0.1 M HCI, either in the presence or
absence of the compound 1 and 2 (as inhibitors) at 25 °C.
The results indicated that the cathodic and anodic
reactions using the mild steel electrode corrosion were
decreased when the inhibitor concentration was

increased. Hence, it was concluded that the inhibitor
R

- + + _
CIN=N—"" ———N=NCi

\]
HsC N N CHg
N N
\ Y
(o] (o]

Scheme 1. Chemical structure of the synthesized inhibitors
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Fig 1. Galvanostatic polarization curves of mild-steel in 0.1 M HCl in the different concentrations of inhibitors 1 and

2at25°C

addition reduced the anodic dissolution and decreased
the hydrogen evolution.

The electrochemical parameters such as corrosion
current density (Ior), corrosion potential (Ec,r), cathodic
Tafel constant (Bc), and anodic Tafel constant (fa) and
corrosion rate (CR) were estimated by using Tafel plots
[19,20]. The of different electrochemical
parameters are shown in Table 1 and 2. The addition of

results

the corrosion inhibitor reduced the current density. The
maximum decrease in the L. value was observed for

compounds 1 and 2 in a concentration of 1 x 10~. The
Ecorr values observed for compounds 1 and 2 showed a
slight change towards the anode and cathodic directions,
exhibiting no specific trend upon dissolution in 0.1 M
HCI. The result indicated that the compounds behave
act as a mixed inhibitory behavior. These inhibitory
compounds changed the cathodic and anodic Tafel
slopes, indicating that the inhibitors affected the
cathodic and anodic reaction mechanisms without
blocking any reaction mechanisms or any reaction sites

Table 1. The corrosion parameters for the corrosion of mild steel in 0.1 M HCI by galvanostatic polarization in

presence inhibitor 1

Conc. CR Icorr Ecorr BC [33
IE% 0
(M) (mpy) (A) V) (A/V)  (A/V)
0.00 3.383 0.00233 -0.739  -2.884 5.951 _ _
1x10° 2227 0.00030 -0.618  -5.048 3.748 87.09  0.8709
1x10* 2211 0.00020 -0.625  -4.996 4.352 87.77 0.8777
1x1073 1.812 0.00025 -0.624  -4.908 6.300 89.22 0.8922

Table 2. The corrosion parameters for the corrosion of mild steel in 0.1 M HCI by galvanostatic polarization in

presence inhibitor 2

Conc. CR Icorr ECDI’I ﬁC Ba
IE% 0
(M) (mpy) (A) V) (A/V)  (A/V)
0.00 3.383 0.00233 -0.739 -2.884 5.951 - -
1x107 1.584 0.00023 -0.684 -4.698 6.293 90.08 0.9008
1x10™* 1.580 0.00020 -0.597 -5.190 6.368 90.60 0.9060
1x107 1.221  0.00020 -0.620 -5.064 6.554 91.30 0.9130
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on the mild steel surfaces. The inhibition efficiency (IE%)
and degree of coverage on the metal surface (6) were
calculated by using the following Eq. (8) and (9) [21]:

~Lcon(inh) (inh)J x100 8)

corr

ez{l_lcorr_ﬁnh)} )

corr

corr

IE% = {I

where I and L. (inh) are the corrosion current in the
presence and absence of inhibitor, respectively.

Adsorption Isotherm

Adsorption isotherm is useful to understand the
inhibition mechanism that involves in a corrosion
[22].
isotherms are represented as Freundlich, Frumdkin,

chemical reaction The common adsorption
Langmuir, and Temkin isotherm models. In our work, the
data showed a good consistent with the Langmuir
isotherm. When (C/0) was plotted vs inhibitor
concentration (C), a straight line was noted as shown in
Fig. 2. The results also indicated that the synthesized
compounds, 1 and 2 could adsorb onto the mild steel
metal surfaces based on the Langmuir isotherm model
according to Eq. (10) [23]:

C/6=1/K+C (10)
where: K = is the equilibrium constant of the adsorption
process.

The Tafel curves were given by the method of
electrochemical parameters, which shown the corrosion
rate of mild steel using hydrochloric acid (HCI) at 25 °C
in the presence and the absence of inhibitors (1 and 2) at
concentrations (1 x 10,1 x 107, 1 x 10> M). Tafel curves
were shown the values of the reaction rate (CRmpy),
corrosion current (L), corrosion potential (Ecor), as well
as anodic and cathodic Tafel constants (Bc, Pa). The
percentage of inhibition efficiency was calculated from
the Eq. (8 and 9). The results are shown in Table 1 and 2
and Fig. 1 and 2. The results obtained from the Tafel
diagram for the corrosion of carbon steel (using only HCI
at 0.1 M concentration) were compared with the results
obtained from the Tafel scheme by using inhibitors (1 and
2 with the concentration 1 x 10> M) at 25 °C.

The results can be summarized: corrosion potential
value changed from -0.739 V (presence HCl only) to -0.624
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Fig 2. Langmuir adsorption isotherm model for

inhibitors in 0.1 M HCl on the surface of mild steel

and -0.620 V (presence inhibitors compounds 1 and 2,
respectively). That means the corrosion potential
became less -0.115 with inhibitor 1 and -0.119 with
inhibitor 2. The current density value decreased from
0.00233 A (when there is HCI only) to 0.000251 and
0.000203 A (when inhibitors 1 and 2, respectively).
These changes provide good evidence that inhibitors 1
and 2 reduce the corrosion rate of mild steel in the acidic
medium. In addition, the corrosion rate was dropped
from 3.383 mpy (using acid only) to 1.812 and 1.221 mpy
in the presence of inhibitors 1 and 2, respectively. Thus,
the percentage of inhibitory efficiency became 89.22 and
91.30% at a concentration (1 x 107%), as shown in Table
(1 and 2) and Fig. 1 and 2.

From the above values, we concluded that the
inhibition efficiency of mild steel in an acidic medium
increases with the increase in the concentration of the
inhibitor due to the increase of adsorption on the metal's
surface, leading to an increase in the surface area that
covered by inhibitor molecules. Furthermore, the
addition of inhibitors with different concentrations
affected the Tafel curve shape, and the behavior of this
curve works to reduce the interaction on the anode (fa)
and cathode (PB). Thus, these inhibitors can be
considered mixed inhibitors.

Mechanism of Inhibition

From the results obtained from electrochemical, it
was concluded that the (azo compounds) inhibit the
corrosion of mild steel in 0.1 M HCI by adsorption at the
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mild-steel solution interface. It is a general assumption

that the adsorption of organic molecules may adsorb on

the metal surface in three types, namely [20-21].

1. Electrostatic interaction between the charge of
molecules and the charged metal.

oo

|

| mild steel |

+ Iz

2. Interaction of unshared electron pairs in the molecule
with metal.

| mild steel |

3. Interaction of pi-electrons with metal.

X
(@]
@L Jil
\
(6]

heiil

| mild steel

Theoretical Study

In this part, the relationship between the electronic
and molecular structure and the IE of the synthesized
compounds (1 and 2) was investigated. The molecular
parameters that are relevant to the potential activity of
these compounds such as the LUMO and HOMO energy,
dipole moment (), energy gap (AELumo-nomo), electron
affinity (EA), ionization potential (IP), electronegativity
(x)> absolute softness (o), chemical hardness (), number
(AN) and the
electrophilicity (w) were extensively studied. Molecular

of electrons transferred global
parameter values were estimated using the DFT method
and used to identify the properties and activities of the
compounds under study. The above factors help to

explain the values acquired with the corrosion process.
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We have found that the orbital of both HOMO and
LUMO values and the energy gaps observed in the
chemical compounds. The literature survey revealed
that the adsorption of the
compounds on the steel metal surfaces was based on the

corrosion inhibitor
donor-acceptor interactions that locate between the m-
electrons in the compounds and vacant d-orbitals in the
surface atoms of the metallic compounds [24]. The
adsorption ability of the synthesized compounds on the
mild steel surfaces was attributed to their LUMO and
HOMO energy values [25]. HOMO has described the
ability of the molecules to donate electrons, whereas
LUMO refers to their capability to accept electrons [26].
Higher Enomo and lower Erumo and AELumo-nomo values
were an effective indicator of the inhibition efficiency of
these compounds due to the lower energy required to
remove the electrons from the occupied orbitals. Fig. 3
shows the electronic density and the geometry
optimization of the LUMO and HOMO orbitals for the
compounds. The results revealed that the electron-
donating center was nitrogen and oxygen atoms and
phenyl groups.

In comparison between compounds 1 and 2, the
data calculations showed that molecule 2 gave the
maximal HOMO value and the lowest LUMO, as listed
in Table 3. These results were in agreement with the
experimental values. The absolute electronegativity (x)

Table 3. Quantum chemical parameters values for the
compounds 1 and 2

Parameters 1 2

Esowmo (eV) -4.840 -4.794
Erumo (eV) -3.472 -3.479
AErumo-nomo (eV) 1.368 1.315
ut (Debye) 1.472 3.207
IP (eV) 4.840 4.794
EA (eV) 3.472 3.479
X (eV) 4.156 4.136
n(eV) 0.684 0.657
w (eV) 12.626 13.011
o (eV) 1.462 1.520
AN (eV) 2.079 2.177

IE% (exp.) 87.09 90.08
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LUMO

HOMO

o

Fig 3. Geometry optimization and HOMO, LUMO orbital's of the studied compounds

and ionization potential (IP) are significant factors to
describe the chemical reactivity of the molecules and
atoms. Higher IP and x values showed a higher chemical
inertness and chemical stability, whereas a smaller value
specified a higher reactivity of the molecules and atoms
[27]. Table 3 illustrates the IP and
electronegativity values, confirming that compound 2 had

absolute

higher inhibition efficiency (%).

Furthermore, softness (o) and global hardness (1)
are important properties to determine the reactivity and
stability of the molecules. Under chemical reactions, the
chemical hardness expresses the material's resistance to
deformation or polarization of the electron, including
ions, molecules, and atoms. Furthermore, hard molecules
possess a high energy gap, whereas soft molecules display
a smaller energy gap [28]. Compound 2 has the best
softness and lesser hardness properties; hence, compound
2 showed a better inhibitor efficiency. Additionally, global
electrophilicity (w) was a vital reactivity marker that can
be used to compare different molecules based on their
electron-donating capability [29]. A higher global
electrophilicity indicated that the molecules behave as an
electrophile. Meanwhile, compound 2 has an electrophilic
behavior and showed maximal inhibition. Similar results
were noted experimentally.

According to the calculated number of electrons
(AN) it was observed that IE (%) resulting from an
electronic donation was similar to that observed by
Lukovits et al. [30]. Suppose AN < 3.6, an increase in IE
was noted as the electron-donating ability of the metal
surfaces increased. Thus, compounds 1 and 2 showed a
higher inhibition efficiency. Hence, compound 2
showed the highest fraction of electrons that were
transferred (2.177). The above results were in agreement
with the experimental results.

Dipole moment (p) is a different quantum
chemical parameter that represents the corrosion IE
value. This factor describes an electron distribution and
bond. High values of p (Debye) indicated that the
adsorption ratio between the chemical compounds and
the metal surface was high [31]. Furthermore, the
deformability energy increased when the value of p was
increased, which indicated that the molecules could
easily adsorb on the surface of iron (Fe) molecules.
Compound 2 showed the highest dipole moment (3.207
Debye). Hence, a direct relationship was noted between
the dipole moment and IE [22].

Thus, compound 2 showed higher inhibitory
properties

towards iron corrosion compared to

compound 1. The difference in inhibition efficiency of
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compounds 1 and 2 can be due to differences in the
molecular structure of inhibitors, wherein compound 2
contains an oxo-diphenyl group rather than the phenyl
group in the molecular structure of compound 1.

m CONCLUSION

In summary, novel maleimide derivatives were
synthesized as effective corrosion inhibitors. These
compounds were dissolved in 0.1 M HCI solution and
mild
concentrations. The best inhibitory efficiency (IE%)

adsorb onto the steel surface at varying
values were calculated at concentration 1 x 10~ M. These
maleimide derivatives can be considered mixed inhibitors
and followed the Langmuir adsorption isotherm.

Based on the theoretical analysis, the synthesized
maleimide derivatives displayed corrosion inhibitory
properties for the iron alloys. In addition, the IE% of
maleimide derivative 2 was higher than maleimide
derivative 1, to contain derivative 2 on an oxo-diphenyl
group. Furthermore, the experimental and theoretical

results were in agreement.
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R'Z‘e Q-6+ 1]} with P is cumulative production

of methane; P = methane production potential; R,, = maximum specific speed methane

production was P = P,, - exp {— exp [

production; A = is lag phase period or minimum time to produce biogas; e = math constant
(2.7182) and t = biogas production cumulative time. The equation first-order kinetic
model was Y = Ym (1-exp(-k). The highest biogas yield was obtained by variable 3 in both
kinetic studies compared to 70% cow dung, 15% chicken manure, and 15% tofu liquid
waste. Gompertz's kinetic study predicted variable three would produce 3273.20 mL/g of
total solid (TS). In comparison, the first-order kinetic model predicted that variable three
would produce 3517.95 mL/(g Ts).
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= INTRODUCTION [4]. Anaerobic digestion is commonly used as a method

, to treat i te [5-6]. Whil bic digesti
Today, there are many ways to overcome the world's 0 treat organic waste [5-6] 1l anacrobic digestion

L . . can reduce pollution, it can also provide an energy source
energy crisis, such as wind, hydro, geothermal, tidal, and p ’ b &Y

biomass energy. Biogas is one of the renewable derivative in the form of biogas. In addition, anaerobic digestion

. . destroys disease inside bacteria of the organic waste, so
energy from biomass developed by many countries

worldwide [1]. The production of biogas depends on its it is no longer harmful to the human environment [7].

. . . A ic digestion i 1 bi fi i
substrate and operating condition. Many biogas naerobic digestion is a natural biogas formation

production studies have been applied to find optimum process that occurs in the absence of oxygen levels. It is

conditions and produce the best results in biogas quality usually used to process raw materials from industrial

and quantity [2]. The potential of biogas production may waste, household waste, vegetable waste, and food waste

overcome the world crisis in energy because biogas [8-9]. Anaerobic digestion is a natural biological process

. . h . ial i .
contains methane (CH,) which can be used as an energy that can convert organic material into biogas products

resource and reduce the use of fossil energy [3]. consisting of methane and carbon dioxide. Thus,

. bic digesti id breakthrough in th
Based on previous work, one of the best ways to anacrobic digestion provides a breakihrough 1l the

produce biogas is using the anaerobic digestion method processing of organic material, which is usually processed

through the composting process into a biodegradation
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process of organic matter without the presence of oxygen
[10]. Besides, anaerobic digestion allows waste containing
high organic matter levels to reduce the load on its organic
content. Simultaneously, producing biogas can generate
heat, electricity, and biofuel for vehicles [11].

Anaerobic digestion processes involve complex
dynamic systems of microbiological, biochemical, and
physicochemical processes. Among the possible methods
for processing biowaste, anaerobic digestion has been
identified as environmentally friendly because it allows
bioenergy and potential by-products [12]. Biogas has been
developed into kinetic modeling to predict bacterial
growth rate using the first-order kinetic model and
modified Gompertz equation. The first-order kinetic
model is the oldest in modeling the substrate utilization
of complex waste [13].

Bacterial growth is often exponential, and therefore,
graphs plotting the logarithms of relative population size
in Gompertz equation [y = In (N./Njy)] to represent the
growth. Three parameters can describe three-phase
curves growth: the specific growth maximum rate, pm
which is the tangent to the inflection point; lag time [A]
defined as the x-axis intercept; and the asymptote [A], the
maximum value of y. Then, the previous research
conducted by [14] showed a re-parameter to the
Gompertz model by including biological parameters such
as the R-max and lag time (A), through In (N../No) = P, -
exp {— exp [% A-t+ 1]} Moreover, the Gompertz
growth curve can be seen in Fig. 1.

Several researchers have done many types of research
about the kinetic study. Syaichurrozi et al. investigated
biogas from vinasse with COD/N variation that predicts
the kinetic model using the Gompertz equation [15]. The

;

Fig 1. Gompertz growth curve
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the result shows that 600/7 (COD/N) produces the
biggest biogas in 139.17 mL/g COD and gives the best
COD removal results until 38.0%. Another research by
Mahnert and Linke identified the effect of organic
loading rate (OLR) and reactor size while producing
biogas from the animal waste slurry. The value of y at
OLR achieves nearly y max at variable 3 kg volatile solids
(VS). The research done by Depanraj et al. (2015) shows
the kinetic study on anaerobic digestion of food waste
[16]. The results predicted that the highest biogas yield
potential shows by a variable with pH 7, 6706 mL in the
Gompertz model, and 5482.7 mL in the logistic model.
For mathematic modeling, this research will focus on
utilizing animal manure and organic waste. Biogas
production from animal manure such as cow dung and
chicken manure has many advantages in reducing
pollution, and the energy generated [17-21].
Furthermore, the presence of cabbage waste and
liquid tofu waste as organic waste also needs further
handling [22]. The research is necessary because previous
research has not optimized raw materials to increase
biogas production yield. The kinetic modeling is limited
only to one kind of raw material. In contrast, the highest
biogas yield potential from the kinetic model can be
more optimized by mixing potential raw materials and
studying the kinetic model through comparisons of the
first-order kinetic model and the Gompertz equation.
Through this research, the limitations of the kinetic
model of biogas that use variations in mixing raw
materials can be resolved to provide maximum results in
increasing the yield of biogas production. The research
identifying the effect
concentrations in raw material and predicting the

focuses on of various
growth of methanogen bacteria using the first-order
kinetic and Gompertz equations. The raw material used
in this research is cow dung, chicken manure, tofu liquid
waste, and cabbage waste. It will also identify the effect
of cabbage waste in biogas results production [23].

m EXPERIMENTAL SECTION

The research was conducted in the laboratory of
livestock products technology at the Faculty of Agriculture
and Animal

Husbandry, Diponegoro University,

Semarang, Indonesia.
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Materials

The raw material for liquid tofu waste was obtained
from the side product of the tofu production process in
the Bandungan area, Central Java, Indonesia. Furthermore,
livestock manure in chicken and cow dung was obtained
from the Faculty of Agriculture and Animal Science,
The
toddler bag for biogas yield was obtained from ShilpEnt

Diponegoro University, Semarang, Indonesia.

Kaipa Enterprises.
Procedure

Experimental variables

The raw materials such as tofu liquid waste, cabbage
waste, and chicken and cow manure were mixed into a
digester, which already contained a starter in the form of
fermented cow dung. The mixing was performed
according to the variables presented in Table 1.

The variables have seven different percentages in
terms of raw materials. Variable 1-4 uses cow dung,
chicken manure, and tofu liquid waste as raw materials.
Variable one consists of 100% cow dung; variable two
consists of 80% cow dung, 10% chicken manure, and 10%
tofu liquid waste; variable three consists of 70% cow dung,
15 % chicken manure, and 15% tofu liquid waste; variable
four consists of 60% cow dung, 20% chicken manure, and
20% tofu liquid waste.

Variable 5-7 uses cow dung, chicken manure, tofu
liquid waste, and cabbage waste. Variable five consists of
85% cow dung, 5% chicken manure, 5% tofu liquid waste,
and 5% cabbage waste; variable six consists of 70% cow
dung, 10% chicken manure, 10% tofu liquid waste, and 10%
cabbage waste; variable seven consists of 55% cow dung,

Table 1. Experiment variables

Cow’s Chicken’s  Liquid waste Cabbage
Run
manure (%) manure (%) of tofu (%) waste (%)
1 100 0 0 0
2 80 10 10 0
3 70 15 15 0
4 60 20 20 0
5 85 5 5 5
6 70 10 10 10
7 55 15 15 15

1223

15% chicken manure, 15% tofu liquid waste, and 15%
cabbage waste. The target of experimental variables is to
determine the effect of tofu liquid waste and cabbage
waste in animal manure mixture. Therefore, all seven
variables must be appropriately conducted to know the
effect of organic waste addition.

Experimental procedure

The weight of the starter in each digester was 200 g.
An anaerobic digestion process was performed to
produce biogas in each digester used. The volume of
material placed into the digester was 70% x the total
volume of the digester [24]. Therefore, the volume of the
digester used is 350 mL. Then, the digester was shaken
until a homogeneous material was obtained, like in Fig.
2. Then, the digester was placed inside an incubator and
kept at a temperature of 55 °C, as in Fig. 3 [25]. The
process goes in batch condition without any addition of
substrate during the process and being observed in 90
days with the collective data of biogas yield every two
days.

Fig 2. Substrate preparation

Fig 3. Biogas production under 55 °C
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Experimental analysis

Raw materials were pretreated to determine the C
total, N total, C/N ratio, and total solids (TS). The material
burned at 550 °C to get ash content percentage to
determine total C content. The N total was determined by
the Kjeldahl method. The N total number showed by
titration number with chloride acid after being distilled
with sulphuric acid, NaOH, H;BO;, and BCG-MR. The
total solid and volatile solid determination was performed
according to the standard method [26].

Kinetic study

The biogas obtained by the anaerobic digestion
method was calculated using the first-order kinetic model
and Gompertz equation for kinetic study. The first-order
kinetic model is described by Eq. (1).

yzym(l—efkt) (1)
where, y = Cumulative biogas yield at digestion time t day
(mL/g of volatile solid (VS)), ym = Potential for biogas
production (mL/g of volatile solid (VS)), k = Biogas rate
constant (1/day), t = time in days, and e = mathematical

constant (2.718282)
Then for Gompertz equation described by Eq. (2)

} )

where: P = cumulative production of methane (mL/(g Ts)),

I, -e

. (A—t)+1

P=P, -exp{—exp

P.. = methane production potential (mL/(g Ts)), Rm =
maximum specific speed methane production (mL/((g Ts
day)), A = is lag phase period or minimum time to
produce biogas (day), e = mathematical constant (2.7182),
t = biogas production cumulative time (day).

m  RESULTS AND DISCUSSION

The results focus on the biogas production in each
day of variable, cumulative biogas production, and kinetic
study by first-order kinetic reaction and Gompertz
equation.
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Biogas Production

The raw material has been analyzed in C/N ratio
and total solid content before being produce in biogas.
The results are represented in Table 2.

Table 2 shows that the largest total C content was
from cabbage waste (42% total C), while the largest N
content was from chicken manure (1.27% total N). The
biggest number of total solid and volatile solid contained
on chicken manure, while the most optimum TS is
showed by tofu liquid waste with 8.975%. The optimum
solid content obtained for biogas production is in the
range of 7-10%. The process for total solid below 7% was
unstable, while the total solid above 10% sometimes
caused an overloading of the fermenter. The highest
result of the C/N ratio was obtained by cabbage waste
with 60. This amount of number also will prevent the
fermentation process from becoming optimum in biogas
production.

Biogas production results in 1-4 which consisted of
a mixture of starter, animal manure (dung from cow and
chicken), and tofu waste, and also for comparison,
biogas production under variable 5-7 consists of a
starter, a mixture of animal manure (cow dung and
chicken manure) and cabbage vegetable waste as
illustrated in Fig. 4. The figure shows the results of
biogas production within 90 days. Variable 3 produced
the highest amount of biogas, which yielded total biogas
of 3251.25 mL in 90 days. The biogas result obtained is
the total amount of biogas variable 3 compared to 70%
cow dung, 15% chicken manure, and 15% tofu liquid
waste, which is added with the starter's fermentation
digester 3.

The measurement of biogas volume started from
the second day and was measured every two days [27].
The biogas can be produced when it is also optimum in
C/N ratio, percentage comparison in each material, and

Table 2. Substrate analysis results

No Material Total C (%) Total N (%) C/N ratio TS (%) VS (%)
1 Cow dung 27.31 0.95 28.74 22.73 18.11
2 Chicken manure 19.51 1.27 15.36 32.00 18.38
3 Liquid tofu waste 10.28 0.21 48.95 8.98 8.55
4 Cabbage waste 42.00 0.70 60.00 5.93 5.38
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Fig 4. Biogas cumulative production

TS content [28-29], which means variable 3 has the
optimum conditions required to produce the highest
biogas yield. Variable A in this research provided a higher
yield than that obtained in the experiment by Latinwo and
Agarry involving biogas with a mixture of chicken
manure and cow dung [30]. For variable 3, the phase
corresponding to the highest gas production in the graph
is the lag phase from day 2 to 8, followed by an
exponential phase from day 10 to 20. Day 8 to 28 is a
stationary phase. On day 28, anaerobic bacteria began to
die, so that the biogas production began to decline every
day. From day 68 to day 90, there was no more gas
production. For variables with the addition of cabbage
waste (variable 5-7), the results tend to be low caused by
the mixture of these variables is not in the optimum C/N
ratio, making the fermentation process hampered.

Kinetic Study

The graph in Fig. 4 depicts a sigmoidal growth curve
containing mathematical parameters than parameters
with biological meaning. It is challenging to estimate
initial values for the parameter if the parameter has no
biological meaning. Furthermore, it is challenging to
calculate 95%

parameters if parameters are not estimated directly in the

confidence intervals for biological
equation but must be calculated from mathematical
parameters. Therefore, all growth models were rewritten
to replace mathematical parameters with A, pm, and A.

This matter is done by deriving the expression of
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biological parameters as a function of basic function
parameters and then replace them in formulas [22].
The development of the Gompertz equation is:

y :a~exp[—exp(b—ct)] (3)
To get the inflection point of the curve, the second
derivative of the function with respect to t calculated

dy Le—e(b=ct) _ (b—ct) (4)

The second derivative of the equation is:
d2y _ 2 eeb-c+(b—ct) | (=) _1)
dat
The parameter a in the Gompertz equation can be
replaced by P.., yielding Modified Gompertz equation:

P=P, -exp{—exp{%(k—t)+l}} (5)

This equation can be used as a model approach to
producing biogas in a batch system. According to the
specific growth rate of methanogenic bacteria in a
biodigester, the rate of biogas production in batch
conditions is predicted to comply with the Gompertz
equation modified [23]. In this equation, P is the
cumulative specific biogas production, L/kg of volatile
solid; A is the potential for biogas production, mL; Ruax
is the rate of biogas production maximum (L/g of
volatile solids in each day); A\ period of lag phase
(minimum time for produce biogas), day; e is exp (1) =
2.7183 and t the cumulative time for biogas production,
day. The constants A, A, and Rm. can be determined
using nonlinear regression [31]. In this research, the
cumulative production of biogas has been studied using
the modified Gompertz model, and the results are
shown in Table 3.

From Table 3, the highest results of biogas by
experimental data were obtained by variable 3 with total
biogas of 3251.25 mL/(g Ts) and then variable 4 with
3046.25. The results of the Gompertz modified model
predicted that the highest biogas yield was obtained by
variable 3 with 3273.20 mL/(g Ts). The lower results
predicted by Gompertz modified model are shown by
variable 7 with 1476.45 mL/(g Ts). The highest value of
A (maximum biogas production) showed by variable 3
with 3274.58 mL/(g Tss), suitable for P-predicted value.
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Table 3. Results comparison of modified gompertz model

Parameter R1 R2 R3 R4 R5 R6 R7
P Experimental (mL/g Ts) 2146.25 2690 3251.25 3046.25 1683.75 1682.5 1463.75
P Predicted (mL/g Ts) 2136.419 2694.361  3273.196 3068.56 1701.17 1700.30 1476.45
A (mL/gTs) 2136.566 2694.613  3274.584  3071.204 1701.275 1700.485  1476.607
Rm (mL/day) 101.106 129.26 130.784 112.6176 82.937 76.9821 67.531
A (days) 7.75 11.19 9.25 9.14 8.69 7.4755 8.36
R? 0.9551 0.9618 0.9754 0.9807 0.955 0.9597 0.9615

The predicted value also shows that variable 3 has
the highest value. The highest maximum specific speed
methane production was also obtained by variable 3 with
3274.584 mL/day, while the lower specific speed methane
production was obtained by variable 7 with 67.53 mL/day.
Then, for A value, the best result shows by variable 6.
Variable 6 only needs 7.48 days as the minimum time to
produce biogas. The variable that needs the longest
minimum time to produce biogas is variable 2, with 11.19
days of minimum time. The results in Table 3 shows that
variable 3 has the best raw materials comparison
percentage to fulfill the requirement of optimum
condition to produce biogas [20]. Gompertz's modified
model in every variable in this research is depicted in a
graph comparing the observed biogas data and the
predicted biogas data through the Gompertz equation.
The graph comparing the observed biogas data and the
predicted biogas data in variable 1 can be seen in Fig. 5.

Fig. 5 shows that the predicted data in variable 1
using Gompertz modified model go unidirectional, with
almost the same values on the graph. It means the
Gompertz modified model has already suitable to predict
biogas yield in this variable. The same condition goes to
variables 2-7, where all the graphs show that experimental
data and predicted data go in straight values, so the
Gompertz modified model is already suitable to predict
biogas yield in all of these variables.

Results in the Gompertz model show that almost
all of the variables fit well with the prediction of biogas
yield obtained by the Gompertz model. The fitting
model of the Gompertz model will later be compared
with another kinetic model to predict the biogas yield.
The author used first-order kinetic reaction to predict
biogas yield production for another comparison, as
shown in Table 4.

From Table 4, the highest results of biogas by
predicted data using the first-order kinetic model was
obtained by variable 3 with total biogas of 3517.95. It
shows higher biogas predicted than Gompertz modified
model with 3273.20 mL/(g Ts) biogas predicted for
variable 3. Then, it is followed by variable 4 with 3310.16
mL/(g Ts), which is also higher than Gompertz modified
model with 3068.56 mL/(g Ts) in the biogas yield
prediction. Then, the lower results predicted by the first-
order kinetic model are shown by variable 7 with
1476.45 mL/(g Ts). Finally, the highest value of Ym
(maximum biogas production) showed by variable 3
with 3772.25 mL/(g Ts), which is suitable with the P-
predicted value.

The predicted value also shows that variable 3 has
the highest value. The highest value of K was obtained
by variable 6 with 0.039. It was then followed by variable
1,5, 7,2, 3, 4 with the value of 0.03876, 0.0386, 0.0369,
0.0303, 0.0299, 0.027, respectively. For comparing the

Table 4. Results comparison of first order kinetic reaction

Parameter R1 R2 R3 R4 R5 R6 R7

Y Experimental (mL/(g Ts)) 2146.25 2690.00 3251.25 3046.25 1683.75 1682.5 1463.75

Y Predicted (mL/(g Ts)) 2274.57 2918.70 3517.95 3310.16 1804.16 1795.79 1669.53
Ym (mL/(g Ts)) 2346.20 3122.70 3772.25 3623.08 1861.83 1848.21 1627.84
K 0.0388 0.0303 0.0299 0.0270 0.0386 0.0390 0.0369
R? 0.9501 0.9507 0.969 0.965 0.9473 0.9529 0.9572
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higher coefficient determination in all variables than the
first-order kinetic reaction model. For example, in
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whereas, by using the first-order kinetic reaction model,
the value of R* is 0.969, which is lower than Gompertz
modified model. The first-order kinetic model results in
every variable in this research depicted in a graph
comparing the observed biogas data and the predicted
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biogas data through the first-order equation. The  same valueson the graph, butitdoes not fit well, and there
comparison graph of experimental and predicted biogas  is a slight difference between the experimental data and
data in variable 1 using the first-order kinetic model can  the predicted data from the biogas yield. The coefficient

be seen in Fig. 6.

of determination from the first-order kinetic reaction is

Fig. 6 shows that the predicted data using the first-  lower than using the Gompertz model. The coefficient of
order kinetic model goes unidirectional, with almost the  determination in first-order kinetic reaction are 0.9501,
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0.9507, 0.969, 0.965, 0.9473, 0.9529, 0.9572, respectively
for variable 1-7. Then, the biogas production rate
constant (K) was determined as 0.03876, 0.0303, 0.0299,
0.027, 0.0386, 0.039, 0.0369, respectively for variable 1-7.
The highest K value is shown by variable 1.

The first-order kinetic model shows a deviation
between experimental and predicted data. However, the
value of R* here is still at a good standard and can
represent experimental data. The first-order kinetic
model also provides checks and comparisons on the
results obtained from the Gompertz model. Furthermore,
as a result, the comparison of experimental data and
expected data from both the Gompertz model and the
first-order kinetic model tends to be linear.

m CONCLUSION

From the data obtained in this research, it can be
concluded that the highest biogas yield production was
obtained by variable 3 with the comparison of 70% cow
dung, 15% chicken manure, and 15% tofu liquid waste.
The raw materials affect the results of biogas yield. From
the comparison of raw material used, the addition o
cabbage waste in variables 5-7 makes the biogas yield
results low. It is caused by the C/N ratio in cabbage waste
higher than 30:1, reducing the potential biogas produced.
The results of the Gompertz modified model predicted
that the highest biogas yield was obtained by variable 3
with 3273.20 mL/(g Ts). The lower results predicted by
Gompertz modified model are shown by variable 7 with
1476.45 mL/(g Ts). Then, the highest results of biogas by
predicted data using first-order kinetic model obtained by
variable 3 with total biogas of 3517.95 and followed by
variable 4 with 3310.16 mL/(g Ts). For comparing the
performance model, the modified Gompertz model has a
higher coefficient determination in all variables than the
first-order kinetic reaction model. It means the best fit
was obtained from the modified Gompertz model.
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The molar conductance measurements in all complexes were recorded low values in
DMSO, indicating that all the metal complexes were non-electrolytes except the nickel
complex that possessed an electrolytic nature. Kinetic and thermodynamic parameters of
complexes (A, E, AH, AS, and AG) have been computed using three kinetic models of
Coast-Redfern, Broido, and Horowitz-Metzger, that illustrated the decomposition
reactions in all steps were nonspontaneous. Thermogravimetric analyses (TG/DTA) were
consistent with the atomic spectroscopy data proving that the geometry shape of all the
complexes was octahedral.
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= INTRODUCTION compounds with a double bond between carbon and

. selenjium atoms. Generally, these compounds are
Organoselenium compounds are defined as

chemical compounds that contain both carbon and relatively stable than the other species of selenium

selenium atoms in their structure [1]. Wéhler and ~ <°™'P ounds with a high reactivity that helps their

. . . . icipati i i i 2-3]. M ,
Siemens first introduced these compounds in 1847 with participation in unique reactions [2-3] oreover

the synthesis of ethyl selenol [2]. Under mild conditions, organoselenium compounds have greater bioavailability

. when compared with inorganic selenium compounds
organoselenium compounds can serve as valuable

. . . . . and are less toxic [5-6]. The selenazone complexes as
intermediates in synthesizing some organic compounds

(e.g., the synthesis of alkyl selenoxide from alkyl selenides mercury bis(L,5-diphenylselenocarbazonate), - chloro

using oxidant agents) [3]. In the last few decades, the mercury bis(1,5-diphenylselenocarbazonate), and zinc

organic compounds of selenium were appeared to have a bis (1,5-diphenylselenocarbazonate) were prepared by

high activity as useful intermediates in organic compound Coleman et al. [7]. Good results were obtained for

. . i ions fi hei luti
syntheses. The high activity of these compounds can be extracting some cations from their aqueous solution by

. . ) . utilizing the selenazone [8]. The current study aims to
attributed to the presence of selenium in their structure, 8 [8] Y

. . . . . synthesize selenazone ligand by a new method via
and it also involves in several organic reactions by three Y & Y

routes as an electrophile, nucleophile, and a radical form replacing the sulfur atom in dithizone compound with

[3-4]. Selenoketon compounds belong to the selenium and prepare some of their complexes with

. . . divalent ions. Furthermore, the thermogravimetric
organoselenium compounds and are defined as chemical

analysis is conducted for all complexes.
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m EXPERIMENTAL SECTION
Materials

Dithizone, and sodium carbonate were supplied by
Analar. Selenium powder and methyl iodide were
obtained from Merck. Sodium borohydride was supplied
from Riedel-de Haén AG Seelze-Hannover (RDH).
Absolute ethanol was supplied by J.T. Baker. Methanol
and dimethylsulfoxide were obtained from Himedia.
Hydrochloric acid and nitric acid were supplied from
GCC. Lead nitrate Pb(NO;),, cadmium nitrate
Cd(NO:3),-4H,0, cobalt nitrate Co(NO3),-6H,O and
nickel chloride NiCl,-6H,O were supplied by BDH.

Instrumentation

Several techniques were used for characterizing
selenazone ligand and their complexes. The melting
points of the complexes have been recorded on a Fisher
Johns melting point apparatus. FT-IR spectra of
selenazone ligand and their complexes were measured in
the region of 4000-400 cm™ in KBr disk by utilizing
Shimadzu FT-IR 8400S Mass
spectrometry was used to scan selenazone ligand by EI
technique, 5973 Agilent technology (HP). 'H and "C-
NMR spectra were measured on a Bruker DRX (500 MHz
and 100 MHz respectively) using CD;OD and DMSO-dé.
UV-Vis spectra for ligand and nickel complexes were

spectrophotometer.

recorded on a Shimadzu, 1800 UV-Vis spectrophotometer.
X-ray powder diffraction spectroscopy was recorded for
selenazone ligand by utilizing a Ka-Cu source at a
frequency of 1.54 A (model PW 1730, Philips). The
morphology of selenazone ligand was examined by
scanning electron microscopy (SEM) wusing Zeiss
microscopy at 10.00 kV. The metal content in selenazone
ligand and their complexes have been determined with a
Shimadzu, AA7000 atomic absorption spectrophotometer.

Indones. J. Chem., 2021, 21 (5), 1231 - 1243

The molar conductance of the selenazone complexes in
hot DMSO at 75 °C (10° M) was measured using WTW
3110 Condi Setl apparatus. Finally, thermogravimetric
analyses (TG/DTA) have been executed in a dynamic
nitrogen atmosphere (20 mL/min) with a heating rate at
10 °C/min by utilizing STD-Q600 thermal analyzer.

Procedure

Synthesis of selenazone ligand (Z)

1,5-diphenylthiocarbazone (4.10 g, 16 mmol) has
been dissolved in 50 mL absolute ethanol followed by
(2.84 g, 20 mmol) methyl iodide. The reaction mixture
was stirred for 15 min at room temperature and left
under reflux for 1 h (Solution A) [9].

For the preparation of solution B, sodium
carbonate (1.06 g, 10 mmol) was dissolved in 20 mL of
warm deionized water and then transferred into the
round bottom flask of three necks (100 mL) containing
1.97 g (25 mmol) of selenium powder and 1.13 g
(30 mmol) of sodium borohydride. The mixture was
then stirred at 100 °C for a short time under an inert
atmosphere of argon gas. As a result, the color of the
solution was changed from black to colorless.
Consequently, the ethanolic solution (solution A) was
added to it. The mixture was then left at room
temperature and continuously stirred under inert gas of
argon for 3 h. The resulting blackish-brown precipitated
solid was filtered and washed several times by absolute
ethanol and deionized water. Then it was recrystallized
by methanol:water (1:5). Finally, the precipitate was
dried and showed some physical properties such as
blackish brown color, m.p: 119-120 °C, and a yield of
65%. These
approximately with previous studies [7-8]. The synthesis

results obtained are consistent

of selenazone (Z) has been carried out following reaction

S
NN
@/N\N N//N\© CH,l
H
ETOH/Reflux 1 h
Dithizone

p
’ o

Scheme 1.
Se
A
NaBH,/Se SN N7
> H
Na,COg/Ar

Selenazone (Z)

Scheme 1. Preparation of selenazone ligand (Z)
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Synthesis of the transition metal complexes with
selenazone ligand

ZPb complex: selenazone ligand (0.606 g, 2 mmol)
was dissolved in 50 mL of warm methanol, and then
(0.311 g, 1 mmol) of lead nitrate dissolved in 50 mL of
methanol was added to it. The mixture was stirred and left
under reflux for 3 h. Upon forming the blackish gray
precipitate, the precipitate was filtered and washed with
warm methanol several times. The obtained precipitate
was then dried in the oven at 70 °C and displayed some
physical properties: blackish gray color, m.p: > 300, and a
yield of 35%.

ZCd complex: (0.606 g, 2 mmol) of selenazone
ligand (Z) was dissolved in 50 mL of warm methanol and
then added to (0.308 g, 1 mmol) of Cd(NOs),-4H,O in
50 mL of methanol. The solution was mixed with
continuous stirring and left under reflux for 6 h. A dark
brown precipitate was formed. The formed precipitate
was filtered and washed with warm methanol several
times and was dried at 70 °C in the oven. The precipitate
showed dark brown color, m.p: > 300, and a yield of 30%.

ZNi complex: The nickel complex was prepared in a
similar procedure to the lead complex by mixing 50 mL
warm methanolic solution (0.237 g, 1 mmol) of NiCL-6H,O
with 50 mL methanolic solution of prepared ligand (Z)
(0.606 g, 2 mmol). The mixture was left under reflux for
3 h with continuous stirring and was left overnight at room
temperature. The mixture solution was filtered, dried, and
washed with diethyl ether several times. The precipitate
has a brown color, m.p: > 300, and a yield of 75%.

ZCo complex: 50 mL of methanolic solution of
ligand (Z) containing (0.606 g, 2 mmol) was mixed with
30 mL of methanolic solution of Co(NOs),-6H,0. The
color of the resulted mixture changed immediately to
reddish black under refluxing for 4 h with continuous
stirring. The mixture was filtered and washed with hot
methanol several times, and the precipitate was collected
and revealed some physical properties like brown color,
m.p: > 300, and a yield of 30%.

m  RESULTS AND DISCUSSION

The current work focuses on synthesizing

selenazone ligand derived from dithizone and preparing
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their complexes with metals ion such as lead, cadmium,
nickel, and cobalt in a hot methanolic solution. The
selenazone ligand has good solubility in many common
organic solvents, but their complexes are insoluble in
different common solvents except hot DMSO (at 75 °C).
Therefore, many techniques were used to characterize
selenazone ligands and their complexes. The results
were discussed in this section.

Physical Properties

Selenazone ligand has a good solubility towards
common organic solvents such as methanol, toluene,
diethyl ether, dichloromethane, and xylene. However, all
the Pb(II), Cd(II), Ni(II), and Co(II) complexes have
some physical properties that differ from the ligand in
terms of color, melting points, and solubility in which
the complexes are insoluble in many common solvents
except hot DMSO (at 75 °C). The results of physical
properties for preparing compounds are listed in Table 1.
The values obtained from the experimental data were
consistent with the theoretical values used to determine
selenium in selenazone ligand by utilizing the hydride
generation methods that confirm the suggested
of ligand. Additionally, the
percentage of metals obtained from flame-atomic

structural formula
absorption spectrophotometer [10] in all the complexes
concurred with the experimental results that indicated a
1:4 (M:L) ratio. Besides, the values of molar conductance
(using hot DMSO as solvent at 75 °C) indicated that all
the complexes possessed a non-electrolytic nature
exclusive to the nickel complex and have electrolytic
nature.

Spectral Characterization

Several spectral analyses can be used to prove the
suggested structure formula for selenazone ligand and
their complexes as follows:

Mass spectra analysis

Mass spectrometry is an important technique for
diagnosing compounds in coordination chemistry by
determining the molecular ion to confirm the suggested
structure formula of compounds [10]. So, selenazone
ligands (Z) exhibited a peak of low intensity at m/z 303
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Table 1. The physical properties of selenazone and their complexes
Symbol  Molecular f la & Melti Metal % A
ybo olecurar orm.u y Physical state Color .e 111g e . oy
Comp. molecular weight point°C  Found Calcd Ohm™ cm?mol
Ci:H1NsS 26.86 25.72
Z 3(;33'21; e Powder Blackish brown  119-120 Se Se -
Cs;H5,N;605PbS 14.21 14.07
ZPb 1;272?;1 Bt Powder Blackish gray >300 b b 7.27
Cs,Hs,CdN;60;S 8.25 8.18
ZCd 2 1ea5es Powder Dark brown > 300 3.3
1377.33 Cd Cd
Cs5,H53CoN 60355 4.49 442
ZCo 211301635564 Powder Brown >300 4.48
1332.86 Co Co
Cs;He1CLN6NiOg 5S 4.15 4.02
ZNi 52 61NN 650€s Powder Brown > 300 . . 80.71
1459.58 Ni Ni
with relative abundance (0.35%), attributed to the and assists in characterizing compounds [11].

molecular ion, while the base peak was observed at m/z 77
(100%) that correspond to [C¢Hs]*. The fragment of
molecular ion for selenium isotope (**Se) appeared at m/z
305 (0.01%). Furthermore, a new fragment revealed at
m/z 606 (0.05%) may be indicating to form dimers
structure of selenazone ligand (Z). The mass spectrum of
selenazone is shown in Fig. 1.

X-ray diffraction pattern
X-ray diffraction spectroscopy provides useful
information about the crystal size and crystalline phase

Selenazone ligand was prepared by replacing the sulfur
atom with a selenium atom. The pattern of the
selenazone ligand (z) showed several bands with
positions at 20 = 18.9°, 23.5°, 26.6°, 29.6°, 41.4°, 43.6°,
45.4°, 51.74°, 56.2°, 61.7°, 65.4°, and 71.7°, due to the
existence of selenium atom in the structural formula of
selenazone ligand that appropriate with the results that
obtained in the previous studies [12-13]. On the other
hand, the bands of sulfur atoms disappeared in the
pattern of selenazone ligand that enhanced the formation
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Fig 1. (a) Mass spectrum of selenazone ligand (Z) (b) The expanded mass spectrum of selenazone ligand
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of the suggested structure formula of selenazone ligand.
The crystal size of selenazone (Z) was computed by Debye
Scherrer’s equation [11-13], proving that the average size
of the crystals (19.78 nm) of selenazone was within the
nanoparticles class. The XRD data of selenazone ligand
are explained in Table 2 and Fig. 2.

Scanning electron microscopy (SEM)

The SEM technique provides good information
about the topology of the compounds by yielding images
through scanning the surface of the sample after coating
with gold and a concentrated beam of accelerated
electrons [14-15]. The SEM image (Fig. 3) was utilized to
prove a selenium atom in the structure of the selenazone
ligand. The results revealed that the shape of nanorods
was attributed to the selenium atom. These findings were
suitable with the XRD data that confirm the existence of
selenium in the selenazone structure. Likewise, the SEM
result was consistent with previous studies that prove the
existence of selenium nanoparticles [12].

FT-IR spectroscopy

The IR spectrum of selenazone ligand (Z) was
measured by KBr disk in the region 4000-400 cm™. The
IR spectrum demonstrated a new peak at 980 cm™
attributed to the group of C=Se in the ligand structure
[16]. Some peaks disappeared in the spectrum of
selenazone ligand when compared with the dithizone
spectrum, such as C=S, C-§, C=N, and S-H groups. The
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data obtained from the FT-IR spectrum confirm the
formation of selenazone ligand via the replacement of
the selenium atom rather than the sulfur atom. Moreover,
the tautomeric forms disappeared in the selenazone
ligand compared to the dithizone spectrum without the
C=N group. Also, new peaks were observed, such as C-
Se, and Se-H, while the peak of C=Se disappeared when
comparing the IR spectra between selenazone ligand with
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Fig 2. XRD spectrum of selenazone ligand (Z)
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Fig 3. SEM ifnage

Table 2. The XRD data of selenazone ligand (Z)

Pos. Height FWHM d-spacing Rel.Int. Crystal size

(26°] [cts] (26 °] [A] [%] (D nm)
18.9624  558.64  0.2952  4.68017 20.83 27.28
23.5491 1027.11  0.4428  3.77798 38.29 18.32
26.6454 448.61 0.2952 3.34557 16.72 27.65
29.6836  2682.40 0.3936 3.00970 100.00 20.88
41.4472 356.82 0.5904 2.17865 13.30 14.38
43.6544 932.45 0.2460 2.07348 34.76 34.78
45.4515 476.39 0.5904 1.99559 17.76 14.58
51.7456 375.11 0.5904 1.76669 13.98 14.95
56.2229  283.18  0.8856  1.63616 10.56 10.17
61.7438 263.21 0.8856 1.50245 9.81 10.45
65.4836 181.85 0.3936 1.42541 6.78 23.99
71.7806 102.39 0.4920 1.31506 3.82 19.92

Zuhair Ali Abdulnabi et al.



1236

Indones. J. Chem., 2021, 21 (5), 1231 - 1243

Table 3. The results of FT-IR for selenazone ligand and their complexes

Functional group (cm™) Dithizone Selenazone (Z) ZPb ZCd ZCo ZNi
N-H 3435, 3400 3278 3266 3267 3280 -
O-H - - 3421 3450 3433 3404
C-H Arom. 3003, 3091 3026, 3047 3154, 3131 3010 3159, 3053 3062
N=N 1490 1494 1469 1490 1477 1485
Cc=C 1597-1444 1597-1408 1597-1405 1558-1427 1600-1400 1600-1400
S-H 2530 - - - - -
C=S 894, 860, 1062 - - - - -
C-S 501 - - - - -
Se-H - - 2207 2260 2177 2308
C=Se - 979 - - - -
C-Se - - 573 574 578 580
C=N 1627 - 1635 1645 1622 1633
C-N 1219 1226 1257 1222 1247 1263
M-N - - 455 626 648 501

their complexes. A strong band was observed at 3278 cm™
[17-18], attributed to the amine group in the selenazone
ligand. This band shifted towards a lower wavenumber in
the complexes spectra about (Av = 2-12 cm™) due to the
share amine group with metal ions through the lone pair
of electrons on the nitrogen atom.

Furthermore, the azo group also formed complexes
by coordinating with metal ions through the lone pair of
electrons on the nitrogen atom [18]. As a result, their
wavenumbers in the complexes' spectra shifted to lower
values (Av = 4-25 cm™). All complexes spectra exhibited
a new peak in the 3404-3450 cm™ and 455-648 cm™
attributed to the O-H and M-N bonds [10,19]. The IR
data of compounds are listed in Table 3.

UV-Vis spectroscopy

The electronic spectra of dithizone and selenazone
were recorded within 200-800 nm in ethanol and
methanol as solvents, respectively. Dithizone showed
many bands at 226, 266, 277, 295, 444, and 593 nm due to
n-n and n-7 transitions. The bands at 444 and 593 nm
were attributed to thiol -thione formation. These refer to
the presence of tautomerism in the dithizone structure
[20]. The electronic spectrum of selenazone displayed
four bands at 267, 296, 413 and 535 nm attributed to m-1’
and n-7 transitions with molar extinction coefficients at
8620, 5810, 10750, 3350 L mol™" cm™ respectively. These
bands confirm the formation of the selenazone ligand and

the disappearance of the tautomeric forms from the
selenazone ligand structure. The electronic spectrum of
nickel complex showed a strong band at 261 nm (22020 L
mol™ ¢cm™) attributed to transition motions of phenyl
rings. This band's wavelength was unaffected compared
with the selenazone ligand (Z) spectrum, indicating
unshare the phenyl rings in the complex formation. The
transition band that appeared in ligand spectrum at 296,
413, and 535 nm are shifted in nickel complex spectrum
towards a redshift and hypochromic effect at 328, 420
and 549 nm with molar extinction coefficients at 9890,
3070, and 2380 L mol™' cm™" respectively. This indicates
the involvement of the nitrogen atom in azo and amine
groups for coordinating with nickel ion. A new band also
shows at 666 nm (143.4 L mol™ cm™) in the complex
spectrum due to d-d transition [21]. All results of
electronic spectra are shown in Fig. 4.

"H and "3C-NMR spectra analysis

The results of the 'H-NMR spectral of the
selenazone ligand at ambient temperature in CD;OD
prove the suggested structure elucidation of the
selenazone ligand. The '"H-NMR spectrum showed two
singlet signals at chemical shift § = 2.33, 2.48 ppm
attributed to the protons of amine groups (N-H) [22].
On the other hand, multi signals appeared in the
chemical shift range from 6.70 to 7.68 ppm. These
correspond to ten protons attributed to the protons of
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Fig 4. (a) The UV-Vis spectrum of nickel complex (b) The UV-Vis spectrum of selenazone and nickel complex

phenyl rings [10,23-24]. Nickel complex was revealed a
good solubility in DMSO solvent at room temperature,
while the other complexes were insoluble in all organic
solvents so, the 'H-NMR spectrum data of nickel complex
was recorded only in DMSO-d¢ solvent and showed multi
signals to aromatic protons at chemical shift § = 7.63—
7.79 ppm. The signal at § = 2.89 ppm due to the protons
of the amine groups was a little affected when compared
with the selenazone ligand spectrum. This result confirms
their participation in coordinating with nickel ions. The
chemical shifts of all the carbon atoms for selenazone
ligand and Ni complex spectra were measured and listed
in Table 4.

Moreover, the numbering of all the carbon atoms
was employed, as shown in Fig. 5. As a result, the
BC-NMR spectrum of nickel complex showed a signal at

Table 4. Chemical shifts of selenazone ligand and nickel
complex in "C-NMR spectra

Carbon atoms Chemical shift (ppm)'
Z ZNi
G - 168.76
Coy 130.28 130.77
Gy 113 126.78
Cug 129.86 134.56
GCs 119 126.78
Ces 114 126.78
Corr 129.72 133.27

3 H Se 6
4’ 2_N \N)“\N//N < 7
H 2
5 3 6’ 7
4 7

Fig 5. the numbering of carbon atoms of selenazone
ligand

§ = 168.76 ppm attributed to the direct contact of carbon
atom (C,) with the selenium atom. On the other hand,
the carbon atom (C,.) signal in the phenyl ring directly
connected with the nitrogen atom was observed at § =
130.77 ppm. Thus, the signal was relatively affected in
the spectrum of the nickel complex that confirms the
sharing of the amine and azo groups in coordination
towards nickel ion [24]. The results of the 'H and *C-
NMR spectra of selenazone and nickel complex are
depicted in Fig. 6 and 7.

Thermal Analyses of Complexes

Thermogravimetric analysis is a useful technique
that provides more information about the configuration
of the structure of organic and inorganic compounds,
leading to the diagnosis of these compounds. In addition,
the analysis can assist in studying important parameters
such as the thermal stability of the compound, water
molecules (lattice or coordinated), decomposition
mechanism of compounds, and determine the quality
and quantity of residual amount [24-25]. Thermal
analyses such as thermogravimetric (TG) and differential
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thermal analyses (DTA) were recorded in the thermal
range from room temperature to 1200 °C under nitrogen
gas flow and heating rate of 10 °C/min.

Lead complex (ZPb): The lead complex's thermal
analysis curve (TG/DTA) showed four decomposition
steps. The first is represented as two degradation steps,
combined in the extent of 20-255 °C (DT A« 224 °C)
with a weight loss ratio of 3.28% (theoretical 3.66%),
consistent with the loss of three molecules of water (one
molecule of Ilattice water and two molecules of
[10,24]. The
considered a degradation of the selenazone ligand, and

coordinated water) following steps

the residual product at 975 °C is 15.02% (theoretical
15.16%) due to PbO.

Cadmium complex (ZCd): Three degradation
steps were revealed and showed endo-exothermic peaks
indicating a change in the phases [25]. The first
decomposition stage showed an endothermic peak at
102 °C, referring to the loss of one molecule of lattice
water in the range of 30-155 °C (DT A 100 °C) with a
weight loss ratio of 1.028% (theoretical 1.3%). The second
stage also exhibited an endothermic peak at 230 °C in the
DTA curve by decomposition range of 160-255 °C
(DTAmwx 230 °C) with a weight loss ratio of 2.031%
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(theoretical 2.64%), attributed to the loss of two molecules
of coordinated water. The final steps refer to ligand
decomposition, where the remaining product at 565 °C
wasl1.61% (theoretical 11.93%), attributed to cadmium
oxide CdO polluted with three carbon atoms [10,18,26-
27].

Cobalt complex (ZCo): The decomposition of the
cobalt complex is revealed by five degradation steps. The
first step was at the extent of 30-120 °C (DT Amax 75 °C)
with a weight loss ratio of 1.86% (theoretical 2.02%),
which was appropriate with the loss of 1.5 molecules of
lattice water. Additionally, two molecules of coordinated
water with cobalt ion were lost in the range of 125-250 °C
(DTAmmax 216 °C) that corresponding with a ratio of 2.71%
(theoretical 2.75%). Finally, the molecules of selenazone
ligand were unstable and destroyed with the increasing
temperature. Hence, the remaining amount at 980 °C was
identified as cobalt oxide with a constant weight ratio of
5.75% (theoretical 5.62%).

Nickel complex (ZNi): Five degradation steps for
completing the nickel complex. The first step begins in the
range of 30-110 °C (DT A 90 °C) with a weight loss ratio
of 5.50% (theoretical 5.54%), consistent with the loss of
4.5 molecules of lattice water. The second step was
recorded in the range 115-190 °C (DTA. 175 °C) that
attributed to the loss of two molecules of coordinated
water and one molecule of HCI this convenient with a lost
weight of 5.49% (theoretical 5.25%). Finally, the residual
amount after the last step at 690 °C was suitable with
4.99% (theoretical 5.12%) due to nickel oxide NiO.
Accordingly, the spectroscopic and thermal results

- (4.5H,0). CI2
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confirmed the octahedral geometry structure in all
complexes as proposed in Fig. 8.

Calculation of Kinetic and Thermodynamic
Parameters

The thermal dehydration and degradation of
complexes were studied kinetically utilizing three kinetic
models such as Coast-Redfern, Broido, and Horowitz-
[26-28]. The
parameters of degradation process and dehydration of

Metzger thermodynamic activation
complexes such as reaction orders (n), activation energy
(E), pre-exponential factors (A), enthalpy of activation
(AH), the entropy of activation (AS), and Gibbs free
energy change of the degradation (AG) were computed
graphically from TG/DTA data by employing three
kinetic models and comparing them. The kinetic models
relations are explained in the following forms:

log Wi
Wi - W,

T? (1)

AR 2RT E
=log| —|1-———| |-
O6E E 2.303RT

log

Coast — Redfern

Inln LI=E + Constant Broido (2)
Y RT
W

lnln{—°:| _%E Horowitz-Metzger (3)
W, RTS2

where Wy, W, W, are weight loss at the final step, weight
loss at temperature (°C) and initial weight, respectively.
The terms E, R, A, and 0 represent the activation energy,
gas constant, pre-exponential factor, and heating rate
(10 °C min™), respectively. Moreover, the terms Y and 0
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Fig 8. Suggested structure of selenazone complexes
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Table 5. Thermodynamic parameters using Coats-Redfern relation

Complex Step A E AH AS AG
(ShH (KJmol) (KJmol?) (KJmol*K!) (KJmol!)
1 23.66 x 1073 13.567 9.634 -0.279 142.014 0.960
7Pb 2nd 1.47 x 10° 108.724 102.755 -0.153 212.782 0.989
3d 1.04 x 10 267.774 261.015 0.015 248.726 0.957
4t 1.22 x 10? 110.611 101.815 -0.215 329.787 0.969
1 2.8307 23.837 20.736 -0.238 109.555 0.926
ZCd 2nd 1.387 x 107 90.929 86.831 -0.112 142.227 0.985
31 4.735 x 10° 93.405 87.019 -0.182 227.115 0.976
1% 20.2979 27.425 24.532 -0.221 101.497 0.987
2nd 1.025 x 10° 53.046 48.988 -0.191 142.376 0.987
ZCo 3rd 2.11 x 10? 643.365 636.938 -0.208 797.975 0.905
4t 1.67 x 10" 299.292 291.868 0.0373 258.478 0.993
5th 2.057 x 10? 122.573 112.363 -0.212 373.182 0.894
1 2.524 x 10° 52.968 50.0338 -0.142 100.475 0.964
2nd 1.21 x 108 89.112 85.388 -0.093 127.291 0.991
ZNi 31 95.21 x 102 30.263 25.873 -0.250 157.910 0.895
4t 7.989 x 107 142.96 137.156 -0.100 207.444 0.953
5th 4.368 x 10° 156.621 149.654 -0.126 255.562 0.941

Table 6. Thermodynamic parameters using Broido

relation
Complex  Step E ) AH ) r
(K] mol™)  (KJ mol™)

1 14.815 10.882 0.995

7Pb 2nd 104.571 98.602 0.990
3 185.99 179.230 0.866
4th 111.248 102.451 0.929
1 21.040 17.939 0.882

ZCd 2nd 72.597 68.498 0.935
3rd 97.420 91.034 0.989
1 20.661 17.768 0.984
2nd 46.216 42.159 0.973

ZCo 3rd 702.927 697.148 0.952
4t 249.898 242.474 0.965
5th 123.132 112.923 0.895
1 40.710 37.776 0.972
2nd 77.978 74.253 0.975

ZNi 3rd 15.175 10.785 0.756
4t 116.619 110.816 0.891
5th 151.873 144.906 0.908

in Broido and Horowitz-Metzger relations refer to (W, -
W.)/(W, - W..) and T - T, respectively [29-30]. In the

current work, the degradation steps in all the complexes
were consistent with the first order reaction in all the
degradation steps. The correlation coefficient (r) was
calculated by utilizing the least square method through
plotting the left side of each relation against 1000/T in
the Coast-Redfern and Broido relations while in the
Horowitz-Metzger relation by plotting against 6 [27-30].
The thermo-kinetic results using the three models of
kinetic equations were summarized in Table 5-7. The
positive values of AG refer to nonspontaneous reactions
in all decomposition steps of complexes. The change of
enthalpy (AH) recorded positive values that refer to the
endothermic nature of all the decomposition steps. The
increase of activation energy values refers to an increase
in thermal stability. On the other hand, the negative
values of entropy indicate that decomposition reactions
in the complexes occurred at a very low rate [10,24,27].
The correlation coefficient (r) and activation energy
demonstrated the highest values in the Coast-Redfern
method compared with Broido and Horowitz-Metzger
methods. The first decomposition step of the lead
complex in three kinetic models is shown in Fig. 9.

Zuhair Ali Abdulnabi et al.



Indones. J. Chem., 2021, 21 (5), 1231 - 1243 1241

Table 7. Thermodynamic parameters using Horowitz-Metzger relation

A E AH AS AG
Complex Step
(S (KJmol') (KJmol?) (KJmol'K?') (KJmol?)
1% 0.108 20.278 16.346 -0.267 142.738 0.989
7Pb 2nd 0.282 123.820 117.850 -0.262 306.478 0.968
3xd 0.304 171.744 164.985 -0.263 378.910 0.851
4t 0.115 109.154 100.358 -0.273 389.574 0.884
1% 0.186 21.734 18.633 -0.260 115.885 0.833
ZCd 2nd 0.368 75.903 71.805 -0.257 198.696 0911
3rd 0.257 128.611 122.226 -0.264 325.033 0.987
1% 0.264 26.905 24.012 -0.257 113.533 0.967
2nd 0.258 51.933 47.876 -0.260 174.873 0.950
ZCo 3rd 0.197 99.724 93.298 -0.266 299.155 0.964
4t 0.385 265.166 257.742 -0.261 491.660 0.951
5th 0.121 154.310 144.100 -0.274 480.844 0.864
1% 0411 43.273 40.338 -0.253 129.893 0.963
2nd 0.505 86.286 82.561 -0.253 196.340 0.962
ZNi 3rd 0.054 12.592 8.202 -0.273 152.822 0.725
4t 0.281 116.329 110.526 -0.262 293.766 0.866
5th 0.239 142.522 135.555 -0.265 357.957 0.871
-7 {a)
y =-0,176x -5.418
=8 Rz =0 .960
58 4%
¥ -59
-59
6.0 *
6.0 - r Y v
22 24 26 28 3
X
41 = (b) -4 (e) B . i
¥ = 0.006x - 4.037
1.2 4 -4.1 Rz = (1.089
47 y =-0.9209x - 2.136 42
3 R? = 0 995 43
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Fig 9. The first decomposition step of lead complex in three kinetic models as (a) Coats-Redfern (b) Broido and (c)
Horowitz-Metzger
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m CONCLUSION

Selenazone ligand was synthesized (by replacing the
sulfur atom in the dithizone molecule to the selenium
atom), and their complexes were prepared with divalent
ions (Pb**, Cd*", Co*', and Ni**) in methanolic solution.
The results obtained from XRD and SEM measurements
indicating the preparation of nanoparticles for selenazone
ligand. The thermal study was used to suggest the
geometric structure of the complexes. The kinetic-
thermodynamic parameters were computed using three
kinetic models (Coast-Redfern, Broido, and Horowitz-
Metzger). The Coast-Redfern model has better fit and
more accurate for computing the kinetic-thermodynamic
parameters in all the decomposition steps of the
complexes. The nickel complex demonstrated the highest
value of activation energy and has more thermal stability
when compared with other complexes. The thermal
stability of the complexes was in the following order: ZNi
>ZCo >ZCd > ZPb.
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Abstract: Perovskite-type structures LaBO; with the compositions of LaMn«Co,O; (x
= 0.0, 0.3, 0.5, 0.7, and 1.0) were synthesized at 800 °C by a modified co-precipitation
precursor technique for total oxidation of propylene, as a model test of the hydrocarbon
oxidation reaction. Details concerning the evolution of the crystal structure, morphology,
and crystallite size were performed by X-ray diffraction (XRD), Thermo Gravimetry
Analysis (TGA)/Differential Scanning Calorimetry (DSC), Fourier Transform Infra-Red
(FTIR), Atomic Absorption Spectroscopy (AAS), Scanning Electron Microscopy (SEM),
and Electron Spin Resonance (ESR) techniques. All compositions were identified to be
single-phase and are indexed to rhombohedral structures. TG/DSC technique evidenced
a temperature of 330 °C needed for the precursor as the start point and 800 °C completion
for perovskite phase formation. Slight distortion in XRD diffraction peaks was observed
on substituting manganese with cobalt in B-site, and new peaks emerged. An attempt has
been made to understand the effect of the B-site substitution of Co®* ions in the lattice of
LaMnO; and their influence on catalytic total propylene oxidation efficiency. These
compounds show a considerable increase in the activity of propylene oxidation to carbon

dioxide and water and could be explored for hydrocarbon pollution control.

Keywords: rare earth perovskites; co-precipitation; catalytic oxidation; propylene

= INTRODUCTION

The perovskite-type LaBOs; structures based on
transition metal ions have been the object of intense
scientific research due to their fascinating physical
properties. They exhibit an array of applications in
microelectronics, supercapacitor electrodes, micro-
actuators in MEMS, thermoelectric energy harvesters,
magneto electronics, sensors, magnetic memory devices,
solar cells, and catalysts [1-6]. LaBOs (B = Mn, Ni, Co) has
been studied as prospective materials for protective
coating owing to their structural and chemical stability at
high temperatures and high electrical conductivity in
solid oxide fuel cells. Their unique crystal structure and
physicochemical properties indicate their great potential
as supercapacitor materials for fast energy storage
applications [7]. The La ions support the framework,
stabilizes the system, and hence the size of these ions

defines the octahedral structural transformations, which
in turn decides the physical properties, governs the
electronic state and the phase transition. A perovskite-
type mixed metal oxide with ABO; structure, wherein
the cation with larger radius is coordinated to 12 oxygen
atoms and occupy A- and B- sites. A and O form the
closest cubic packing, and B occupy octahedral voids in
the lattice. Incorporated ions of various sizes and charges
show great structure flexibility with the substitution in
A- and/or B- site, leading to fascinating large-scale
applications. The ions substitution, leading to deviation
from ideal stoichiometry, resulted in altering the
electronic properties. Meanwhile, the robust structure of
these oxides can accommodate a large number of metals
to improve the quality of materials, offering high
possibilities space for catalysis [8]. Catalytic combustion
provides one of the most effective means of controlling
automobile pollution. Compared with presently in use
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noble metal, other metal oxide catalysts offer sufficient
activity and thermal stability as oxidation catalysts, having
advantages of economic viability and potential usage in
the energy-generating systems and a promising candidate
for an auto exhaust catalyst [9].

In general, a large number of elements can be
obtained as ideal cubic or modified perovskites structures
depending upon their tolerance factor. The ideal structure
is most successful for a tolerance factor close to 1 and
suitable temperatures. In other conditions, preferred
distortions orthorhombic, rhombohedral, and to a lesser
extent, tetragonal, mono, or triclinic perovskites will
appear [9]. It has been known that a particular synthetic
route influences the physical changes in the volume and
surface properties of the material, for example, its
structure, morphology, porosity, and particle size [8,10].
Novel synthesis techniques have been developed to
prepare comparatively pure form perovskite materials
by modified
precipitation, sol-gel, hydrothermal, auto-combustion,

either conventional ceramic, co-
and other modern techniques like aerosol, pulse laser,
spray pyrolysis, and solution-polymerization techniques
[1-3,8,11]. Even today, the modified co-precipitation
precursor is a straightforward method to obtain these
nanocrystalline range materials in the pure phase.

Metal oxides catalyze the oxidation of propylene
with oxygen giving rise either to partial (selective) or total
oxidation to CO,. The total oxidation of propylene to
reduce air pollutants is a critical consideration in
automobile and industrial pollution control. Several
investigators have studied the solid-state and the catalytic
activity of propylene oxidation over several LaBO;
compounds. Their studies have shown that the non-noble
metal-containing LaBO; catalysts are chemically active
species for total hydrocarbon oxidation [2,10,12-14]. In
the present investigation, an attempt is made to
understand the effect of B-site substitution of Mn atom by
Co in the lattice of LaMnQs, its influence, and the
comparative catalytic activity of the progressively
substituted LaMnOs with various cationic compositions
prepared by co-precipitation precursor technique, in the
total oxidation of propylene and their correlation with the
structural properties.
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m EXPERIMENTAL SECTION
Materials

Analytical grade pure reagents La(NOs);-6H,O,
Mn(NO3)3'6HzO, CO(NO3)3'6H20, and 6% HzOz were
used to synthesize the desired perovskite nanomaterials.

Instrumentation

TGA/DSC curves
representative hydroxide precursor, using NETZSCH -

were carried out on a
Garetebau GmbH Thermal Analyzer to determine the
required temperature to complete the perovskite phase.
The system compositions were characterized by X-ray
powder diffraction technique with Rigaku Miniflex
tabletop instruments, using Cu-Ka, filtered through Ni
absorber. FTIR spectra were recorded on a Shimadzu
FTIR 8101A). The

contamination in the perovskites prepared by the co-

instrument (model sodium
precipitation method using sodium hydroxide was
found by employing atomic absorption spectroscopy.
The total BET surface areas were measured using the
BET nitrogen adsorption method (QUANTACHROME
NOVA 1200 version 3.70).

The physical structure of catalysts, compositional
analysis, and surface morphology observations was
determined by scanning electron microscopy by a ZEISS
instrument. ESR study was carried out for the
perovskites containing paramagnetic species and to
identify the catalytically active species for the reaction.
The ESR spectra were recorded at the X- band on a
Varian E-112 spectrophotometer at liquid nitrogen
temperature. The sample was mounted on a quartz tube,
and Tetracyanoethylene was used as a field calibrant
2.00277. The
magnetization was studied using a high field hysteresis

taking its g-value as saturation
loop tracer, considering the hysteresis behavior on a
selected magnetic sample. The saturation magnetization
values, os in emu/g, of some magnetic perovskite
samples were measured.

Total propylene oxidation was studied as a model
test reaction using oxygen in nitrogen with a continuous
flow, fixed bed quartz reactor by placing 1 g of powdered

catalyst between glass wool plugs. The catalyst activity

Teotone Inas Mariano Vaz et al.



1246

was determined using a feed gas composition of 5%
propylene, 10% O, in nitrogen. The individual gas flow
rates were controlled using flow meters and precision
needle valves. The feed gases and the products were
analyzed employing an online gas chromatograph with a
molecular sieve 13X and Porapak N columns. H, was used
as a carrier gas. The propylene, oxygen, and nitrogen gases
were used from pure commercial cylinders, further
purified through alkali and molecular sieve traps [15].

Procedure

The perovskite-type compositions of LaMn;.,Co,O;
were synthesized by the hydroxide co-precipitation
precursor technique at 800 °C, as discussed elsewhere
[15]. In brief, the procedure involved is as follows. All
calculations were performed for 10 g of the desired
product. The respective quantities of hydrated salts
La(NOs)s, Mn/Co nitrates (AR) were weighed in g and
dissolved together in 100 mL of distilled water. Aqueous
solutions were mixed on a magnetic stirrer and slowly
precipitated, adding approximately 50 mL of equimolar
sodium hydroxide solution. The precipitate obtained was
digested for 15 min, checked for complete precipitation,
and the resultant precipitate mixture was subjected to
oxidation using 10 mL of 6% H,O, solution. It was allowed
to set overnight. The hydroxide precursor precipitate was
then washed, filtered, and dried in an oven at 150 °C. A
small portion of it was preserved for TG/DSC analysis.
The dried precipitate was homogenized well in an agate
mortar and further heated at 300, 600, and finally at 800
°C in the air for a total time of 10-12 h. The furnace-
cooled compositions were stored in air-tight containers
for characterization and further propylene oxidation.

m RESULTS AND DISCUSSION
TG/DSC Analysis

TG/DSC curves were recorded to study the behavior
of weight loss of the hydroxide precursor. Fig. 1 displays a
typical TG-DSC curve of selected LaMn(OH)exH,O
precursor from r.t. to 900 °C. The powdered form of a
precursor (approx. 20 mg) was placed in an alumina
crucible, covered with a lid, and continuously weighed as
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Fig 1. TG/DSC curves for LaMn(OH).xH,O precursor

it is heated at a constant linear rate of 10 °C/min. An
endothermic event around 80 °C was the usual loss of
moisture from the precursor, and a negligible mass loss
in the TG curve was observed. The weight loss of 6.67%
between r.t. to 275 °C due to the loss of moisture. The
decomposition of LaMn(OH)s was observed in the range
of 275 to 408 °C. After that, the initiation of a solid-state
diffusion process begins. Further, the decomposition of
hydroxides and observed linear weight loss is due to
initiation of solid-state diffusion with the together weight
loss of 18.26% and perovskite phase formation between
400-800 °C in agreement with the literature [16].

XRD Analysis

The phase composition and the crystal structure of
the prepared perovskite materials were characterized
using X-ray powder diffractograms. Fig. 2 shows XRD
patterns for LaMn,Co.O; perovskite materials after
thermal treatment in stages and finally calcined at 800 °C.
The dwu and 26 values obtained were compared with
those reported in the literature (JCPDS data file) and
found in good agreement. Since the dwu value of the
intermediate compositions is not reported, the values
were compared with the end compositions. Our results
of X-ray analysis revealed that the end compositions
LaMnO; and LaCoO; could be clearly indexed to
rhombohedral structure perovskites, with space group
R-3c, following the JCPDS file 25-1060 and 48-0123,
respectively. The general appearance of the
diffractograms remains uniform, as all the compositions

belong to the same crystal structure family. It may be
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Fig 2. XRD patterns of (a) LaMnOs, (b) LaMng;C0030s,
(c) LaMnsC00503, (d) LaMng3Co,03, and (e) LaCoO;

nanoperovskites

interesting that the diffraction angles remain the same for
all intermediates, with only minor changes in the intensity
due to the Mn/Co ratio.

Moreover, it can be seen that the main characteristic
peak at around 32.7° moves slightly to a lower angle with
The observed
characteristic splitting in the diffraction peaks is evidence
of the rhombohedral distortion of the perovskite
structure. The crystallite particle sizes calculated from the

the increase in Co concentration.

four intense diffraction peaks data using Debye Scherrer's
formula were in the range of 11.99-20.70 nm, confirming
their nanocrystalline nature.

AAS and FTIR Analysis

The sodium contamination was estimated using an
AAS and found to be 0.2 to 0.4% by weight. Surface areas
obtained by the BET nitrogen adsorption method were
found to be in the range of 5.4-12.6 m?/g for these
nanoperovskites, highest for LaMn,sCo0,503; composition.
The perovskite structure is characterized using IR spectra
in the region of 1000 to 300 cm™" [17]. Fig. 3 illustrates the
characteristic absorption bands for selected The IR
spectra showed that the compound has tensile energy
bands in the B-O-B bonds related to the MOg (B = Mn or
Co) Octahedron, which are attributed to the characteristic
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Fig 3. FTIR spectra (a) LaMnOj3, (b) LaMn,5Co,503, and
(c) LaCoO; nanoperovskites.
LaCo(OH)s.H,O precursor

Inset: Spectra of

stretching vibration of the M-O bond frequencies of
perovskite structure, i.e., the B-O-B bond angles. The
comparatively sharper lower absorption frequencies
observed at 600 and 420 cm™ in LaMnO; are assigned to
a deformation mode of MnOs octahedron. It may be
noted that with the substitution of Co** in LaMnO;
lattice, both characteristic strong absorption perovskite
peaks get gradually broadened. Further, the peak at
0.5 and 0.7
compositions. The FTIR spectra for x = 0.3, 0.5, and 0.7
show similar patterns, whereas, for LaCoOs, distorted
shouldered peaks at 600 cm™ and 570 cm™ were
observed, which indicate slight structural symmetry

600 cm™ gets shouldered for x =

change in agreement with the literature [17]. Inset shows
absorption spectra of a selected precursor.

SEM and Surface Area Analysis

Fig. 4 shows representative SEM images of LaMn;.
XC0x03
magnifications. In all the images, particles with semi to

nanoperovskite materials with 80.00 kV

spherical shapes can be observed. The micrograph of
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Fig 4. SEM image of (a) LaMnO;3, (b) LaMn5Co050s, (¢)

LaMn,3Co;0;, and (d)
nanoparticles

LaCoOs; polycrystalline

LaMnOs in Fig. 4(a), no clear particle structure, but
granular spherical nanoparticles agglomeration was
observed. In Fig. 4(b), the spherical particles have become
distinct for x = 0.5 and further clarity in the particle shape
is distinct in Fig. 4(c) for x = 0.7. For LaCoOj3, as observed
in Fig. 4(d), a clear spherical-shaped structure is
prominent. Significant morphological changes are
observed when B-site Mn is substituted with more
oxyphilic Co atoms, promoting better spherical-shaped
particles having higher porosity. Overall, the morphology
of very
polycrystalline particles in the nano range. In addition,

results from the agglomeration small
surface areas obtained by the BET nitrogen adsorption
method were in the range of 5.4-12.6 m* for these

compositions.
ESR Analysis

All the nanocatalyst materials showed Lorentzian-
shaped ESR lines. It is clearly visible that the g-value of the
LaMn,;CoxOs nanosystem is found to increase with
increasing 'x' value. Fig. 5 shows ESR spectra of different
perovskites at liquid N, temperature. No signal at r.t. and
a very weak ESR signal with broad line width was observed
only at liquid nitrogen(N,), indicating that Mn**, Mn*,
and Co’* ions are ESR inactive. For heavier atoms like
La’*, the spin-orbit coupling is strongly coupled to lattice
vibrations and spin relaxation time. Therefore, it is very
small at high temperatures, so ESR spectra are too broad to

Indones. J. Chem., 2021, 21 (5), 1244 - 1251
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Fig 5. ESR plots of a) LaMnO; b) LaMng;Coop:Os,
LaMn5Co00503,and d) LaCoO;
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be detected even at r.t. The observed g-values were 2.9,
4.5, and 3.0 for x = 0, 0.3, and 0.5 compositions
respectively. For LaCoQ;, the g-values of 3.7 were
observed in agreement with the literature [18].

The temperature dependence of propylene
oxidation studies on different compositions of the
LaMn,CoxOs system is shown in Fig. 6. The results
trends. The

incorporation of Co®* ions in the LaMnO:s lattice showed

showed some interesting activity
a decline in the catalytic activity, except for x = 0.7. The
catalytic activity efficiency is in the order of x = 0.3 > 0.0
> 0.5 > 1.0 > 0.7. The induction temperature for all the
catalyst nanomaterials was uniformly at 100 °C. At 200 °C
all catalysts showed 10 to 30% oxidation and at 400 °C, x
= 0.3 composition showed around 70% and x = 0.7
showed 40% oxidation efficiency. At 450 °C, the catalytic
trend continues, and the first three catalysts show an
efficiency of 75-80% total oxidation and the highest for
LaMno;Co0030s. It may also be noted that the
incorporation of Co* ions in the lattice showed a
significant rise in the catalytic activity throughout.
LaMn,3Coo,05 nanocatalyst showed comparatively low
oxidation capacity despite having a comparatively

higher specific surface area in the system.
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Fig 6. Catalytic propylene oxidation on LaMn,;<CoxO;
system

The mechanism catalytic

oxidation essentially involves interaction between a

of heterogeneous

hydrocarbon molecule and surface-active oxygen. In
LaBO; perovskites, La ions are essentially inactive in
catalysis catalytically inactive, and B-site active transition
metal jons are placed at relatively large distances from
each other are excellent catalytic models for the study of
interactions of propylene and O, on a single surface site.
Since in our study, A-site La’* ions, being present in the
same amount in all compositions, the observed
differences in a catalytic activity need to be explained for
increasing Co’* ions substitution, replacing Mn** ions in
B-site and its effect on LaMnOs crystal structure. The
active transition metal B ions are situated in the center of
an octahedron, whose vertices are occupied by O ions.
The B-O bond strength differs for each member of the
transition series, depending upon their tolerance factor
[19]. Therefore, under the condition of adsorption and
catalysis, different surface defect concentrations and
nature may be produced in each of these oxides. The
change in crystal field stabilization energy is due to the
change in the coordination number of B** ions on
adsorption of oxygen and their experimental profiles of
adsorption and catalysis [2,14,20]. Thus, the relationship
between the local symmetry of surface cations,
adsorption, and catalysis, shows the importance of

localized interactions of these surface processes.
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On the other hand, the observed relation between
the catalytic activity for the total oxidation and the O,
adsorption shows that the adsorbed oxygen (not the
lattice oxygen) plays an important role in the catalytic
reaction. The chemisorption of oxygen and the total
oxidation of propylene on LaBO; perovskites are
interrelated. The catalytic activity increases in the same
order as the adsorption of oxygen on a clean surface. In
LaMnO; and LaCoO; perovskite materials, the Mn’* and
Co’" ions are positioned in the octahedral environment,
whose vertices are occupied by O atoms. The metal-
oxygen bond strength is different for Mn-O and Co-O
bonds, leading to varying surface defect concentrations.
The observed catalytic results are discussed within the
framework of local symmetry of surface cations, its
influence on catalysis, and the importance of localized
interactions in propylene oxidation. Though there is no
direct relation observed between the catalytic activity
trend and specific surface area of the materials under
study, the specific surface area of LaMnOs is almost
double that for LaCoOs, which may have considerably
increased in the oxygen adsorption on the surface of
catalytic materials. The adsorbed oxygen plays an
important role in the catalytic reaction, thus slightly
increasing the catalytic activity of LaMnO; material. For
the total hydrocarbon oxidation, the parallelism
observed for the catalytic activity and oxygen
adsorption, i.., the suitable adsorbents exhibiting
higher catalytic activity, shows that the adsorbed oxygen
plays an important role. This fact indicates that the total
oxidation of propylene occurs through the suprafacial
catalysis mechanism. The catalyst provides orbitals of
appropriate energy and symmetry for the bond
formation with the reactant and intermediate. In this
mechanism, the adsorbed oxygen and not the lattice
oxygen participate in the catalytic oxidation reaction.

Further, the oxygen adsorption and the total
oxidation of propylene on LaCoQ; are attributed to
propylene's activation energy and the bond strength,
with the adsorbent surface greatly influencing the
catalytic action for oxidation by these perovskite
materials [2]. The observed trend of catalytic activity was
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similar to the similar work of total propane oxidation
published in the very recent work [12], where authors
have focused on the reaction kinetics of slightly different
compositions LaMn;.,Co,Os system. Unfortunately, to
our knowledge, there are very few literature reports
available for the total hydrocarbon oxidation studies and
their correlation with the structure of this class of LaMn,.
«C0xO; material systems.

m CONCLUSION

LaMn,..Co,0;
were

Crystalline system  perovskite

nanomaterials successfully synthesized at a
reasonably low temperature of 800 °C. The phase purity
was confirmed with XRD and found to crystallized in
rhombohedral perovskite structures. The specific surface
area was in the range of 54 to 12.6 m?*/g. These
compounds are ESR inactive at room temperature but
showed broad peaks at liquid nitrogen due to spin-orbit
coupling. La’*, Mn’*, and Co’* ions are ESR inactive. SEM
micrographs reveal the prominent spherical-shaped
agglomerates and Co concentration, promoting very
small polycrystalline particles in the nano range. These
materials were efficient for total propylene oxidation for
emission control of hydrocarbon compounds as
pollutants. LaMnO; shows catalytic propylene oxidation
as high as 80% at 400 °C, whereas LaCoOs shows 60% and
may correlate with its specific surface area. The observed
trend can be associated with adsorbed oxygen on the
catalyst surface, exhibiting higher catalytic activity, and
occurs through the suprafacial catalysis mechanism.
These nanomaterials show a considerable increase in
propylene oxidation that could be explored for

hydrocarbon pollution control.
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Supplementary Data

Suppl. 1

This supplementary data is a part of paper entitled “Exploring the Potency of Nigella sativa seed in Inhibiting

SARS-CoV-2 Main Protease Using Molecular Docking and Molecular Dynamics Simulations”.

Table S1. Secondary metabolites in Nigella sativa seeds curated from the literature [1-8]

No. Secondary Metabolites 2D Structure Charge* Ref.
Monoterpenoid hydrocarbons

1 a-Thujene /?Eg 0 1

2 a-Pinene 0 1

3 Sabinene >' """ bé 0 1

4 B-Pinene >€Q 0 1

5 Myrcene )\/\)L/ 0 1

6 a-Phellandrene 4©—-< 0 1

7 p-Cymene “SC\Q\/C ‘ 0 2

8 Limonene —@—<\ 0 1

9 y-Terpinene —©—< 0 1
Monoterpenoid ketones

10  Fenchone 0 1

11 Dihydrocarvone ._Z\:> 0 1

Y {

12 Carvone o ( 0 2

13 Thymoquinone Q‘Q—< 0 2
Monoterpenoid alcoholss

14  a-Terpineol m 0 2

15  p-Cymene-8-ol 4©—\~ 0 1
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Table S1. Secondary metabolites in Nigella sativa seeds curated from the literature [1-8] (Continued)

27  a-Tocopherol % 0 3

28  y-Tocopherol KKR{@

No. Secondary Metabolites 2D Structure Charge* Ref.
16  Carvacrol )\Q\ 0 2
17 Thymol Q( 0 3
Diterpenoids
18  Dithymoquinone 0 2
Sesquiterpenoid hydrocarbones
19  a-Longipinene I 0 1
20  Longifolene /‘é) 0 1
Phenyl propanoid compounds
21  Estragole \"m 0 1
22 Anisaldehyde \\—O / 0 1
23 trans-Anethole N O AN 0 2
o
24 Myristicin <j©ﬁ\ 0 1
~
SO0
25  Dillapiole j;:q\/ 0 1
~
-
26  Apiole 0 1
Vitamin E
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Table S1. Secondary metabolites in Nigella sativa seeds curated from the literature [1-8] (Continued)

No. Secondary Metabolites 2D Structure Charge* Ref.
29  f-Tocotrienol 0 3
Phytosterols
30  Avenasterol-5-ene 0 4
31  Avenasterol-7-ene 0 4
32 Campesterol 0 4
33 Citrostadienol 0 4
34  B-sitosterol 0 3
35  Cycloartenol 0 4
36  Stigmastanol 0 4
38  Gramisterol 0 4
37  Lophenol 0 4
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Table S1. Secondary metabolites in Nigella sativa seeds curated from the literature [1-8] (Continued)

No. Secondary Metabolites 2D Structure Charge* Ref.
38  Lophenol 0 4
39  Obtusifoliol 0 4
Saponin
40  a-Hederin -1 2
3-O-[B-D-xylopyranosyl-(1-2)- .
alpha-L-rhamnopyranosyl-(1->2)- S % N
41 B-D-glucopyranosyl]-11-methoxy- w ~— w 0 5
16,23-dihydroxy-28-methyl olean- 1 ‘" {
12-enoate
\
Stigma-5,22-dien-3-f3-D-
42 . 0 5
glucopyranoside %
Triterpenoids
43 Cycloeucalenol 0 4
44  B-amyrin 0 4
45  Butyrospermol 0 4
Cycloart-23-methyl-7,20,22-
46 0 5

triene-33,25-diol
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Table S1. Secondary metabolites in Nigella sativa seeds curated from the literature [1-8] (Continued)
No. Secondary Metabolites 2D Structure Charge* Ref.

47  Melanthigenin -1 4
48  24-Methylene-cycloartanol 0 4
49  Taraxerol 0 4
50  Tirucallol 0 4
Flavonols
Quercetin 3-glucosyl-(1->2)-
51 . -1 6
galactosyl-(1>2)-glucoside
5 Quercetin 3-(6""-feruloylglucosyl)- | P
(1>2)-galactosyl-(1>2)-glucoside
53 Kaempferol 3-glucosyl-(1>2)- ) 6
galactosyl-(1->2)-glucoside
Alkaloids
54  Nigeglanine . 0 7
V2R ~JQ
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Table S1. Secondary metabolites in Nigella sativa seeds curated from the literature [1-8] (Continued)
No. Secondary Metabolites 2D Structure Charge* Ref.

55  Nigellamine Al 0 2
56  Nigellamine A2 0 2
57  Nigellamine A3 0 2
58  Nigellamine A4 0 2
59  Nigellamine A5 0 2
60  Nigellamine Bl -1 8
61  Nigellamine B2 -1 8
62  Nigellamine C 0 2
63  Nigellidine -1 2
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Suppl. 7

Table S1. Secondary metabolites in Nigella sativa seeds curated from the literature [1-8] (Continued)

No. Secondary Metabolites 2D Structure Charge* Ref.
- X
64 Nigellicimine ~e :@;; 0 2
~ X
65  Nigellicimine-N-oxide ~ :@;j\ 0 2
HC. <—>
66  Nigellicine ~/" -1 2
v
67  Nigellidine-4-O-sulfite i\\/ﬂ J j 0 4
Table S2. Lipinski’s rule of five results for secondary metabolites in N. sativa seeds
Lipinski’s Rule of Five
No. Secondary Metabolites MW MlogP H-bond H-bond Violation(s)
(g/mol) Acceptor(s) Donor(s)

Monoterpenoid hydrocarbons
1 a-Thujene 136.23 4.29 0 0 1
2 a-Pinene 136.23 4.29 0 0 1
3 Sabinene 136.23 4.29 0 0 1
4 B-Pinene 136.23 4.29 0 0 1
5 Myrcene 136.23 3.56 0 0 0
6 a-Phellandrene 136.23 3.27 0 0 0
7 p-Cymene 134.22 4.47 0 0 1
8 Limonene 136.23 3.27 0 0 0
9 y-Terpinene 136.23 3.27 0 0 0
Monoterpenoid ketones
10  Fenchone 152.23 2.30 1 0 0
11 Dihydrocarvone 152.23 2.20 1 0 0
12 Carvone 150.22 2.10 1 0 0
13 Thymoquinone 164.20 1.08 2 0 0
Monoterpenoid alcoholss
14  a-Terpineol 154.25 2.50 1 1 0
15  p-Cymene-8-ol 150.22 2.11 1 1 0
16  Carvacrol 150.22 2.82 1 1 0
17 Thymol 150.22 2.82 1 1 0
Diterpenoids
18  Dithymoquinone 3284 1.74 4 0 0
Sesquiterpenoid hydrocarbons
19 a-Longipinene 204.35 5.65 0 0 1
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Table S2. Lipinski’s rule of five results for secondary metabolites in N. sativa seeds (Continued)

Lipinski’s Rule of Five
No. Secondary Metabolites MW MlogP H-bond H-bond Violation(s)
(g/mol) Acceptor(s) Donor(s)

20  Longifolene 204.35 5.65 0 0 1
Phenyl propanoid compounds
21 Estragole 148.20 2.67 1 0 0
22 Anisaldehyde 137.14 1.12 2 0 0
23 trans-Anethole 148.20 2.67 1 0 0
24 Myristicin 192.21 1.70 3 0 0
25 Dillapiole 222.24 1.40 4 0 0
26 Apiole 222.24 1.40 4 0 0
Vitamin E
27  a-Tocopherol 430.71 6.14 2 1 1
28  y-Tocopherol 416.68 5.94 2 1 1
29  f-Tocotrienol 410.63 5.68 2 1 1
Phytosterols
30  Avenasterol-5-ene 412.69 6.62 1 1 1
31  Avenasterol-7-ene 412.69 6.62 1 1 1
32 Campesterol 400.68 6.54 1 1 1
33  Citrostadienol 426.72 6.82 1 1 1
34  B-sitosterol 414.71 6.73 1 1 1
35  Cycloartenol 426.72 6.92 1 1 1
36  Stigmastanol 416.72 6.88 1 1 1
37  Gramisterol 412.69 6.62 1 1 1
38  Lophenol 400.68 6.54 1 1 1
39 Obtusifoliol 426.72 6.82 1 1 1
Saponin
40  a-Hederin 750.96 1.46 12 7 3
41  3-O-[B-D-xylopyranosyl-(1>2)-alpha-L-rhamnopyranosyl-

(1>2)-B-D-glucopyranosyl]-11-methoxy-16,23-dihydroxy-

28-methyl olean-12-enoate 989.15  -2.27 20 10 3
42 Stigma-5,22-dien-3-$-D-glucopyranoside 574.83 3.85 6 4 1
Triterpenoids
43 Cycloeucalenol 426.72 6.92 1 1 1
44 p-amyrin 426.72 6.92 1 1 1
45  Butyrospermol 426.72 6.82 1 1 1
46  Cycloart-23-methyl-7,20,22-triene-3/3,25-diol 442.72 6 2 2 1
47  Melanthigenin 472.70 4.97 4 3 1
48  24-Methylene-cycloartanol 440.74 7.12 1 1 1
49  Taraxerol 426.72 6.92 1 1 1
50 Tirucallol 426.72 6.82 1 1 1
Flavonols
51  Quercetin 3-glucosyl-(1>2)-galactosyl-(1>2)-glucoside 788.66 -6.64 22 14 3
52 Quercetin 3-(6""-feruloylglucosyl) -(1>2)-galactosyl-(1->2)-

glucoside 964.83  -6.01 25 14 3
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Table S2. Lipinski’s rule of five results for secondary metabolites in N. sativa seeds (Continued)
Lipinski’s Rule of Five
No. Secondary Metabolites MW MlogP H-bond H-bond Violation(s)
(g/mol) Acceptor(s) Donor(s)

53  Kaempferol 3-glucosyl-(1->2)-galactosyl-(1->2)-glucoside 772.66 -6.2 21 13 3
Alkaloids

54  Nigeglanine 20225 191 1 0 0
55 Nigellamine Al 633.77 8.13 7 0 2
56 Nigellamine A2 634.76 7.52 8 0 1
57  Nigellamine A3 628.80 7.79 8 0 1
58  Nigellamine A4 600.74 7.01 8 0 1
59 Nigellamine A5 648.79 7.45 8 0 1
60 Nigellamine B1 679.75 6.77 10 1 2
61 Nigellamine B2 680.74 6.17 11 1 2
62  Nigellamine C 530.65 6.27 7 0 1
63 Nigellidine 294.35 3.28 2 1 0
64 Nigellicimine 203.24 2.56 3 0 0
65  Nigellicimine-N-oxide 219.24 1.80 3 0 0
66 Nigellicine 246.26 1.60 3 1 0
67  Nigellidine-4-O-sulfite 37441 3.32 5 1 0

Table $3. Binding energy scores of secondary metabolites in N. sativa to MP*. Binding energy scores were obtained

from molecular docking

No. Ligand Affinity/kcal.mol™
1 N3 -9.1
2 Nigellidine-4-O-sulfite -8.2
3 Taraxerol -7.8
4 Nigellidine -7.8
5 Nigellamine A2 -7.7
6 Nigellamine A3 -7.7
7 Melanthigenin -7.7
8 Leupeptine -7.6
9 Nigellamine A5 -7.5
10 Butyro-spermol -7.5
11 Stigma-5,22-dien-3-beta-D-glucopyranoside -7.5
12 B-amyrin -7.4
13 Dithymoquinone -7.3
14  Nigellamine A4 -7.2
15  B-Tocotrienol -7.2
16  Cycloart-23-methyl-7,20,22-triene-3beta,25-diol -7.2
17 Cycloeucalenol -7.2
18 Nigellamine C -7.2
19  Avenasterol-7-ene -7.0
20 Campesterol -6.8
21 Gramisterol -6.8
22 24-Methylene-cycloartanol -6.7
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Table S3. Binding energy scores of secondary metabolites in N. sativa to MP®. Binding energy scores were obtained

from molecular docking

No. Ligand Affinity/kcal.mol™
23 Avenasterol-5-ene -6.7
24 Tirucallol -6.7
25  Nigellicine -6.6
26 Cycloartenol -6.6
27  p-sitosterol -6.6
28  Citrostadienol -6.5
29 a-Tocopherol -6.4
30  Obtusifoliol -6.3
31 Stigmastanol -6.2
32 Lophenol -6.1
33 Nigeglanine -5.9
34  Nigellicimine-N-oxide -5.6
35 Nigellicimine -5.5
36 y-Tocopherol -54
37 Apiole -5.4
38 Dillapiol -5.4
39  Longifolene -5.3
40 Myristicin -5.2
41 a-Longipinene -5.1
42 Thymoquinone -4.9
43 Dihydrocarvone -4.9
44 Carvone -4.8
45  Carvacrol -4.8
46  p-Cymene-8-ol -4.8
47 a-Phellandrene -4.7
48  p-Cymene -4.6
49 a-Terpineol -4.6
50  Thymol -4.6
51 y-Terpinene -4.6
52 Sabinene -4.6
53 Limonene -4.5
54 Trans-anethole -4.4
55 Anisaldehyde -4.4
56 Estragole -44
57 a-Pinene -4.4
58 Fenchone -4.3
59 a-Thujene -4.3
60  p-Pinene -4.2
61 Myrcene -4.0
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Table S4. AG°umcesa median values of ligands bound to M
AG°MMGBSA/kcal.mol‘1

No Ligand -
Q1 Median Q3

1 N3 -64.6  -61.7 -60.1
2 Leupeptin -43.96 -41.8 -40.2
3 Nigellamine A2 -47.6  -43.9 -42.3
4 Nigellamine A3 -45.7  -36.2 -32.7
5  Melanthigenin -340 -32.8 -31.7
6  Nigellidine-4-O-sulfite -29.0  -26.5 -24.6
7 Taraxerol -188  -16.1 -14.7
8 Nigellidine -16.8  -12.9 -10.6

Nigellamine B2

Thymol

Nigeglanine Nigellamine C
Fig S1. Optimized geometry of the representative secondary metabolites in N. sativa. Geometry optimization was

performed by using a semiempirical method of PM6
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(a) (b)
Fig S2. Overlaying between crystal and re-docking structures of N3 (a) and leupeptin (b). The RMSD value on the

heavy atoms of crystal and redocking structures of N3 is 1.50 A and 1.47 A for that of leupeptin. The blue color denotes
crystal structures, whereas the green colour is redocking structures

N3 LPT NAZ NA3 MTN NGS TRX NGL
24 o
P :*4\@.; L g

=40

Binding Energy (kcal mol™*)

TLAIAI T
=60 41 ALY Ty]

12345678910 12345678910 12345678910 12345678910 12345678910 123115573910 12345678910 12345678910
10-ns Sliding Window (ns)

Fig $3. Trajectory of AG°mmassa values of several ligands binding to MP*. Each data point was generated from every 10
ns MD trajectory. The ligands include N3 inhibitor, leupeptin (LPT), and secondary metabolites in N. sativa seeds.
They are nigellamine A2 (NA2), nigellamine A3 (NA3), melanthigenin (MTN), nigellidine-4-O-sulfite (NGS),
taraxerol (TRX), and nigellidine (NGL)

2 3
2
Ligand
1 — NGL
TRX
_ NGS
=0 - MTN
a
£ NAZ
= — NAZ
—LPT
3 — N3
—APO
’ §
a

Time (ns)

Fig S4. RMSD plots of MP® in apo and ligand-bound forms and the ligands. The top panels are RMSD plots of the
protein, whereas the lower panels are RMSD plots of ligands. The ligands are N3 inhibitor, leupeptin (LPT), and
secondary metabolites in N. sativa seeds, including nigellamine A2 (NA2), nigellamine A3 (NA3), melanthigenin
(MTN), nigellidine-4-O-sulfite (NGS), taraxerol (TRX), and nigellidine (NGL)
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Fig S6. Non-bonded interactions between ligands and the binding site residues of MP™ before and after
simulations. For MD simulations, the non-bonded interactions were extracted from the last frame of the MD

trajectories

Note: Significance Test on AG°ymcesa Values

MD

Below are the results of significance tests on AG°umcssa values of several ligands to MP™. These ligands are N3,
leupeptin (LPT), nigellamine A2 (NA2), nigellamine A3 (NA3), and melanthigenin (MTN). Based on the Shapiro test,
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binding energy data is normally distributed (p-value = 9.34 x 107 « = 5%). Nonetheless, according to the Bartlett test,
the data lack variance homogeneity (p-value = 2.33 x 107). Therefore, we performed a non-parametric significance
test, the Kruskal-Wallis rank-sum test.

Kruskal-Wallis rank sum test

data: deltaG by Ligand
Kruskal-Wallis chi-squared = 19.278, df = 3, p-value = 0.0002395

Since the Kruskal-Wallis rank-sum test showed the significant difference of AG°uucesa values among ligands (p-

value = 2.40 x 10™), we conducted Dunn’s multiple comparison test with the Bonferroni method as the post hoc test.

The result suggests that the binding energy values leupeptin, nigellamine A2, and nigellamine A3 to MP* are not

significantly different.

Comparison of AG®umcssa by group
(Bonferroni)

Col Mean-|
RowMean| LPT MTN  NA2

MTN | -3.194259
| 0.0042*
|
NA2| 0.994619 4.188879
| 0.9598 0.0001*
|
NA3| -1.013746 2.180512 -2.008366
| 09321 0.0877 0.1338

alpha = 0.05
Reject Ho if p <= alpha/2
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Abstract: Coronavirus disease (COVID-19) is a pandemic burdening the global
economy. It is caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2). Black cumin (Nigella sativa) seed may contain antivirals for the disease since it was
reported to inhibit the human immunodeficiency virus (HIV) and hepatitis C virus
(HCV). Main protease (MF) is a vital protein for viral replication and a promising target
for COVID-19 drug development. Hence, in this study, we intended to uncover the
potency of N. sativa seed as the natural source of inhibitors for SARS-CoV-2 M. We
collected secondary metabolites in N. sativa seed through a literature search and
employed Lipinski’s rule of five as the initial filter. Subsequently, virtual screening
campaigns using a molecular docking method were performed, with N3 inhibitor and
leupeptin as reference ligands. The top hits were analyzed further using a molecular
dynamics simulation approach. Molecular dynamics simulations showed that binding
affinities of nigellamine A2 and A3 to MP" are comparable to that of leupeptin, with
median values of -43.9 and -36.2 kcal mol ™!, respectively. Ultimately, this study provides
scientific information regarding N. sativa seeds’ potency against COVID-19 and helps
direct further wet experiments.

Keywords: antivirals; MP"; Nigella sativa seeds; secondary metabolites; virtual screening

= INTRODUCTION

On December 31, 2019, the China World Health
Organization (WHO) office reported an outbreak of
pneumonia-like cases of unexplained etiology in Wuhan
[1]. Later on, Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) was identified as the
causing agent of such a disease, which are then known as
Coronavirus Disease (COVID-19)

16, 2021, COVID-19 has reached 163,188,527 cases and
caused 3,383,853 deaths worldwide [5].

Antivirals to cure COVID-19 are an urgent need.
One promising inhibition target for SARS-CoV-2
antiviral is the main protease, hereafter called MP™. It
plays a crucial role in cleaving eleven sites on two viral
polyproteins (ppla and pplab). The cleavage produces
smaller functional viral proteins. Therefore, MP®

[2]. The disease
inhibition will prevent the formation of virions.

quickly spreads around the globe, and on March 11, 2020,
WHO announced the pandemic of COVID-19 [3]. To
slow the massive spread of COVID-19 many countries
implement social distancing, work from home, and
lockdown. Nowadays, vaccines have been discovered and
administered to many people around the world [4].
However, the COVID-19 pandemic is still growing in
many countries and burdens the global economy. By May

Furthermore, since the human proteases do not share
the same cleavage specificity with MP™, inhibiting the
viral enzyme would be safe for humans [6].

Black cumin (Nigella sativa) seed has long been
applied as a folk medicine in Arabian countries, Africa,
Europe, and Far East Asia. According to the Prophet
Muhammad (PBUH), N. sativa seed has curative
properties for all illnesses. Moreover, the Bible addresses
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the healing properties of N. sativa seed [7]. This herbal
also has been investigated intensively for its bioactivities,
such as anti-inflammatory, antioxidant, anticancer,
antifungal, antibacterial, and antiviral [8]. The antiviral
properties of the N. sativa seed have been reported against
cytomegalovirus, hepatitis C virus (HCV), and human
immunodeficiency virus (HIV) [7]. Interestingly, in
COVID-19 patients, the mixture of honey and N. sativa
seed substantially improved viral clearance and
symptoms, leading to reduced mortality [9]. Therefore, N.
sativa seed may possess antiviral property against SARS-
CoV-2, targeting the MP™.

Many secondary metabolites in N. sativa seed have
been elucidated and published in peer-reviewed journals
[7-8,10-15]. The data benefits in silico approach as a rapid
method to investigate N. sativa seed's potency in
inhibiting MP™. In silico approach allows us to screen the
secondary metabolites against MP™ without synthesizing
the compounds [16]. Several in silico investigations have
been reported regarding the potency of N. sativa seed as
the natural source of COVID-19 antivirals [17-21]. Khan
and his co-workers [17] performed a molecular docking
study on seven secondary metabolites in N. Sativa seed.
These are stigmasterol glucoside, a-hederin, nigellidine,
sterol-3-p-D-glucoside,  f-
sitosterol, and dithymoquinone. Their study suggested

nigellidine-4-O-sulfite,

that a-hederin is the strongest ligand binding to MP™.
Similarly, Bouchentouf and Missoum [18] proposed a-
hederin and nigellidine as the best potential inhibitors for
MP© from their molecular docking study of nine
secondary metabolites in N. sativa seed. In a separate
molecular docking study of four secondary metabolites to
MPe, Maiti and colleagues [19] also suggested nigellidine
as the most potent inhibitor. Based on their molecular
docking study of three secondary metabolites in N. sativa
seed, Sumaryada and Pramudita also proposed nigellidine
as the best inhibitor against MP™ [20]. Meanwhile, using a
more extensive data set of 24 secondary metabolites in
their molecular docking study, Ferdian and his co-workers
3-[(4-methylphenyl)sulfanyl]-1,3-diphenyl-1-
propanone as the best potential inhibitor against MP* [21].

found

The molecular docking approach has some

limitations [22]. This computational method applies a
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rigid receptor and a ligand with fixed bond lengths and
angles to decrease conformational space. Additionally,
molecular docking simplifies a scoring function for
rapid pose evaluation. Hence, another method, such as
molecular dynamics (MD) simulation, should be
implemented after the molecular docking step to obtain
a more accurate prediction of energy and conformation.
MD simulations have been employed in many studies of
protein-ligand interactions [23-25].

In this present study, we employed a larger data set
of secondary metabolites than the previous studies [16-
20] to discover the potency of N. sativa seed as the source
of MP™ inhibitors. Initially, Lipinski’s rule of five [26]
was implemented to filter the secondary metabolites as
oral drugs. Subsequently, we virtually screen the
secondary metabolites through molecular docking using
Autodock Vina [22]. The best hits were further subjected
to molecular dynamics simulation to obtain more
realistic binding affinity scores and more understanding
regarding the structural dynamics of MP™ after ligand
binding. This study is valuable to reveal N. sativa seeds’
potency against COVID-19 and guide further wet
laboratory experiments.

m EXPERIMENTAL SECTION
Secondary Metabolite Structure Preparation

Secondary metabolites in N. sativa seeds were
collected from literature searches using PubMed
(https://pubmed.ncbi.nlm.nih.gov/) and Google Scholar
(https://scholar.google.com/). The 2D structures of
secondary metabolites were manually drawn using
BIOVIA Draw Version 19.1 NET 64 bit (https://
discover.3ds.com/biovia-draw-academic) or retrieved
from PubChem (https://pubchem.ncbi.nlm.nih.gov).
The predictions of Ro5 were performed on the
webserver of SwissADME (http://www.swissadme.ch).
Protonation states of the secondary metabolites at
pH (7.4)
MarvinView 18.21.0 (https://chemaxon.com/products/

physiological were predicted using
marvin). The conversion of 2D to 3D structures was
performed using BIOVIA Discovery Studio 2019
Visualizer (https://www.3dsbiovia.com). Subsequently,

the 3D structures were subjected to a geometry
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optimization stage using a semi-empirical method of
Parameter Model 6 (PM6) in Gaussian09 [27].

Molecular and Virtual

Campaigns

The 3D structures of MP*° (PDB ID 6LU7) were
prepared BIOVIA Discovery Studio 2019 Visualizer by
separating the respective ligands and discarding ions and

Docking Screening

water molecules. Additionally, a DockPrep module in
Chimera 1.14rc (https://www.cgl.ucsf.edu/chimera/) was
employed to remove alternate conformers in the 3D
structure of MP. The apo form of MP* and the ligand, N3,
were saved as separated pdb files. An additional MP*
ligand, leupeptin, was prepared from its crystal structure
(6XCH) and utilized as the second reference. All pdb files,
including secondary metabolites, were converted into
pdbqt using AutoDockTools-1.5.6 (http://autodock.
scripps.edu/resources/adt). Autodock Vina was utilized
to perform molecular docking since its default method
was well tested and highly optimized [22]. Molecular
docking validation was conducted by redocking the
crystal structures of MP°-N3 (PDB ID 6LU7) and -leupeptin
(6XCH). For the virtual screening step, PaDEL-ADV
(http://padel.nus.edu.sg/software/padeladv/index.html) was
employed for automatization. All molecular docking
experiments conducted in this study used the default
method of Autodock Vina [22]. Firstly, the global search
exhaustiveness was eight. Secondly, the maximum
number of docking poses was nine. Thirdly, the best and
worst binding modes were set to have an energy difference
up to 3 kcal mol™.

Molecular Dynamics Simulation

To identify potential inhibitors of M, previous
studies [17-21] used the molecular docking approach,
which might be insufficient since the method has some
limitations [22]. Therefore, the current study employed
MD for such a purpose. MD simulations were performed
on Ubuntu 20.04.2.0 LTS computer with Intel Xeon® CPU
E5-2678 v3 @2.5 GHz x 24, GPU NVIDIA Ge Force RTX
2080Ti 6 GB, and 16 GB of RAM. The MD simulation
procedure was adapted from our previous research [25].
Briefly, we calculated partial charges of secondary
metabolite molecules by using the Austin Model 1 - Bond
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Charge Corrections (AM1-BCC) protocol in the
antechamber ~ program (AmberTools20) [28]
(https://ambermd.org/AmberTools.php). The other
parameters for the secondary metabolites were derived
from Generalized Amber Force Fields 2 (GAFF2) [28].
For all MD simulations, ff14SB [29] was assigned to
amino acid residues of MP™. Every MP* and secondary
metabolite complex system was prepared using the tleap
program (AmberTools20). In the MD preparation step,
we used the explicit water model of SPC/E to solvate
each complex of the MP*-ligand complex. We set the
boundary box to 10 A. Using the tleap program in
AmberTools20, a few Na* and Cl ions were added to
accomplish a physiological salt concentration of 0.15 M.

We employed GPU-accelerated Particle-Mesh
Ewald Molecular Dynamics (PMEMD) and periodic
boundary conditions, as implemented in Amber20 [28],
for each protein-ligand complex. Initially, we performed
two sequential steps of energy minimization. In the first
step, the protein-ligand complex was restrained by 25
kcal mol™ A2, In the following step, a restraint of 5 kcal
mol™! A2 was applied. Under a 50-ps NVT condition, the
system temperature was raised to 300 K. The system was
switched to an NPT simulation, and the density was
adjusted to 1 g cm™ over 50 ps. In the following
simulations of the NVT condition, the solute's restraint
was gradually reduced every 50 ps by 1 kcal mol™! A~
until it was removed entirely.

To acquire a 100-ns MD trajectory for every
system, we simulated each system at 300 K under the
NPT condition. Particle-mesh Ewald (PME) method
was employed to treat long-range electrostatic
interactions, whereas, for short-range non-bonded
interactions, we used a 10 A cut-off. By using a SHAKE
algorithm, we constrained all bonds involving hydrogen
atoms. Constant temperature and pressure of each
system were maintained by Langevin thermostat and
Berendsen barostat, respectively.

Binding Energy Calculation

We utilized the Molecular Mechanics Generalized
Born Surface Area (MMGBSA) method, which is
implemented in MMPBSA.py (AmberTools20), to
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estimate binding energy values between ligands and MP™.
The MMGBSA binding free energy (AG°wmwmcssa) is
calculated as follows in Eq. (1):

AG;)\/IMGBSA = <Gc0m >i - <Grec >i - <G1ig >i (1)
where (Geom)i> {Grec)i> and (Gug); denote the average energy
value for complex, enzyme, and ligand, respectively. The

breakdown of every G is as follow in Eq. (2):
G, =By +GSP +G34 (2)

solv solv
where Eumy is the gas phase energy, G, is the
electrostatic contribution to the solvation energy
determined using the Generalized Born (GB) implicit
solvent model, and G* is the hydrophobic portion of
the solvation energy. The hydrophobic portion is
computed by the Linear Combination of Pairwise Overlaps
(LCPO) method. Exm consists of internal energy terms,
van der Waals (E.qw), and electrostatic interactions (E.).
The internal energy terms constitute angle (Einge), bond
(Ebona), and torsion energies (Eiwrion). Since we single-
trajectory MD simulations, internal energy terms were

excluded [25].
MD Trajectory Analysis

We utilized cpptraj program in AmberTools20 to
MD
computation of Root-Mean-Square Fluctuation (RMSF),
Root-Mean-Square Deviation (RMSD), and H-bond
conservation. All plots were produced by using a plotnine
Python library (https://plotnine.readthedocs.io/en/stable/#).
Statistical significance tests were computed by using R
RStudio

analyze trajectories. The analysis includes

(https://cran.r-project.org/) and
(https://www.rstudio.com/).

m RESULTS AND DISCUSSION
Data Collection and Lipinski’s Rule of Five

Several 67 secondary metabolites in N. sativa seed
were curated from the literature [7,8,10-13] and tabulated
in Table S1. This number of secondary metabolites is
larger than the similar works previously reported [17-21].
The secondary metabolites consist of seventeen
monoterpenoids, one diterpenoid, two sesquiterpenoids,
six phenylpropanoids, three vitamin E compounds, ten
phytosterols, eight triterpenoids, three saponins, three

flavonols, and fourteen alkaloids. The two-dimensional
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(2D) structures of these secondary metabolites were
retrieved from PubChem or sketched using BIOVIA
Draw Version 19.1 NET 64 bit.

As the initial screening, we used the SwissADME
web server [30] to apply Lipinski’s rule of five (Ro5) to
all secondary metabolites. Ro5 helped to define the
probability of the secondary metabolites as oral drugs
through simple physicochemical properties [26]. The
first rule is that molecular weight is not greater than 500 g
mol™! (MW < 500). The second rule is the calculated
LogP not greater than 5 (CLogP < 5) or Moriguchi LogP
not over than 4.15 (MLogP < 4.15). The third rule is that
the number of hydrogen-bond donors is not greater
than 5 (H-bond donors < 5). The fourth rule is that the
number of H-bond acceptors is not greater than 10 (H-
bond acceptors < 10). Of 67 secondary metabolites, eight
compounds were excluded since they violated more than
one criteria of Ro5 (Table S2) [26]. They are nigellamine
Al, nigellamine B1, nigellamine B2, a-hederin, 3-O-[B-D-
xylopyranosyl-(152)-a-L-rhamnopyranosyl-(152)-p-D-
glucopyranosyl]-11-methoxy-16,23-dihydroxy-28-methyl

"

olean-12-enoate, quercetin 3-(6""-feruloylglucosyl)-
(1>2)-galactosyl-(1>2)-glucoside, quercetin 3-glucosyl-
(1>2)-galactosyl-(1>2)-glucoside, and kaempferol 3-
glucosyl-(1>2)-galactosyl-(1->2)-glucoside. Interestingly,
a-hederin, which is suggested by some studies [17-18] as
the potential secondary metabolite, violates three rules
of Ro5 (Table S2). It has an MW of 750.96 g mol™", seven
H-bond donors, and 12 H-bond acceptors. Therefore, a-

hederin may not be active as an oral drug.

Secondary metabolite structure preparation

The protonation state of a chemical structure,
which is contributed by any titratable functional group,
depends on environmental pH [24]. Meanwhile, the
correct assignment of protonation state has a crucial role
in producing meaningful studies of molecular docking
[31] and dynamics simulation [24]. Thus, we predicted
charge states of secondary metabolites in N. sativa seeds
at physiological pH (7.4) using MarvinView 18.21.0.
This program successfully assisted our previous study
[24] in assigning correct protonation states of chemical
structures. In the present study, the program generated
the predictions of major microspecies (data not shown)
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and charge states of all secondary metabolites (Table S1).
We assigned hydrogen atoms carefully during the 2D to
3D conversions of the secondary metabolite structures
based on these prediction data.

The geometry optimization of ligand structures is an
essential step in molecular docking since it significantly
improves the binding energy values of the resulting poses
[32]. Hence before conducting molecular docking, we
optimized the geometry of all 3D structures using a semi-
empirical method of Parameter Model 6 (PM6) in
Gaussian09. This semi-empirical approach is accurate in
reproducing geometries of simple organic crystals and
[33].
metabolite structures optimized by the use of the PM6

small molecules Representative  secondary

method are depicted in Fig. S1.

Virtual screening campaigns

Employing the molecular docking approach as a
virtual screening tool, we continued to explore N. sativa
seeds' potency in inhibiting MP*. We used the crystal
structures with PDB ID 6LU7, which contains N3
inhibitor and MP* [34]. Beforehand, the redocking
procedure was conducted on the complex of MP* and N3
as a validation step. The redocking procedure ensures the
stochastic search method of molecular docking finding a
global minimum [22]. The redocking result with a low
RMSD of 1.50 A (Fig. S2) was achieved by using a grid box
size of 20 x 28 x 18 and spacing 1 A. Such a redocking
result suggested that N3 binds to MP* with a -9.1 kcal/mol
binding energy score.

Additionally, we used leupeptin as another reference
ligand, where its complex with MP™ is available as a crystal
structure with PBD ID 6XCH. Leupeptin is a natural

Indones. J. Chem., 2021, 21 (5), 1252 - 1262

protease inhibitor that has inhibition activities to the
main proteases of SARS-CoV [35] and SARS-CoV-2 [6].
Redocking of leupeptin to MP® gave the best hit with an
RMSD of 1.47 A (Fig. $2) and a binding energy score of
7.6 kcal mol'. These redocking results reflect the
agreement between in silico and experiment studies,
where the inhibition activity of N3 [34] is higher than
that of leupeptin [35]. The use of N3 and leupeptin as the
reference ligands allows a depiction of binding affinity
levels of secondary metabolites in N. sativa seeds against
Mere,

In the subsequent step, the 59
metabolites in N. sativa seeds were subjected to virtual

secondary

screening against MP. The results suggested that all
secondary metabolites bind to MP° weaker than N3
(Table S3). Nevertheless, six secondary metabolites exhibit
binding energy scores stronger than that of leupeptin
(Table 1). They are nigellidine-4-O-sulfite, taraxerol,
nigellidine, nigellamine A2, nigellamine A3, and
melanthigenin. Therefore, these six secondary metabolites
are considered as the potential ligands inhibiting MP™.

Most molecular docking methods, such as using
Autodock Vina, implement fixed bond angles and a rigid
receptor to reduce conformational space. Moreover, at
every conformational search, the methods use a
simplified scoring function for rapid energy evaluation.
These limitations require further refinement methods,
like molecular dynamics simulation, to achieve more
realistic energy prediction and conformational search
[22]. Hence, we subjected the seven secondary
metabolites bound to MP®, as listed in Table 1, to
molecular dynamics simulation.

Table 1. Binding energy values of reference ligands and potential MP* inhibitor candidates from N. sativa seeds

Ligand Binding Energy (kcal mol™!) Information

N3 -9.1 Reference ligand

Nigellidine-4-O-sulfite -8.2 Secondary metabolites from N. sativa seeds
Taraxerol -7.8 Secondary metabolites from N. sativa seeds
Nigellidine -7.8 Secondary metabolites from N. sativa seeds
Nigellamine A2 -7.7 Secondary metabolites from N. sativa seeds
Nigellamine A3 -7.7 Secondary metabolites from N. sativa seeds
Melanthigenin -7.7 Secondary metabolites from N. sativa seeds
Leupeptin -7.6 Reference ligand

*The binding energy values were resulted of molecular docking procedure using AutoDock Vina
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Binding Affinity Refinement Using Molecular
Dynamics Simulation

We performed MD simulations for all complex of
ligands (Table 1) bound to MP® to yield a 100-ns
trajectory. Subsequently, we computed AG°ummassa every
10 ns and visualized the resulting values from each
trajectory, as shown in Fig. S3. Additionally, we calculated
the descriptive statistics (Table 2) and created the Box-
plot (Fig. 1). The AG°wmcssa results are considerably
different from binding energy scores obtained from
molecular docking (Table 1) and, thus, re-rank the
ligands’ order in terms of binding affinities. While the N3
inhibitor maintains its ranking as the most potent ligand
for MP, leupeptine exhibits a stronger AG°umcesa value
than all secondary metabolites, except nigellamine A2.
Nigellidine, taraxerol, and nigellidine-4-O-sulfite are far
weaker than leupeptin in binding to MP™. Meanwhile,
AG°ummassa value of A3 is quite similar to that of leupeptin.

We utilized inferential statistics approaches to
evaluate the significant difference among values and of
A2, A3,
melanthigenin. In advance, we checked assumptions for

leupeptin, nigellamine nigellamine and
the parametric method, analysis of variance (ANOVA).
The data is normally distributed, according to the Shapiro
test (p-value = 9.34 x 10% a = 5%), but lack variance
homogeneity (p-value = 2.33 x 107°). Thus, we run a non-

parametric significance test, Kruskal-Wallis rank-sum
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test. The test was followed by Dunn’s multiple
comparison test with the Bonferroni method as the post
hoc test. The test (Supporting Information: Note)
suggested that there is no statistical difference among
AG°wueesa values of leupeptin, nigellamine A2, and
nigellamine A3. Therefore, nigellamine A2 and A3 are
potential candidates as MP* inhibitors, particularly the
first compound.

The Influence of Ligand Binding on the Structural
Dynamics of MPr°

The binding of every ligand to MP* affects
differently on the structural dynamics of the protein.
Ligands with weak binding affinities tend to increase
conformational changes of MP™ (Fig. S4: top panels).
Nigellidine-4-O-sulfite, taraxerol, and nigellidine cause
the increase of conformational changes on MP™
structure. The increase also occurs due to the binding of
melanthigenin, nigellamine A2, and nigellamine A3 to
MPe (Fig. 2 and Fig. S4). Nevertheless, some ligands,
including taraxerol, nigellidine, and melanthigenin,
show low conformational changes when binding to M?™
(Fig. S4: lower panels).

As the reference ligand, the binding of leupeptin to
MP* causes a low conformational change on the protein,
particularly after 25 ns (Fig. 2). Such binding also shows
a relatively stable trajectory of AG°umacssa values, around

—

N3 LPT MNAZ NA3

MTN MGS TRX NGL

Ligand

Fig 1. Box-plot of AG°umassa values of several ligands binding to MP™. The ligands include N3 inhibitor, leupeptin

(LPT), and secondary metabolites in N. sativa seeds. These secondary metabolites are nigellamine A2 (NA2),
nigellamine A3 (NA3), melanthigenin (MTN), nigellidine-4-O-sulfite (NGS), taraxerol (TRX), and nigellidine (NGL)
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Fig 2. RMSD plots of MP™ in apo and ligand-bound forms. The ligands are N3 inhibitor, leupeptin (LPT), and

secondary metabolites in N. sativa seeds, including nigellamine A2 (NA2), and A3 (NA3)

-40 kcal mol™ (Fig. S3). In contrast, the binding of N3 Gly146, Vall86, Aspl87, Argl88, GIn189, Thrl90,
results in a fluctuation in the protein RMSD, where the  Alal91, and GIn192. They are residues forming the
AG°uvcesa trajectory of the ligand exhibits a dramatic ~ binding site of MP™.
change to become weaker, about -30 kcal mol™ (Fig. S3). The binding of reference ligands mainly lowers the
Meanwhile, the secondary nigellamine A2, which displays ~ conformational changes of MP*. The N3 inhibitor
a slightly stronger binding affinity than leupeptin to M?™°,  reduces the fluctuation of Pro52, Tyr54, and Glu55, but
stabilizes the protein conformation, as shown with alow it increases the conformational changes on Glu47,
RMSD fluctuation after 40 ns. During the first 40-ns, the =~ Asp48, Met49, and Leu50 as compensation.
binding of nigellamine A2 to MP™ experiences a strengthen.  Additionally, such binding also decreases the fluctuation
But then it weakens to around -40 kcal mol™ after 50 ns  of Phe140, Leul41, Asn142, Gly143, Ser144, and Cys145.
and remains until the end of the trajectory (Fig. S3). The binding of leupeptin causes a slight increase of
Besides RMSD, we also computed the RMSF for the fluctuation around Asnl42, Glyl43, Ser144, Cysl45,
ligand-bound forms of MP* (Fig. 3 and Fig. S5). RMSF  Gly146.
complements RMSD in providing detailed information Two secondary metabolites with similar AG°umcasa
regarding conformation changes of MP®. The ligand  values to leupeptin, nigellamine A2, and A3, affect
binding primarily fluctuates Met49, Leu50, Pro52, Tyr54,  differently on the fluctuation of MP*. While nigellamine
Phe1l40, Leul4l, Asnl42, Glyl43, Serl44, Cysl45, A3 increases the conformational changes of amino acid
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Fig 3. RMSF plots of MP™ in apo and ligand-bound forms. The ligands are N3 inhibitor, leupeptin (LPT), and

secondary metabolites in N. sativa seeds, including nigellamine A2 (NA2) and A3 (NA3). The binding residues of MP™
are shaded by grey color

Ari Hardianto et al.



Indones. J. Chem., 2021, 21 (5), 1252 - 1262

1259

Table 2. Non-bonded Interactions between MP™ and ligands before and after MD simulations. For MD simulations,

the non-bonded interactions were extracted from the last frame of the MD trajectories
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*D: molecular docking
AMD: molecular dynamics simulation

residues at the binding site of MP®, nigellamine A2
reduces the fluctuation of the protein entirely. Such
influence of nigellamine A2 on protein structural
dynamics suggests that the compound is the most potent

antiviral for COVID-19 among other secondary
metabolites in N. sativa seeds, targeting MP™.
Non-Bonded Interactions between MP™® and
Ligands

As discussed above, the order of ligand binding
affinity to MP™ alters from molecular docking (Table 1) to
MD simulation results (Fig. 1). Unlike molecular docking,
MD simulations allow ligands and M’ to move and
interplay, adjusting their intermolecular interactions
[23,25]. According to molecular docking results, N3 and
leupeptin display two unfavorable interactions with MP*
(Table 2, Fig. S6). After MD simulations, these
disappear, and N3
intermolecular H-bond, while leupeptin decreases such

interactions increases  its
interaction with MP*. Nigellamine A3 experiences some
reductions regarding intermolecular interactions with
MPe (Table 2), which may explain the decrease of its
binding affinity to MP" during MD trajectory. Meanwhile,
nigellamine A2 reduces conventional and unconventional
H-bonds, the ligand creates new non-bonded interactions
of six alkyl-alkyl, one amide-Pi, and one Pi-sulphur (Table
2). These various interactions of nigellamine A2 to MP™

may describe the comparable binding of the ligand and

leupeptin to the enzyme.
m CONCLUSION

In this study, we have explored the potency of N.
sativa seed in inhibiting M?™, based on virtual screening
campaigns of 67 secondary metabolites. In the beginning,
the secondary metabolites in N. sativa seeds were filtered
using Lipinski's rule of five, which defines their
probabilities as oral drugs. The filtered secondary
metabolites were subjected to virtual screening campaigns
using a molecular docking approach. Using N3 and
leupeptin as the reference ligands, the virtual screening
stage screened seven secondary metabolites as inhibitor
candidates targeting MP*. Further binding energy
refinement, i.e., AG°umassa, using a molecular dynamics
method suggested three secondary metabolites as the
potential inhibitor candidates. They are nigellamine A2
and A3. With AG°umcesa, RMSD, and RMSF data, this
study suggests nigellamine A2 as the most potent
inhibitor candidate for inhibiting M?™. This study's results
are beneficial in uncover the potency N. sativa seed,
combating COVID-19, and assist further wet laboratory
experiments. Furthermore, secondary metabolites in N.
sativa seed may have potential inhibition activities
against other functional proteins in SARS-CoV-2, such
as RNA-dependent RNA polymerase (RdRp) and non-
structural protein 16/10 (NSP16/10). Therefore, other
investigations can be directed to these proteins.

Ari Hardianto et al.



1260

m  SUPPORTING INFORMATION

Supporting information (SI) contains Table S1-54,
Fig. $1-S6, and Note.

m ACKNOWLEDGMENTS

We would like to Universitas Padjadjaran for
financial supports. This research was funded by Hibah
Riset Data Pustaka dan Daring (RDPD), grant number
1735/UN6.3.1/LT/2020, and supported by Universitas
Padjadjaran Academic Leadership Grant (ALG), grant
number 1959/UN6.3.1/PT.00/2021. We also acknowledge
ChemAxon for providing a free trial license of
MarvinSketch 18.21.0.

m AUTHOR CONTRIBUTIONS

AH conducted the experiment, AH and MY
analyzed the data, AH, MY, IWH, SI, and UMSS wrote
and revised the manuscript. All authors agreed to the final
version of this manuscript.

m REFERENCES

[1] WHO, 2020, Pneumonia of unknown cause — China,
https://www.who.int/csr/don/05-january-2020-pneu
monia-of-unkown-cause-china/en/, accessed on
May 16, 2021.

[2] Gorbalenya, A.E., Baker, S.C,, Baric, R.S., de Groot,
RJ., Drosten, C., Gulyaeva, A.A., Haagmans, B.L,,

C., Leontovich, A.M., Neuman, B.W,,

Penzar, D., Perlman, S., Poon, L.L.M., Samborskiy,

D.V.,Sidorov, I.A,, Sola, 1., and Ziebuhr, J., 2020, The

species Severe acute respiratory syndrome-related

Lauber,

coronavirus: Classifying 2019-nCoV and naming it
SARS-CoV-2, Nat. Microbiol., 5 (4), 536-544.

[3] WHO, 2020, WHO announces COVID-19 outbreak a
pandemic, http://www.euro.who.int/en/health-topics/
health-emergencies/coronavirus-covid-19/news/news/
2020/3/who-announces-covid-19-outbreak-a-pande
mic, accessed on May 16, 2021.

[4] Mathieu, E., Ritchie, H., Ortiz-Ospina, E., Roser, M.,
Hasell, ]., Appel, C., Giattino, C., and Rodés-Guirao,
L., 2021, A global database of COVID-19
vaccinations, Nat. Hum. Behav., 5 (7), 947-953.

Indones. J. Chem., 2021, 21 (5), 1252 - 1262

[5] Worldometers, 2021, COVID-19
pandemic, https://www.worldometers.info/corona

coronavirus

virus/, accessed on May 16, 2021.

[6] Kneller, D.W., Galanie, S., Phillips, G., O’Neill,
H.M., Coates, L., and Kovalevsky, A., 2020,
Malleability of the SARS-CoV-2 3CL MP™ active-
site cavity facilitates binding of clinical antivirals,
Structure, 28 (12), 1313-1320.e3.

[7] Yimer, E.M., Tuem, K.B., Karim, A., Ur-Rehman,
N., and Anwar, F., 2019, Nigella sativa L. (black
cumin): A promising natural remedy for wide range
of illnesses, Evidence-Based Complementary Altern.
Med., 2019, 1528635.

[8] Khan, M.A., and Afzal, M., 2016, Chemical
composition of Nigella sativa Linn: Part 2 Recent
advances, Inflammopharmacology, 24 (2-3), 67-79.

[9] Ashraf, S., Ashraf, S., Ashraf, M., Imran, M.A,,
Kalsoom, L., Siddiqui, U.N., Farooq, I., Habib, Z.,
Ashraf, S., Ghufran, M., Akram, M.K., Majeed, N.,
Zain-ul-Abdin, Akmal, R., Rafique, S., Nawaz, K.,
Yousaf, M.LK., Ahmad, S., Shahab, M.S., Nadeem,
M.F., Azam, M., Zheng, H., Malik, A., Ayyaz, M.,
Mahmud, T., Saboor, Q.A., Ahmad, A., Ashraf, M.,
Izhar, M., Hilal, A., Muhammad, A., Shaukat, Z.,
Khaqan, A., Hayat, K., Arshad, S., Hassan, M.,
Abeer-bin-Awais, Ahmad, A., Mughal, T., Virk, AR,
Umer, M., Suhail, M., Zulfiqar, S., Sarfraz, S., Anwar,
M.I, Humayun, A., Khokhar, R.A., and Siddique,
S., 2020, Honey and Nigella sativa against COVID-
19 in Pakistan (HNS-COVID-PK): A multi-center
placebo-controlled randomized clinical trial,
medRxiv, Preprint article, has not been reviewed.

[10] Nickavar, B., Mojab, F., Javidnia, K., and Amoli,
M.AR,, 2003, Chemical composition of the fixed
and volatile oils of Nigella sativa L. from Iran, Z.
Naturforsch., C: Biosci., 58 (9-10), 629-631.

[11] Ahmad, A., Husain, A., Mujeeb, M., Khan, S.A,,
Najmi, A.K., Siddique, N.A., Damanhouri, Z.A.,
and Anwar, F., 2013, A review on therapeutic
potential of Nigella sativa: A miracle herb, Asian
Pac. ]. Trop. Biomed., 3 (5), 337-352.

[12] Mehta, B.K., Pandit, V., and Gupta, M., 2009, New

Ari Hardianto et al.



Indones. J. Chem., 2021, 21 (5), 1252 - 1262

principles from seeds of Nigella sativa, Nat. Prod.
Res., 23 (2), 138-148.

[13] Merfort, I., Wray, V., Barakat, H.H., Hussein, S.A.M.,
Nawwar, M.A.M., and Willuhn, G., 1997, Flavonol
triglycosides from seeds of Nigella sativa,
Phytochemistry, 46 (2), 359-363.

[14] Yuan, T., Nahar, P., Sharma, M., Liu, K., Slitt, A,
Aisa, H.A,, and Seeram, N.P., 2014, Indazole-type
alkaloids exhibit
antihyperglycemic effects via AMPK activation in
vitro, J. Nat. Prod., 77 (10), 2316-2320.

[15] Morikawa, T., Xu, F., Ninomiya, K., Matsuda, H., and
Yoshikawa, M., 2004, Nigellamines A3, A4, A5, and
C, new dolabellane-type diterpene alkaloids, with
lipid metabolism-promoting activities from the

from Nigella sativa seeds

Egyptian medicinal food black cumin, Chem. Pharm.
Bull., 52 (4), 494-497.

[16] Yusuf, M., Hardianto, A., Muchtaridi, M., Nuwarda,
RF., and Subroto, T., 2019,
Docking-Based Virtual Screening Workflow Using

“Introduction of

Desktop Personal Computer” in Encyclopedia of
Bioinformatics and Computational Biology, Volume
2, Eds. Ranganathan, S., Gribskov, M., Nakai, K., and
Schoénbach, B., Academic Press, Oxford, 688-699.

[17] Khan, S.L., Siddiqui, F.A., Jain, S.P., and Sonwane,
G.M., 2021, Discovery of potential inhibitors of
SARS-CoV-2 (COVID-19) Main Protease (Mpro)
from Nigella Sativa (black seed) by molecular
docking study, Coronaviruses, 2 (3), 384-402.

[18] Bouchentouf, S., 2020,
Identification of compounds from Nigella Sativa as

and Missoum, N.,

new potential inhibitors of 2019 novel Coronasvirus
(Covid-19): Molecular docking study, Preprints,
2020, 2020040079.

[19] Maiti, S., Banerjee, A., Nazmeen, A., Kanwar, M., and
Das, S., 2020, Active-site molecular docking of
Nigellidine ~ with  nucleocapsid-NSP2-M"®  of
COVID-19 and to human ILIR-IL6R and strong
antioxidant role of Nigella-sativa in experimental
rats, J. Drug Targeting, 0 (ja), 1-23.

[20] Sumaryada, T., C.A, 2021,
Molecular docking evaluation of some Indonesian’s

and Pramudita,

1261

popular herbals for a possible COVID-19
treatment, Biointerface Res. Appl. Chem., 11 (3),
9827-9835.

[21] Ferdian, P.R., Elfirta, R.R., Emilia, Q., and Ikhwani,
A.ZN., 2020, Inhibitory potential of black seed
(Nigella sativa L.) bioactive compounds towards
main protease of SARS-CoV-2: In silico study, Ann.
Bogor., 24 (2), 81-94.

[22] Forli, S., Huey, R., Pique, M.E., Sanner, M.F,,
Goodsell, D.S., AlJ., 2016,
Computational protein-ligand docking and virtual

and Olson,

drug screening with the AutoDock suite, Nat.
Protoc., 11 (5), 905-919.

[23] Hardianto, A., Khanna, V., Liu, F., and
Ranganathan, S., 2019, Diverse dynamics features
of novel protein kinase C (PKC) isozymes
determine the selectivity of a fluorinated balanol
analogue for PKCe, BMC Bioinf., 19 (13), 187-197.

[24] Hardianto, A., Yusuf, M., Liu, F., and Ranganathan,
S., 2017, Exploration of charge states of balanol
analogues acting as ATP-competitive inhibitors in
kinases, BMC Bioinf., 18 (16), 19-29.

[25] Hardianto, A., Liu, F., and Ranganathan, S., 2018,
Molecular dynamics pinpoint the global fluorine
effect in balanoids binding to PKCe and PKA, J.
Chem. Inf. Model., 58 (2), 511-519.

[26] Lipinski, C.A., 2016, Rule of five in 2015 and
beyond: Target and ligand structural limitations,
ligand chemistry structure and drug discovery project
decisions, Adv. Drug Delivery Rev., 101, 34-41.

[27] Frisch, M.]., Trucks, G.W., Schlegel, H.B., Scuseria,
G.E., Robb, M.A., Cheeseman, J.R., Scalmani, G,,
Barone, V., Petersson, G.A., Nakatsuji, H., Li, X,,
Caricato, M., Marenich, A., Bloino, J., Janesko, B.G.,
Gomperts, R., Mennucci, B., Hratchian, H.P., Ortiz,
J.V., Izmaylov, A.F., Sonnenberg, J.L., Williams-
Young, D., Ding, F., Lipparini, F., Egidi, F., Goings,
J., Peng, B., Petrone, A., Henderson, T., Ranasinghe,
D., Zakrzewski, V.G., Gao, J., Rega, N., Zheng, G.,
Liang, W., Hada, M., Ehara, M., Toyota, K., Fukuda,
R., Hasegawa, J., Ishida, M., Nakajima, T., Honda,
Y., Kitao, O., Nakai, H., Vreven, T., Throssell, K.,

Ari Hardianto et al.



1262

Montgomery, Jr., J.A., Peralta, J.E., Ogliaro, F,
Bearpark, M., Heyd, J.J., Brothers, E., Kudin, K.N.,
Staroverov, V.N., Keith, T., Kobayashi, R., Normand,
J.. Raghavachari, K., Rendell, A., Burant, J.C,
Iyengar, S.S., Tomasi, J., Cossi, M., Millam, J.M.,,
Klene, M., Adamo, C., Cammi, R., Ochterski, J.W.,
Martin, R.L., Morokuma, K., Farkas, O., Foresman,
].B., and Fox, D.].,, 2016, Gaussian 09 Revision A.02,
Gaussian, Inc., Wallingford CT.

[28] Case, D.A., Aktulga, H.M., Belfon, K., Ben-Shalom,
LY., Brozell, S.R., Cerutti, D.S., Cheatham, III, T.E.,
Cruzeiro, V.W.D., Darden, T.A., Duke, R.E,
Giambasu, G., Gilson, M.K., Gohlke, H., Goetz,
AW, Harris, R, Izadi, S., Izmailov, S.A., Jin, C.,
Kasavajhala, K., Kaymak, M.C., King, E., Kovalenko,
A., Kurtzman, T., Lee, T.S., LeGrand, S., Li, P., Lin,
C., Liu, J., Luchko, T., Luo, R., Machado, M., Man,
V., Manathunga, M., Merz, KM. Miao, Y.,
Mikhailovskii, O., Monard, G., Nguyen, H., O’'Hearn,
K.A., Onufriev, A., Pan, F., Pantano, S., Qi, R,
Rahnamoun, A., Roe, D.R,, Roitberg, A., Sagui, C.,
Schott-Verdugo, S., Shen, J., Simmerling, C.L,
Skrynnikov, N.R., Smith, J., Swails, J., Walker, R.C,,
Wang, J., Wei, H., Wolf, RM., Wu, X., Xue, Y., York,
D.M., Zhao, S., and Kollman, P.A., 2020, Amber
2020, University of California, San Francisco.

[29] Maier, J.A., Martinez, C.,
Wickstrom, L., Hauser, K.E., and Simmerling, C.,

Kasavajhala, K.,

2015, ff14SB: Improving the accuracy of protein side

Indones. J. Chem., 2021, 21 (5), 1252 - 1262

chain and backbone parameters from ff99SB, J.
Chem. Theory Comput., 11 (8), 3696-3713.

[30] Egbert, M., Whitty, A., Keser(i, G.M., and Vajda, S.,
2019, Why some targets benefit from beyond rule of
tive drugs, J. Med. Chem., 62 (22), 10005-10025.

[31] Torres, P.H.M., Sodero, A.C.R., Jofily, P., and Silva,
F.P., 2019, Key topics in molecular docking for drug
design, Int. J. Mol. Sci., 20 (18), 4574.

[32] Singh, N., Villoutreix, B.O., and Ecker, G.F., 2019,
Rigorous sampling of docking poses unveils binding
hypothesis for the halogenated ligands of L-type
Amino acid Transporter 1 (LAT1), Sci. Rep., 9 (1),
15061.

[33] Stewart, J.J.P., 2009, Application of the PM6
method to modeling proteins, J. Mol. Model., 15 (7),
765-805.

[34] Jin, Z., Du, X,, Xu, Y., Deng, Y., Liu, M., Zhao, Y.,
Zhang, B, Li, X,, Zhang, L., Peng, C., Duan, Y., Yu,
J., Wang, L., Yang, K,, Liu, F, Jiang, R,, Yang, X,
You, T., Liu, X,, Yang, X,, Bai, F., Liu, H,, Liu, X,
Guddat, LW., Xu, W, Xiao, G., Qin, C., Shi, Z.,
Jiang, H., Rao, Z., and Yang, H., 2020, Structure of
MP® from SARS-CoV-2 and discovery of its
inhibitors, Nature, 582 (7811), 289-293.

[35] Simmons, G., Gosalia, D.N., Rennekamp, A.J.,
Reeves, J.D., Diamond, S.L., and Bates, P., 2005,
Inhibitors of cathepsin L prevent severe acute
respiratory syndrome coronavirus entry, Proc. Natl.
Acad. Sci. U.S.A., 102 (33), 11876-11881.

Ari Hardianto et al.



Indones. J. Chem., 2021, 21 (5), 1263 - 1270 1263

Solubility and Partition Coefficient of Salicylamide in Various pH Buffer Solutions
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* Corresponding author: Abstract: The solubility and partition coefficient are essential physicochemical
parameters in developing a pharmaceutical dosage form of medicine. In addition, these
parameters help to predict the absorption of an active compound in oral or topical dosage
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forms. Salicylamide, an active ingredient available in oral and topical dosage forms, is a

Received: June 7, 2021 weak acid (pK, 8.2) and is sparingly soluble in water. Meanwhile, its solubility and
Accepted: August 21, 2021 partition coefficients are influenced by the pH of the environment. The Henderson-
DOLI: 10.22146/ijc.66411 Hasselbalch equation is used to predict solubility-pH and partition-pH profiles at various

pH solutions. This study aims to determine salicylamide's solubility and partition
coefficient in various pH (2-11). Both tests were carried out in various pH buffer solutions
(at a concentration of 0.02 M and 0.2 ionic strength) in a water bath shaker at a
temperature of 37 + 0.5 °C. In addition, the salicylamide content was determined using
the UV spectrophotometer method at the maximum wavelength at each pH. The results
showed that the solubility increased at pH 2-10, while the partition coefficient value
decreased. On the other hand, at pH 11, there was an increase in the number of ionized
species, but the solubility decreased.
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= INTRODUCTION s
Salicylamide is an amide obtained from the ° 5 NH;
modification of the salicylic acid carboxyl group by 4 OH

bstituti i ds. Thi dification i . . .
31.1 s mg .arr.ur.le cF)mpoun S 18 modttica lf)n. 18 Fig 1. Molecular structure of salicylamide
aimed at minimizing side effects. Furthermore, modifying

the molecular structure of compounds with known Salicylamide is safely used orally and topically,

biological activity is one of the strategies in drug alone or in combination with other medicinal

development that aims to obtain new compounds with ingredients. When used orally, it transmits various

higher activity, lower half-life, higher levels of comfort,  epteral channels, starting from the oral cavity,
lower toxicity or side effects, and higher selectivity and
stability [1-2].

Salicylamide is a weakly acidic compound (pK. 8.2)

esophagus, stomach, duodenum, jejunum, ileum, colon,
and rectum. Different parts of the gastrointestinal tracts

each have a specific acidity (pH), i.e., the oral cavity has

obtained from salicylate derivatives but not hydrolyzedto pH of about 7, the esophagus between 5-6, and the

salicylates. The salicylamide molecular structure can be stomach around 2-6 during fasting and between 1.5-2

seen in Fig. 1. It has an analgesic and antipyretic effect  yith food. The lower gastrointestinal tract has pH values
similar to salicylic acetyl acid but the effects are weaker
compared to salicylic acid. Salicylamide undergoes first-

pass metabolism in the intestinal mucosa to avoid causing

approaching neutral or base with the duodenum ranging
between 6-6.5, the ileal around 7, the colon between 5.5-
7, while the rectum has a pH value of around 7. In

inflammation and bleeding in the stomach [3-4]. regards to topical use, the skin has a pH of 4-6.
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Therefore, environmental acidity (pH) affects the
solubility and coefficient of a drug partition [5].

The solubility and partition coefficient data of a
drug compound are wuseful for pharmaceutical
preparations [1,6-7]. Solubility is the amount of solute of
a compound in a saturated state at a specific temperature.
In contrast, the partition coefficient states the lipophilicity
of a compound at a specific temperature and is expressed
as log P. A compound must be dissolved and absorbed
across the biological membrane to have a
pharmacological effect [5,8-9].

The solubility of a compound is determined from
the compound concentration in equilibrium with the
solid phase. The partition coefficient value is measured by
determining the equilibrium concentration of the drug
compound in the water and oil phases and is formulated
in Eq. (1).

_ [C oil] 1)

[C water]

where P is the partition coefficient, [C oil] is the
concentration of the drug compound in the oil phase, and
[C water] is the concentration of the drug compound in
the water phase. A drug compound with a high partition
coefficient value will be more soluble in the oil phase,
while a drug compound with a low partition coefficient
value will be more soluble in water. The lipophilicity of a
compound will affect the absorption of the compound
through the lipid bilayer of the cellular membrane [5,9].

For weakly acidic or alkaline compounds, their
solubility and partition coefficients are influenced by
environmental pH [10-11]. Therefore, based on the pK,
value of the compound and the pH of the medium, the
solubility of a weak acid or base compound can be
predicted using the Henderson-Hasselbalch equation.
The Henderson-Hasselbalch's equation for weak acid

compounds is as follows:

Sy —S
pH—pKa=log[ : J )
So
Moreover, for weak base compounds is as follows:
S
H-pK, =lo 0 3
pPH-PK, g( S, - S] 3)

where S, is the total saturation solubility of the compound
(ionized and unionized forms), and S is its solubility in its
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unionized form. From this formula, the percentage of
the ionized and unionized forms of a compound can be
predicted. The ionized form is related to the ability to
interact with water molecules, so that the greater the
number of ionized molecules, the more soluble it is in
water. From Eq. (2) and (3), it is known that a weakly
acidic compound will dissolve easily in alkaline pH,
whereas a weakly alkaline compound will dissolve more
easily in acidic pH [5,8].

Drug bioavailability is influenced by solubility and
membrane permeability. High solubility results in a
higher diffuse drug concentration gradient [5,8,13],
hence accelerating the matrix's dissolution or drug
release process. Furthermore, the acidity (pH) of the
environment also affects the penetration of drugs
through the biological membrane, especially for weak
acidic and alkaline drugs. A previous study reported that
only the unionized drug fraction transits the biological
membrane [5,9]. On the other hand, compounds with
log partition coefficient (log P) values close to biological
membranes tend to penetrate easily [14-16].

The log P value required for injection, oral, and
0, 0-3, and 1-3,
Identifying the drug partition
coefficient is essential to predict the concentration of the
that body and
pharmacological effects. Furthermore, drug absorption

transdermal preparations is <
respectively  [5].
compound enters the causes
in each organ differs, influenced by the log P-value [17].
For example, optimal absorption in the colon requires a
log P value of 1.32, 1.35 in the intestine, 2.6 for
percutaneous absorption, and sublingual require a log P-
value of 1.6 to 3.3. Furthermore, the absorption of orally
administered drugs is potentially optimized when the
log P value is close to 1.8. Meanwhile, a value of around
2+0.7 is needed to penetrate the central nervous system.
Higher log P values (4-7) tend to cause toxic effects as
the drug compounds are stored in fat, which requires a
longer time to be excreted from the body [5].

Several researchers have examined the solubility
and partition coefficient of salicylamide. Blake et al. [18]
examined the correlation of salicylamide solubility in
various organic solvents with Abraham's parameter.
Laube et al. [19] compared the partition coefficient of
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salicylamide at 2 different temperatures (293.15 and
323.15 °K) and 2 different pH values (pH 5.2 and 10.3) in
various solvent systems. The results show that the
partition coefficient value of salicylamide in n-
octanol/buffer is highly dependent on the temperature
and pH of the environment. Mornar and Jasprica [20]
determined the correlation of the log P value of
salicylamide in various n-octanol/phosphate buffer levels
at pH 7.4 with nine computer programs. The results
showed that only one program was close to the actual
conditions, namely the CSlogP program. Other programs
showed an error of up to 25%. The experimental results of
the partition coefficient value of salicylamide in various
levels of n-octanol/phosphate buffer (1:20; 1: 30; 1:70:
1:80) at pH 7.4 and temperature of 25 °C showed an
average partition coefficient value (log P) of 1.38 £ 0.19.
The novelty in this research is the availability of data
of salicylamide regarding solubility-pH and partition-pH,
which other researchers have not studied. Therefore, this
study aims to determine the solubility and partition
coefficient of salicylamide in the pH range of 2-11
associated with the prediction of the Henderson-
Hasselbalch equation. The research was conducted
experimentally by adjusting the buffer concentration of
0.02 M and ionic strength of 0.2, where these two factors
can affect the observed parameters [11]. The advantage of
testing in experimental conditions is that the results
obtained are following the actual conditions [19-20].

m EXPERIMENTAL SECTION
Materials

This study was conducted using pharmaceutical
grade salicylamide (from PT Riasima Abadi Farma batch
XSLS2013P), distilled water, and pro analysis ingredients,
including n-octanol, KCl, HCI, citric acid, sodium citrate,
NaH,PO,2H,0, Na,HPO,.7H,O, Na,B,0,-10H,O, and
NaOH.

Instrumentation

The instruments used in this study were ultraviolet-
visible spectrophotometer (UV-Vis Cary 50 Conc), pH
meter (GmbH Lab 850), water bath shaker (Memmertz),
a set of laboratory glassware such as test tubes, volume
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pipettes, volumetric flasks, glass beakers, glass funnel,
and stirrer.

Procedure

Determination of the maximum wavelength and
standard curve equations of salicylamide at various
pH

The maximum wavelength of the salicylamide
using the UV
spectrophotometry method in a working-standard
solution of 10.0 and 20.0 ug/mL and different pH (2.0 to
11.0) and measured with a pH meter. The maximum

solution  was determined

wavelength scanning was carried out between 200-
400 nm, and the peak was determined from the highest
absorbance value obtained at each pH. Furthermore, the
standard curves of the solutions were determined at the
level of 10.0; 16.0; 20.0; 30.0; and 40.0 pg/mL. The
concentration of salicylamide solution was determined
at the maximum wavelength of each pH, and a standard
curve regression equation was made together with the
correlation coefficient (reount)-

Determination of the solubility of salicylamide in
various pH buffer solutions 0.02 M with ionic
strength of 0.2 at 37 £ 0.5 °C

An excess amount of salicylamide was placed into
avial containing 5 mL of a buffer solution of 0.02 M with
an ionic strength of 0.2. After that, the container was
placed into a water bath shaker at 37 + 0.5 °C and shaken
at the speed of 150 times/min until a saturated solubility
was formed. Afterward, the mixture was observed for
10 min. After that, 2 mL of the sample was taken with an
injection syringe while the solution was filtered with
0.45 um Whatman filter paper. The extracted filtrate was
diluted using a buffer solution according to the
respective pH, and the salicylamide levels were
determined using a UV spectrophotometer at maximum
wavelength. Meanwhile, for each pH, the solubility test
was replicated 3 times.

Determination of the partition coefficient of
salicylamide in various pH buffer solutions 0.02 M
with ionic strength of 0.2 at 37 + 0.5 °C

The saturated n-octanol buffer solution containing
200 pg/mL salicylamide and the n-octanol saturated
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buffer in equal proportions was mixed in a 5 mL vial
container. The container was placed into a water bath
shaker at 37 + 0.5 °C and shaken at 150 times/min until
equilibrium was attained between the salicylamide
concentration in the water and the oil phase. After that,
the aqueous phase of the solution was separated from the
n-octanol oil phase. The salicylamide content in the buffer
solution was determined by the UV spectrophotometer
method at the maximum wavelength of each pH (2.0 to
10.0). Meanwhile, the partition coefficient test was
replicated 3 times for each pH.

The mean solubility and the log value of the
three
measurements at each pH were analyzed by one-way
ANOVA statistic (a 0.05) followed by the Post-Hoc Least
Significant Difference (LSD) test.

partition coefficient of salicylamide from

m  RESULTS AND DISCUSSION

The Maximum Wavelength and Standard Curve
Equations of Salicylamide at Various pH

Determining the effect of pH on salicylamide
with
determining the maximum wavelength and preparing a

solubility and partition coefficient began
regression equation from the standard curve. The results
obtained are presented in Table 1.

The maximum wavelength of the salicylamide
solution from acidic to alkaline pH exhibits a shift to a
longer wavelength. This shift is influenced by the presence
of a chromophore group conjugated to a double bond. At

alkaline pH, salicylamide undergoes ionization and
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produces a conjugated chromophore. Therefore, the
energy required to transition from the inner electronic
energy level to the external decreases, and the maximum
wavelength becomes longer [21].

The standard curve regression equation (Table 1)
was used to determine the salicylamide content in the
water phase, solubility, and partition coefficient in the
0.02 M buffer solution with pH ranging from 2.0 to 11.0.
Based on the partition coefficient value (rcun) obtained
and Vy value of less than 5%, there was a linear
relationship between salicylamide concentrations at
each pH in the range of 10-40 ug/mL and absorbance.

The Solubility of Salicylamide in Various pH Buffer
Solutions

The solubility of salicylamide in various pH
solutions was feasibly determined until the equilibrium
between the solid and liquid phases was reached, after 7
h of shaking in a water bath at 37 + 0.5 °C, without
increasing the concentration. Furthermore, the
solubility test results are shown in Fig. 2.

Based on the Bronsted-Lowry concept proposed in
1923, acidic compounds give protons or H*, while basic
compounds accept protons or H* [22]. Salicylamide is a
weak acidic compound with a pK, value of 8.2.
Structurally, salicylamide has an "OH group capable of
releasing protons or H*. Hence, it is classified as an
acidic compound. Furthermore, in the aqueous solution,
salicylamide undergoes dissociation depending on the

pH value of the environment. The percentage of ionized

Table 1. The maximum wavelength and standard curve regression equation of salicylamide solution in various pH

Salicylamide solution Amax

Buffer solution in a pH buffer (am) Regression equation Tcount Vo

KCl 2.0 298 Y =0.025 X + 0.021 0.9987 0.17%
citrate 3.0 299 Y =0.026 X+ 0.011 0.9994 0.10%
citrate 4.0 299 Y =0.025X+0.014 0.9996 0.12%
citrate 5.0 299 Y =0.026 X + 0.006 0.9996 0.06%
citrate 6.0 299 Y =0.025X +0.016 0.9992 0.14%
phosphate 7.0 300 Y =0.025X+0.018 0.9991 0.15%
phosphate 8.0 305 Y =0.022 X + 0.024 0.9985 0.21%
boric 9.0 310 Y =0.024 X +0.017 0.9994 0.15%
boric 10.0 327 Y =0.035 X + 0.025 0.9997 0.22%
phosphate 11.0 327 Y =0.044 X + 0.015 0.9997 0.13%
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Fig 2. Solubility-pH profile of salicylamide in various pH
buffer solutions at a temperature of 37 + 0.5 °C (n = 3)

Table 2. The percentage of ionized and unionized
salicylamide molecules in various pH buffer solutions based
on the calculation of the Henderson-Hasselbalch equation

Percentage of Percentage of unionized

pH ionized molecules molecules
2.0 0.01 99.99
3.0 0.01 99.99
4.0 0.01 99.99
5.0 0.06 99.94
6.0 0.63 99.37
7.0 5.94 94.06
8.0 38.69 61.31
9.0 86.32 13.68
10.0 98.44 1.56
11.0 99.84 0.16

and unionized forms of salicylamide molecules in the
various pH buffer solutions calculated using the
Henderson-Hasselbalch equation is presented in Table 2.

Based on the Henderson-Hasselbalch equation's
calculation at a pH value equal to pK., a drug compound
has the same percentage of the ionized and unionized
forms. For a weak acid, when the pH of the solution is 2
units below the pK,, 0.01% of the compound is in the
ionized form. Whereas, when the pH is 2 units above the
pKa, 99.99% is in the ionized form [8].

The theoretical calculation of the ionized and
unionized forms of salicylamides molecules using the
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Henderson-Hasselbalch equation at a pH one unit below
the pK. and a pH below or at 7.0 to 2.0, showed that the
percentage of the unionized form of salicylamide was
more significant than the ionized form. Conversely, at a
pH one unit above the pK, and a pH above or at 9.0 to
11.0, it showed that the percentage of the ionized form
was more significant than the unionized form.
Furthermore, the ionized salicylamide easily interacted
with the water medium, increasing solubility with the
increasing ionization. The ionized form easily dissolves
in the aqueous phase because water is a polar compound.
The positive ion (cation) attracts the partial negative end
of the water molecule, while the negative ion (anion)
attracts the positive end of the water molecule [23]. At
pH 11.0, where the ionic percentage was 99.84%, the
salicylamide solubility decreased due to the amide group
in its structure. Compounds with an amide group are
generally susceptible to hydrolysis catalyzed by specific
bases ("OH). Moreover, at pH 11.0, salicylamide
potentially underwent hydrolysis with a specific base
catalyst, thereby decreasing its levels [24].

Based on the one-way ANOVA statistical test at a
= 0.05, the significance value was 0.000. The statistical
test was continued with the Post-Hoc LSD test, which
indicated that the solubility of salicylamide at various pH
values was significantly different except at pH 4.0 and
5.0. The increase in solubility as the pH approached 10.0
is related to the dissociation of salicylamide at each pH
of the solution to form ionized and unionized molecules.

The Partition Coefficient of Salicylamide in
Various pH Buffer Solutions

The partition coefficient was determined using
water phases of the buffer solution at different pH and
n-octanol as the oil phase. The latter is used for several
reasons, including the presence of a long non-polar
hydrocarbon chain and a polar hydroxyl group.
Therefore, it is closer to the lipid bilayer biological
membrane. In addition, n-octanol is inert and less toxic.
that,
absorption at ultraviolet wavelengths [5,13]. The

Besides n-octanol provides no significant

partition coefficient log value obtained in the pH of the
buffer solution is shown in Fig. 3.
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Fig 3. Partition-pH profile salicylamide in various pH
buffer solutions at temperature of 37 + 0.5 °C (n = 3)

The partition coefficient value at each pH is
influenced by the number of ionized and unionized
molecular forms. At pH 2.0-6.0, the amount of
salicylamide in the unionized form was almost the same.
Hence, solubility in the water and oil phases was almost
the same. Also, the log value of the partition coefficient at
pH 2.0 to 6.0 had no significant difference. At pH 7.0, the
number of unionized molecules dropped to 94.06%,
whereas at 8.0, when the pH value of the solution
approached the pK, value of salicylamide, the unionized
molecules were nearly equal to the amount of the ionized
molecules. Furthermore, as the pH of the solution became
more alkaline at pH 9 and 10, the number of unionized
forms decreased to 13.68% and 1.56%, respectively. When
the number of unionized molecules decreases compared
to the ionized molecules, the salicylamide compound
ionizes completely (at 2 units above the pK, value, i.e., pH
10.0), the partition coefficient gradually reduces due to
the decreased solubility in the oil phase.

Statistical analysis was carried out using the one-way
ANOVA with a = 0.05, giving a significance value of
0.000. A further test was done with the Post-Hoc Least
Significant Difference (LSD) test and indicated the
partition coefficient value in pH ranging from 2.0 to 6.0
had no significant difference. Meanwhile, at pH 7.0-10.0,
significant differences were recorded in log P values of the
partition coefficient.
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The experimental results of the solubility and
partition coefficient of salicylamide in buffer solutions
of pH 2-10 correlated with the Henderson-Hasselbalch
equation. Salicylamide is a weak acid compound with a
pK. value of 8.2 that showed increased solubility at pH
of above 8, while the partition coefficient (log P value)
decreased due to the dominant ionic form of
salicylamide under these conditions. The results of this
study are in line with the findings of Laube et al. [19],
who examined the salicylamide partition coefficient at
pH 5.2 and 10.3. It was reported that increasing pH
causes a decrease in the value of the partition coefficient.
The decrease can be explained by observing the amount
of ionized salicylamide at pH 10.3, which was higher than
at pH 5.2. Thus, the increasing ionic form causes the
solubility of salicylamide in water to increase. In
contrast, it causes a decrease in the value of the partition
coefficient. As a result, the partition coefficient value at
pH 10.3 was less than 1, indicating that more
compounds were in the water phase.

When salicylamide compounds are taken orally, it
transits the digestive tract in a pH range of around 1 to
6. Meanwhile, when used topically, it is localized in the
skin with pH ranging from around 4-6 [8,17]. Based on
the results, salicylamide compounds at pH 6 have a
4721.33 + 63.45 pg/mL solubility and a log P value of
1.04 £ 0.02. Salicylamide dissolved in the ionized and
at the
absorption site is the driving force for absorption across

unionized forms in sufficient quantities
the biological membrane by passive diffusion. The
unionized form is the molecular form that can penetrate
the membrane. At pH 6, salicylamide will be in the
molecular form of about 99.37%. In the process of the
absorption of drug compounds through biological
membranes and the solubility of drug compounds, the
value of the partition coefficient is also affected. The
mucosa in the body is lipophilic, having a log partition
coefficient value of about * 2. Therefore, salicylamide
with a partition coefficient value close to the log
partition coefficient value at the absorption site will
absorb well. Therefore, it is estimated that at this pH,
salicylamide compounds are sufficiently absorbed in the
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gastrointestinal tract when used orally or penetrate the
skin membrane when used topically.

m CONCLUSION

Salicylamide is a weak acid compound with a pK,
value of 8.2, so its solubility is affected by the pH of the
environment. Based on predictions using the Henderson-
Hasselbalch equation, at 2 pH units above the pK, value
of salicylamide, more than 98% of salicylamide is in the
ionized form, and the percentage of ionized salicylamide
increases. The ionized form correlates with the ease of
solubility in water. On the other hand, as the percentage
of ionized salicylamide increases, the solubility of
salicylamide in the oil phase decreases. Research shows
that increasing the pH from pH 2 to pH 10 increases the
solubility of salicylamide in water, but at pH 11, its
solubility decreases. On the other hand, an increase in pH
will decrease the log value of the partition coefficient.
From this research, data on the solubility-pH and
partition-pH profiles of salicylamide were obtained,
which will be helpful in the development of salicylamide
preparations and in predicting their bioavailability.
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Abstract: In this study, the complex of difluoroboron curcumin (BF,-Cur) has been
synthesized and characterized via the combination of Boron trifluoride-diethyl etherate
((C;Hs),OBFs) and curcumin. However, the new dissociation constants, pK,; and pK,, of
the BF>-Cur complex, have been indicted by the values of 8.44 = 0.16 and 9.76 + 0.13,
respectively. On the other hand, the reagent was also used to determine As(IIl) in aqueous
solutions by UV-Vis spectrophotometry. As a result, the method was validated for
accuracy, precision, linearity, and sensitivity, and the linear range was from 1.0 to 25.0
umol/L, with the linear regression, A = 0.0027 C + 0.0106, correlation coefficient R* =
0.9969. Besides, the limit of detection (LoD) and limit of quantification (LoQ) were
determined as 0.83 and 2.10 umol/L, respectively. Thus, the developed method is
successfully used for quantitative analysis of total arsenic in wastewater by reducing
As(V) to As(II), then determining As(III) with high accuracy results.

Keywords: BF,-Cur; total arsenic; UV-Vis spectrophotometry; the conformation of

complex; UFF

m INTRODUCTION

Water is an essential component for maintaining life
on earth. However, water quality declines seriously, and
water contamination has become the most concerning
global environmental issue. Polluted water includes many
toxic components, such as organic and inorganic wastages
[1-2], surfactants [3], synthetic dyes [4], and heavy metals
[5]. Among various heavy metals found in this water,
arsenic is determined as toxic metal, which has the most
hazardous effects on living organisms. Once exposed to
arsenic, various adverse health effects can be caused,
including  dermal  changes and  respiratory,
cardiovascular, gastrointestinal, genotoxic, mutagenic,
and carcinogenic effects.

The mobility and toxicity of arsenic have been

determined by its oxidation state [6]. The inorganic

arsenic exists in four stable oxidation states of =3, 0, +3,
and +5 [7]. Besides, the most prevalent forms found in
aqueous solutions are the pentavalent arsenate ion,
As(V), and the trivalent arsenite ion, As(III) [8]. The
total arsenic analysis [As(III) + As(V)] is very crucial,
and a reduction of As(V) to As(II) is required for
correct analysis [9]. The analysis of arsenic is assessed to
be essential because of its severe threats and risk to
human health as arsenic-contaminated drinking water
can be supplied through underground sources,
especially in rural areas where another alternative water
supply is not widely available. Various methods have
been applied for determining the content of arsenic in
water, such as ICP-OES [10], Electrothermal Atomic
Absorption Spectrometry [11], VGA-AAS [10], AFS

[12], ICP-AES [13], NAA [14], CA [15], and ASV [16].
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On the other hand, a natural

polyphenol compound from the root of Curcuma longa L.

curcumin is

(Zingiberaceae). It has many essential bioactivities
reported in previous articles, including anti-inflammatory,
anticancer, antioxidant, antivirus, and cytoprotective
activities. Otherwise, it has been used to constitute
complexes with metal ions, which have different
properties than one free form of curcumin [17-18].

The synthetic strategies, structure identification,
and medicinal applications of the metal complexes of
curcumin have been studied [19-20]. Among these
complexes, the difluoroboron curcumin (BF,-Cur)
complex has been widely used to analyze toxic
environments. This complex is combined with digital
image analysis for semi-quantitative analysis of arsenic
[21]. Then, As(III) can be determined in water samples
using UV-Visible spectrophotometry and naked-eye
detection [22]. In fact, the BF,-Cur has offered a
remarkably promising ability of cyanide detection with
66-fold enhancement in aqueous media (CH;CN/H,O 4:1
v/v) [23],
construct fluorescent probes, which were screened for

and it has been used as fluorophores to

their response to cyanide, hydrogen sulfide, hypochlorite,
and bisulfite ion in aqueous solutions [24].

The
been used as Near-Infrared Probes for in vivo detection of

difluoroboron-derivatized curcumins have

B-amyloid deposits [25]. Some of them have focused on
the digital image colorimetry (DIC) of the difluoroboron-
curcumin doped as starch film (BF,-Cur-film) for the
detection of As(III) in aqueous and resin beads. Its
difluoroboron complex has been used as fluorophores to
construct fluorescent probes with 3-diketone or phenolic
hydroxyl groups as recognition sites [26-28]. Because the
variety of applications of the difluoroboron complex
interested us, our research groups have been working on
organic indicators. In this research, we not only conducted
the novel dissociation constants, pKa;, pKa: of the BF.-
Cur, but also explored its feasibility in analyzing the total
amount of As in water via the oxidizing As(V) to As(III).

m EXPERIMENTAL SECTION
Materials

The BF; and curcumin were purchased from Sigma

Indones. J. Chem., 2021, 21 (5), 1271 - 1280

Aldrich, Singapore, while other chemicals and solvents
were purchased from Merck, Darmstadt, Germany. In
this study, the chemicals were used in analytical grade;
thus, they could be used without further purification.

Instrumentation

UV-Vis absorption spectra were recorded on UV-
Vis Evolution 60, THERMO (USA), and the pH of
solutions was detected using pH S220 Seven Compact,
Ion-Mettler Toledo (USA). FT-IR spectrum was
performed on Jasco 4700 (Japan). Besides, the NMR
spectra were recorded on one Bruker Avance-500 MHz,
external TMS, and the HR-MS was performed on a 6200
series TOF/6500 series Q-TOF B.06.01 (B6172 SP1). In
addition, Titration Equipment was tested on Metrohm,
Model 888-Switzerland, and analysis balance (Minimum
Display 0.1 mg-USA).
conformation complex, BF,-Cur, was calculated using

Finally, the most stable

the Avogadro package via UFF (Universal Force Field)
method.

Procedure

Synthetic of BF>-Cur complex

The BF,-Cur was synthesized by following [22-23]
and tested by TLC when the reaction was completed.
The structures of the BF,-Cur complex and the base
forms of Cur-BF, with AsO;>" ion were analyzed by 'H-
NMR and HR-MS spectra. The base forms of complex
Cur-BF; or Cur-BF, with Cur-BF, with AsOs* ion were
investigated by adding one mmol of Cur-BF, and two
mmol of AsO;* ion to 0.5 mL of the (CD;),C=O0, ds
commercial deter solvent.

Determination of acidity constants for BF2-Cur
complexes

First, 6.087 x 10> M of BF,-Cur solution in ethanol
and 10 M of NaOH solution were prepared. Then, the
V, volume of 2.5 mL of 6.087.10~° M BF,-Cur solution
was titrated with 10~ M of NaOH solution using a 798
MPT Titrino using a syringe pump. The titration
(NaOH) was added to titrate (BF,-Cur) in increments of
0.01 mL, with a pause of 7 sec. The pK, values were
calculated from the experimental based on data points
[(Vi, pHi) according to the Kostrowicki and Liwo
algorithm [29-30]. The equation was as follows.
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[Na*]+[H']-[OH ]
—[Na®]-[H*]+[OH ]

pK, =pH-log

Curcumin—BE,
whereas [Na*] = the amount of the NaOH solution added,
[H*] =107, and [OH"] = 10'*PH, All measurements were
conducted at T =25+ 1 °C.

Determination of the total content of arsenic in the

water samples [28]

To analyze the total content in the sample, As(V)
needed to be reduced to As(III), then the same analytical
procedure was proceeded for As(III). The whole method
to analyze the total As can be presented as follows.

(i) A sample of 50 mL wastewater was accurately
pipetted into a flask of Soxhlet. Then, 5 mL purity
H.SO; and 5 mL of H,O, were added to the
wastewater. It was heated until a large quantity of
white smoke (H,SO4) was released. The solutions
were cooled to room temperature, and NaOH was
used to adjust pH 7.5.

(ii) To reduce As(V) to As(III): About 50 mL of the
sample was poured into a round-bottomed flask, and
then it was added with 20 mL of hydrochloric acid and
4 mL of the potassium iodide (KI) in an ascorbic acid
solution to the sample flask. The mixture was heated
gently at 50 °C for 15 min. The solution was let cool
down, transferred entirely to a 100 mL volumetric
flask, and makeup to 100 mL with water. The final
solution was used directly for the determination of
total As.

(iii) 5 mL of the final solution was pipetted into a 25 mL
flask, and then it was added with 10 mL of ethanol, 5
mL of BF,-Cur, and diluted to 25 mL using ethanol.
Blank and calibration solutions were prepared in a
similar way to achieve the same final concentrations.
After 30 min, these solutions were used directly for
the determination of total As.

(iv) The determination of As(III) in the water samples. 20
mL of filtered water was placed into a volumetric flask
of 25 mL, and then the indicator paper was used to
adjust pH = 8, and the solution was filled up to 25 mL
with distilled water to create the sample at pH = 8.
Then, 5 mL of reagent BF,-Cur 10 ppm was aspirated
into 5 mL of the sample at pH = 8 in another 25 mL
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volumetric flask. Then ethanol was filled up to 25 mL
and measured by UV-Vis spectrometry at 632 nm.
(v) On the other hand, a wastewater sample containing
As(III) and As total were analyzed concurrently with
the HPLC-ICP-MS method to compare the results.

m  RESULTS AND DISCUSSION
The Acidity Constants for BF,-Cur Complexes

The pK. values were calculated from the reaction
of NaOH, which titrated the complex. The pK, was
calculated from the experimental data of points
according to the Kostrowicki and Liwo algorithm,
corresponding to ApH/AV-V curve. The ApH/AV-V
curve has indicated that it has had two pH transitions at
volume NaOH 3.20 mL and 6.15 mL and proved that the
BF,-Cur complex had a diprotic acid form. Based on the
titration curve of the BF,-Cur complex (presented in the
form of weak acids), the values of pK, were calculated.

The pK. and pK., of the standardized BF,-
curcumin complex in the ethanol and water mixed
solvent system were 8.44 * 0.16 and 9.76 + 0.13,
respectively. The complex acid was found to be
dissociated to K.; and K., in solutions. As shown in Fig.
4, the value of pK. was determined based on our
calculation via titration and explained the resonance
effects, the positive resonance, and +R of hydroxyphenyl
of an aromatic ring. The resonance ring system made
one hydrogen atom (left side) of the phenolic hydroxy
group of A ring more flexible, as indicated in Fig. 4. Due
to this reason, the deprotonation of the A ring occurred
more quickly than the B ring. This positive resonance,
+R, only appeared for the phenolic of A and without B
ring.

These results are pretty consistent with the
previous results of Margarita Bernabé-Pineda on
curcumin [26]. This article reported the acetylacetone
group and two groups of hydroxyl phenolic of curcumin
structure, which corresponded to the values of pK.; =
8.38 + 0.04 pK,, = 9.88 + 0.02, and pK,; = 10.51 + 0.01,
respectively, and they were performed in the Fortran
program. The value of pKy, in the article [26] was relative
to an enol equivalent in base media, and our research did
not explain based on this site. For the BF,-Cur complex,
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we determined the pK, and pKa, to be 8.44 + 0.16 and
9.76 £ 0.13, respectively. The pK.; and pK., values of the
BF,-Cur complex were compared to pK.; and pK.; of Cur
in the article.

The results indicated that the Cur-BF, complex had
more acidic than curcumin. It was explained that the
solvate was formed from the hydrogen atoms of the
solvent molecules such as ethanol and water and one
negative B atom of Cur-BF,, as seen in Fig. 4 [23]. That
the protonations of positive hydrogens of the solvent
molecules and EtOH formed around a negative boron
atom led to the decrease of the negative electron density
on it, supported the +R effect of phenolic hydroxy groups
(EDG) at A ring in Fig. 4, and increased the acidic
property of Cur-BF, complex.

BF,-Cur: (‘H-NMR-acetone, dg, 25 °C, TMS), 8 (ppm):
8.67 (s, 2H, Ar-OH), 7.87 (d, ] = 15.5 Hz, 2H, alkene
proton, H-9, H-10), 7.46 (d, ] = 1.9 Hz, 2H, Ar-H, H-6, H-
6’),7.34(dd, J=8.3,]=1.9 Hz, 2H, H-2, H-2), 6.93 (d, ]
= 15.6 Hz, 2H, alkene proton, H-7, H-8), 6.92 (d, ] = 8.2
Hz, 2H, H-3, H-3), 6.36 (s, 1H, H-11), 3.93 (s, 6H,
20CH;). The 19
conformed via "H-NMR spectrum.

resonance proton signals were

Cur-Acetons
Cur-Acetonre-1H

% N T | _‘l | Y NE—
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BF,-Cur-AsQOs: (‘H-NMR-acetone, ds, 25 °C, TMS), 8
(ppm): 7.94 (d, ] = 15.6 Hz, 2H, alkene proton, H-9, H-
10), 7.46 (d, J = 1.8 Hz, 2H, Ar-H, H-6, H-6"), 7.34 (dd, ]
=8.2,J=1.8 Hz, 2H, H-2, H-2’), 6.93 (d, ] = 8.2 Hz, 2H,
H-3,H-3), 6.92 (d, ] = 15.6 Hz, 2H, alkene proton, H-7,
H-8), 6.36 (s, 1H, H-11), 3.93 (s, 6H, 20CH3). The 17
resonance proton signals were assigned via "H-NMR
spectrum.

The NMR spectrum of complex BF,-Cur indicated
the resonances of 19 protons. As compared to the NMR
spectra results in Fig. 1 and Fig. 2, the BF,-Cur-AsOs
complex had 2 protons of hydroxy phenolic reduced
when two equivalent mols of base AsO5>~ was added to
the number of mol of Cur-BF,. It was proved by two
disappeared protons at 8.67 ppm in two NMR spectra, as
shown in Fig. 2. The values of coupling constants of
alkene protons (J, coupling constant of vinyl protons
from 12-18 Hz, trans-isomer and 6-12 Hz, cis isomer)
were calculated in the range of 15.5-15.6 Hz, which
demonstrated the configuration of the complexes of
Cur-BF,, Cur-BF,-AsO; with the conformation of trans
and trans in 2 alkenyl groups [23,31].

The novel mechanism forming of pK,; and pKa, of

§ L 2000
1900
1800
L 1700
1600
i L 1500
| 1400
L 1300
1200
L1100
1000
L 300
800
L 700
500
L 500
400
L 300
200
| L 100

|t Ay L i
LR - F-X-¥ -] "1']&

- -

18 17 16 15 14 13 12 11 10 B

8
1 (ppm)

7 6 5 £ F.Z §F 8 =i

Fig 1. The '"H-NMR, 500 MHz in acetone-ds of complexes the BF,-Cur
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BF,-Cur proposed by our research was based on the +R
effect of one phenolic hydroxy bonding to A ring in Fig.
4. In Fig. 3, the HR-MS spectra (ESI) of BF,-Cur-AsOs;
showed the experiment value of the positive molecule ion,
m/z, which was 439.1135. This value corresponds to
molecular ion, [M+2H+Na]*. The calculation value was
439.1157 and confirmed that the molecular ion was
CxHi;BF,0s” when two mols of AsO;’ added to the
1 mol BF,-Cur complex solution.

As seen in Fig. 4, the phenolic hydroxy groups on
the structure of the BF,-Cur complex and resonance
effects on this structure determined what hydroxyl groups
were corresponding to K. and K,. The acid-base
reactions between the complex BF,-Cur with AsOs> ion
were proved by 'H-NMR and HR-MS spectra and
conformed the most stable conformation of BF,-Cur BF,-
Cur-AsO; was confirmed via "H-NMR as seen in Fig. 1-3.

The configuration of the BF,-Cur complex was
calculated based on the UFF method via the Avogadro
package in Fig. 5, and the optimal energy value of the most
stable conformation of BF,-Cur was 31.23 k] mol™ [32].
Fig. 5 shows the significant properties of the complex in
calculation via Avogadro package exposed such angles as
F,BOs, O6BFy, and F;BOs of 109.56°, 109.52°, 109.25°, and
108.27°, respectively, formed a tetrahedral structure,
F.F,BOsO¢ (B atom in central tetrahedron). It was an
irregular tetrahedral structure due to its different angles.
Other angles were F,BF, and OsBOs in the values of
108.24° and 111.34°, respectively.

The angle OsBOs was 111.84°, which was the biggest
value because the oxygen atoms have lone pairs, which

Indones. J. Chem., 2021, 21 (5), 1271 - 1280

increased its angle. The angles of C,OsB and C,00sB
were 123.11° and 124.57°, respectively, which indicated
the O5C,0C11C120-B ring of complex BF,-Cur has nearly
a plane structure. This structure of the planned ring
affects the acidic ability of complex BF,-Cur via the +R
effect of one phenolic hydroxy, which bounds to A ring.
The bond length of O;-H,, one phenolic hydroxy bond,
was longer than that of Os-H,, so that the hydro atom,
H;, was more flexible than H,. The deprotonation on O;-
H, was easier than that of Os;-H,. The bond lengths of B—
O and B-F were equal. The bond lengths of C-O, single
bond, and C=0, a double bond was different because the
orders’ values were also different. The photophysical and
photochemical phenomena of BF,-Cur in the presence
of AsO;* were assumed to undergo the deprotonation of
phenolic hydroxyl groups by nitrile ion, AsO5*".

The '"H-NMR spectra showed strong evidence to
support this assumption, as shown in Fig. 1-2.
According to the "H-NMR spectra of BF,-Cur and AsO;*,
the phenolic hydroxyl protons at 8.66 ppm, completely

pK,; = 8.44 +0.16 pK,, =9.76 £0.13

Fig 4. The resonance structure proposed of BF,-Cur-
AsO; complex

Fig 5. The configuration of Cur-BF, showed after completing the optimal calculation based on the UFF method
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disappeared as shown in Fig. 1-2. As seen in Fig. 4, the
protons of two phenolic hydroxy groups in the BF,-Cur
complex were shielded by the negative charge on the
boron atom, which effectively removed hydrogen atoms
from those hydroxyl groups. This deprotonation caused a
high charge separation between acceptor and donor units
in BF,-Cur, excellent electron delocalization to BF, unit
on the structure of the complex, BF,-Cur. The excited
states in the complexes were stabilized upon the binding
of AsOs. The result is a bathochromic shift in the
absorption band with D1% 142 and 92.9 nm for BF,-Cur
and curcumin, respectively. Moreover, a new emission
band at 750 nm for BF,-Cur and AsO;>" was observed. A
schematic illustration is shown in Fig. 2.

Qualitative Results of Total Arsenic

Method validation

The standard curve equation was obtained at the
best conditions such as 632 nm, BF,-Cur 60% in ethanol,
and pH = 8 for As(IIl) analysis. According to the
absorbance at 1-25 puM, the equation was y = 0.0027x +
0.0106, with R* = 0.9969.

Evaluation of As(lll) analytical procedure

For As(III) analysis method applying the above-
proposed procedure, it is necessary to define the limit of
detection (LoD) and limit of quantitative (LoQ) and
evaluate the accuracy through the evaluation of precision
and trueness of this method. The LoD of As(III) by the
analytical method was determined using a linear equation
to calculate the theoretical concentration of As(III). Then,

0.0 1
0.07 4

0.05 4

2 4 B B 10 12 14 16 18 20 22 24 26
Concentration (pM)

Fig 6. The linear range of As(III)
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the mean, X, and the standard deviation, SD,, were
calculated in the values of X, = 0.2815, SD, = 0.1816,
respectively. The values of LoD and LoQ were calculated
by the expressions of Xy + 3 SDo = 0.83 uM and LOQ =X,
+ 10 SD, = 2.10 puM for the blank sample, respectively.

Precision

The precision of the method was expressed
quantitatively by the standard deviation. It was carried
out through many analytical procedures with standard
samples at the As(III) concentration of 30 pM,
corresponding to 4.8 puM after dilution. The mean
concentration of As(III), X = 29.7454 and SD = 0.2642
were determined. The relative standard deviation, RSD
%, followed the expression of RSD% = % x 100% =
0.89%. The relative standard deviation is within the
allowable range when comparing the calculated value
with the maximum acceptable repeatability table at
different concentrations according to AOAC (Annex
11), so the method precision is satisfactory.

Trueness

The t standard can be used to evaluate the trueness
of the method. The analytical results from 20 repeated
experiments are used as the standard sample As(III)
concentration of 30 uM above. The mean concentration
of As(IIT) was X = 29.7454 and SD = 0.2642. From those
results, the experimental t value, t, was calculated

according to the expression, ti, = l“S_Dxl =0.967, with k =
19, a = 0.95 and t. = 2.093. Due to tw < t., there was no
difference in the average value and the reference at the
significant level a, so the method was satisfactorily true.
The various proportions of the conditions to analyze the
total As such as pH, equability time, the volume of BF.-
Cur solution, linear range, the limit of detection, the
limit of quantification, reduced reagent, and precision
(%RSD) were tested to establish the optimal conditions
as shown in Table 1.

Determination the total content of arsenic in water
samples

In this work, the experiments were measured three
times, calculating the As(III) concentration in the
samples from the calibration curve, y = 0.0027x + 0.0106,
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Table 1. The optimum conditions to analyze total As

STT Parameters Optimal conditions
1 Absorbance wavelength 632 nm
2 pH 7.5-8.0
3 Solvent Ethanol: H,O (60:40, v/v)
4 Equabilities time Until 70 min
5 Volume of BF;-curcumin (12 mg/L) 4 mL
6 Linear range 1-25 pmol/L
7 Linear regression A =0.0027 C +0.0106
8 Correlation coefficient (r?) 0.9969
9 Limit of detection (LoD) 0.83 umol/L
10  Limit of quantification (LoQ) 2.10 umol/L
11 Reduce reagent KI-ascorbic acid mixer
12 Precision (%RSD) 0.89%
Table 2. The content of As(III) and total As in water samples
As(IID As(I1I) by HPLC-ICP-MS Total As Total As by HPLC-ICP-MS
(our research) (our research)
37.96 uM 38.83 uM 45.06 uM 45.86 uM

and the As(III) concentration in the original sample from
6.25 X Casam measured. The
average concentration of As(III) in the original sample
was 37.96 puM, and the result of the HPLC-ICP-MS
method for As(III) concentration was 38.93 pM. Total
arsenic in wastewater by reducing As(V) to As(III) was
45.06 pM, and the result measured by the HPLC-ICP-MS
method was 45.86 uM. These results are quite relevant

the formula CAS(III) original =

and can be studied for practical applications (Table 2).
m CONCLUSION

In this study, BF,-Cur reagent was synthesized, the
structure was featured, then the pK,, and pK., values were
determined. The results demonstrated the effectiveness of
BF,-Cur reagent in analysis. In addition, BF,-Cur reagent
can also be used as a specific and selective reagent to
determine the concentration of As(III) and total arsenic
content in a water sample by UV-Vis spectrophotometry.
The BF,-Cur complex can be synthesized easily in the lab
and be studied for practical applications.
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