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methods. Colorimetric and fluorescent chemosensor tests showed selectivity to acetate and
cyanide anions in DMSO. The limit of detection (LOD) for colorimetric measurement of
cyanide anion was 9.68x10™* M for compound (1) and 9.63x10~ M for compound (2),
while the fluorescent method showed 15.90x10* M for compound (1) and 8.95x10° M
for compound (2), respectively. In addition, test paper-strips containing sensor 2

indicated noticeable results for 'naked eye' detection of cyanide in an aqueous medium.
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m INTRODUCTION limestone [6]. Therefore, detection of cyanide is

s o . ial. hni h as ch hy [7],
Cyanide is a toxic anion that can affect the function essential. Some techniques such as chromatography (7]

of organ systems such as the vascular system, the sense of atomic  absorption  spectrometry  [8],  and

. ) 1 hemical h i
sight, central nervous system, heart, endocrine, and electrochemical [9] have been used to detect cyanide

: Sy anion. Nowadays, colorimetric and fluorescence
metabolic systems [1]. When cyanide ion enters the waday "

bloodstream, it disrupts the electron transport chain chemosensors are attracting much attention because of
leading to cytotoxic hypoxia and death [2]. A small dose
of cyanide ion around 0.5-3.5 mg of each kg body weight
can cause death [3]. According to WHO, the cyanide
detection limit in drinking waters is 0.07 mg per liter or
about 2.69x10°° M [4].

Cyanide is widely used in industries such as gold

low cost, high selectivity, simplicity, sensitivity, and fast
recognition in real-time circumstances [10].

Some organic molecules containing amide,
pyrrole, thiourea, and phenol groups can be used as
cyanide chemosensors. Detections involve the
formation of hydrogen bonding or deprotonation

. . between cyanide and chemosensors. For example, Azine
mining, electroplating, metallurgy, and polymer

productions. These industries produced 140,000 tons of
waste per year [5]. Cyanide also occurs naturally as

derivatives bearing hydroxyl group have been used as
colorimetric and fluorescent chemosensors [1,5,11-13].

cyanogen glycosides in at least 2,000 types of plants, Most azine chemosensors were produced from aryl

including apple, mango seeds, and several essential crops benzaldehydes and hydrazine hydrates as  starting

. materials under reflux condition [14-16]. This paper
such as almonds, cassava, cherries, corn, cotton, and X [ ] pap

potatoes. Cyanide is also found in cigarette smoke, reports the synthesis of symmetrical azine 1 and 2 from

. . . . acetophenone derivatives and hydrazine hydrate
incomplete  combustion  of  nitrogen-containing

compounds from a vehicle, reaction of coke, coal, and (Scheme 1). The azines were then applied as colorimetric

and fluorescent chemosensors for cyanide anion.
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Scheme 1. Synthesis targeted compounds 1 and 2

m EXPERIMENTAL SECTION
Materials

The materials used in this study were hydrazine
hydrate 80%, 2’-hydroxy acetophenone, 2’,4’-dihydroxy
acetophenone, sodium fluoride, sodium chloride, sodium
bromide, sodium iodide, sodium cyanide, sodium acetate,
sodium hydroxide and hydrochloric acid 37%, acetone,
acetonitrile, dimethyl sulfoxide, ethanol, and distilled water.
All chemicals used in this study were purchased from E.
Merck with p.a. quality, while distilled water is obtained
from the Organic Chemistry Laboratory of FMIPA-UGM.

Instrumentation

The equipment used in the experiment were

laboratory glassware, hot plate, magnetic stirrer,
thermometer 100 °C, Buchner filter, analytical scales
(Libror EB-330 Shimadzu), and ultrasonic irradiation
(Ultrasonic Branson 43 KHz, 43 Watts). The structure
elucidation used FT-IR (Shimadzu Prestige-21), GC-MS
(Shimadzu QP2010S), and '"H-NMR and “C-NMR (JEOL
JNM ECA-500, 500 MHz). The colorimetric study used
UV-Vis Spectrophotometer (Shimadzu UV-1800), and
the fluorescents study used Spectrofluorometer
(Shimadzu RF-6000). The melting point was measured

using uncorrected Electrothermal-9100.
Procedure

Synthesis of acetophenone azine

Acetophenone azines were synthesized based on the
previous report with some modifications [16]. First,
acetophenone derivative (10 mmol) was dissolved in 10
mL of absolute ethanol, then 0.25 mL (5 mmol) of
hydrazine hydrate (80%) was added dropwise under
stirring conditions. The solution was then heated under
reflux for 2 h until a yellow precipitate formed. The
stirring was continued at room temperature overnight.

The residue was filtered and washed with cold ethanol
and then dried. The solid was then determined its
melting point, and the structures were elucidated by
FTIR, GC-MS, and 'H- and “C-NMR. A similar
procedure was also carried out through ultrasonic
irradiation methods at room temperature for 1 h.
Compound of 2’-hydroxy acetophenone azine (1)
was obtained as a yellow solid in 73.13% yield for reflux
method and 88.80% yield for ultrasonic irradiation
methods (m.p. 197-198 °C, literature 197-198 °C [17]).
IR (KBr cm™): 3448 (O-H), 1604 (C=N), 1496 and 1442
(C=C aromatic), 1356 (-CHj;), and 840 (Ar-C-CH,);
"H-NMR (CDCL): § 2.56 (s, 6H), 6.93 (t.d, J = 8.4, 1.3 Hz,
2H),7.02 (d.d, J=8.3, 1.2 Hz, 2H), 7.36 (t.d, ] = 8.6, 1.6 Hz,
2H),7.63 (d.d,J=8.1, 1.6 Hz), and 13.26 (s, 2H); *C-NMR
(CDCls): 6 14.96, 118.01, 119.09, 119.14, 129.06, 133.00,
160.69, and 168.19. Mass spectra (m/z): 268 (M").
Compound of 2’,4’-dihydroxy acetophenone azine
(2) was obtained as a pale-yellow solid in 68% yields
from reflux method, and 82.67% yields from ultrasonic
irradiation methods (m.p. 271-272 °C, literature 269-
270 [18]). IR (KBr cm™): 3417 (O-H), 1604 (C=N), 1504
and 1442 (C=C aromatic), 1357 (-CHs), and 833 (Ar-
C-CHj;); 'TH-NMR (DMSO): 6 2.41 (s, 6H), 6.27 (d, ] =
2.5 Hz, 2H), 6.35 (d.d, ] = 8.8, 2.5 Hz, 2H), 7.56 (d, ] =
8.9, 2H), 10.12 (s, 2H), and 13.55 (s, 2H); "C-NMR
(DMSO): § 14.48,103.42,108.15, 111.84, 131.69, 162.16,
162.63, and 167.54. Mass spectra (m/z): 300 (M").

Solvatochromic effect on sensor compounds

Compounds 1 and 2 were dissolved in acetone,
acetonitrile, DMSO, and ethanol, respectively, in a
concentration of 10 M. Color of the solutions was
UV-Vis
spectrophotometer at a concentration of 5x10> M for 1
and 2x10™ M for 2.

observed and then measured with a
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Acid-base effect on sensor compounds

Color changes of solution (1 and 2) were observed
after dropping 1 mL of HCl or NaOH 10% (w/v) into each
sensor solution (5x10° M for 1 and 2x10~° M for 2) in
DMSO for a total volume of 10 mL. The color of the
solution was observed and then measured with a UV-Vis
spectrophotometer. Distilled water (1 mL) was used as a
reference solution.

lonic effect on sensor compounds

Sodium salt solutions of NaF, NaCl, NaBr, Nal,
NaCN, and CH;COONa were prepared with a
concentration of 1 M in distilled water. The 1 mL of
sodium salt solution was added into solution 1 (5x10~° M)
and solution 2 (2x107° M) to a total volume of 10 mL. The
color of the solution was observed and then measured
with a UV-Vis spectrophotometer and spectrofluorometer.

Limit of detection for cyanide anion

The limit of detection was carried out by adding
1 mL of various concentrations of NaCN (107-10"! M)
into solution 1 (5x10~ M) and 2 (2x10™° M) to a total
volume of 10 mL. The spectra were measured usinga UV-
Vis spectrophotometer and spectrofluorometer. Then, a
calibration curve was plotted cyanide concentration vs.
absorbance correlation. The limit of detection (LOD)
values were determined by the 30/m equation, where o is
the standard deviation and m is the slope of the
calibration curve [19].

Interaction study between sensor compounds and
cyanide

The interaction between sensor compounds and
cyanide anion was determined by measuring Job's plot
curve [20]. The concentration of sensor solution was
5x10™> M for compound 1 and 2x10~> M for compound 2
in DMSO, and a standard solution of NaCN 1 M was used
to make a fraction of 0.1-0.9 into sensor solutions. Then
the absorbance was measured using a UV-Vis
spectrophotometer. The curve was plotted as the mole
fraction of cyanide vs. the absorbance. Finally, the 'H-
NMR titration was conducted from a mixture of 2 and

cyanide solutions in DMSO-dé.

Paper-strip sensor
Paper-strip sensor was carried out by immobilizing
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compounds 1 and 2 (1x10* M in DMSO) to filter paper
(Whatman no. 42 - 1x3 cm) for 2 h and then dried using
an oven. The test was conducted by dropping 2-3 drops
of cyanide anion solution to the paper-strip sensor. The
color change of paper-strip was observed directly and
under a 365 nm UV lamp. As a negative control, distilled
water was dropped on a paper-strip sensor.

m  RESULTS AND DISCUSSION
Solvatochromic Effect on Compounds 1 and 2

The solvatochromic test was carried out by
dissolving compounds 1 and 2 in several solvents of
acetone, acetonitrile, ethanol, and DMSO. The optical
color change and UV-Vis spectra are shown in Fig. 1.

The different colors of sensor solution in various
solvents were observed. Compound 1 showed
colorlessness, while compound 2 showed a brighter
yellow color in ethanol and DMSO (Fig. 1(a, b)). From
UV-Vis spectra (Fig. 1(c)), compound 1 gave two
absorption peaks at A.x 0f 294, 290, 296, and 292 nm and
the second peak at Amax of 362, 354, 360, and 360 nm for
DMSO,
respectively. Thus, the absorption peak of compound 1
solutions was at adjacent Am.x. These data indicated that

the effect of solvent polarity is small for the color

acetone, acetonitrile, and ethanol solvent

changes. From Fig. 1(d), compound 2 exhibits one Anax
at 378 nm in DMSO. Two absorption peaks were
observed from acetone, acetonitrile, and ethanol
solvents, respectively. One low peak was around A, at
300 nm and a peak at Am. at 370, 368, 374 nm for
acetone, acetonitrile, and ethanol solvent, respectively.
These data also indicated that the effect of solvent
polarity is small for the color changes. However,
compound 2 in DMSO and ethanol still provided

shoulder absorption at Am.x of the visible area.
Effect of Acid-Base Addition on Sensor Compounds

Strong acid and base addition were applied into
sensor solutions by adding HCI 10% or NaOH 10%. As
shown in Fig. 2, the color of solutions 1 and 2 was
unchanged after adding HCl 10%. However, the
addition of NaOH 10% caused the color change from
colorless to a very light yellow for compound 1 and
yellow for compound 2.
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Fig 1. Optical color of (a) compound 1 and (b) 2 with a concentration of 10~ M changes in (1) ethanol, (2) acetone,
(3) acetonitrile, and (4) DMSO and UV-Vis absorption spectra of (¢) compound 1 (5x10~° M) and (d) 2 (2x 10~ M)

in various solvents

The yellow color was obtained because the addition
of bases can deprotonate the pH-sensitive groups [21].
Deprotonation of the H atom on hydroxyl group of
compound 2 produced phenoxide ion and followed
delocalization of electrons. Compound 2 has a more
probable resonance structure than compound 1. More
resonance structures will create a distinct color change in
the solution [22]. Therefore, compound 2 has stronger
yellow color than compound 1. The light-yellow color of
compound 1 is produced from compound 1 with cyanide
anion via hydrogen bonding formation, not
deprotonation.

The color change of compounds 1 and 2 on the acid-
base addition supported UV-vis spectra shown in Fig. 3.
The addition of HCI to compound 1 causes a shift of two
absorption peaks at An.x 0f 296 and 360 nm into a peak at
Amax of 324 nm. The addition of NaOH produced a shift of
Amax from 296 and 360 nm to 266 and 354 nm. Both
additions of acid and base did not create a bathochromic
shift, so no color change was observed.

For compound 2, the addition of HCI causes a shift

g e s
-_—-
(al
Fig 2. The color of solutions (a) compound 1 (5x107° M)
and (b) compound 2 (2x10~> M) in DMSO changes after
addition (1) HCI 10%, (2) H,O, and (3) NaOH 10%

of Amax 0f 378 nm to two absorption peaks at Apax0of
280 and 316 nm. The addition of NaOH produced a
change of Amix on 378 nm to 272 nm and appearance
shoulder peak at Amax > 400 nm. The shoulder peak at Amax
> 400 nm supported a yellow color formation after the
addition of NaOH.

lonic Effect on Sensor Compounds

The ionic effect was carried out by anion addition
into sensor solutions. The color change after addition
1 mLof 1 M sodium salt from NaF, NaCl, NaBr, Nal,

Nur Masyittah Irmi et al.
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Fig 3. UV-Vis absorption spectra of (a) compound 1 (5x10~ M) and (b) compound 2 (2x 10~ M) in DMSO after

addition of HCl 10% and NaOH 10%

NaCN, NaOAc, and a mixture of all salts is shown in Fig.
4. Adding CI', Br- and I" anion into compounds 1 and 2
did not produce a color change. The color change to
yellow and cloudy was observed after addition F~ into
compound 2, while compound 1 was only cloudy with no
color change. A significant color change was observed
when CN™ anion was added to a solution of compounds 1
and 2. The addition of AcO™ gave a significant intense
yellow color change for compound 2. The addition of a
mixture of all anions into compounds 1 and 2 caused the
color change to a slightly yellowish color for compound 1
and a significant yellow color change for compound 2.
These color changes indicated that there is no anion
interference from those anions.

=
Tl - 2 3 4
—_—

The color changes after the addition of anions were
supported by the UV-Vis spectra shown in Fig. 5. The
addition of CI, Br-, I, AcO™ to 1 did not give new
absorption peaks in the visible light region. CN™ and the
mixture of all anions increased absorbance at A 420-440
nm. The addition of CI', Br~ and I" into the solution of 2
did not produce a change in Ama. The Ama shift toward
visible light (about 430 nm) occurred when AcO-, CN-
and the mixture of all anions was added into a solution
of 2.

The addition of F~ into compounds 1 and 2 caused
the color of solutions to become cloudy, making good
UV-VIS spectra
cloudiness is due to a strong hydrogen bond formed

impossible. The formation of

(4

5 & T B

- i. — H r'. - R -

Fig 4. Color of solutions (a) compound 1 (5x10~° M) and (b) compound 2 (2x10~> M) in DMSO changes after addition
(1) H,0, 2) F, (3) CI, (4) Br, (5) I, (6) AcO-, (7) CN-, and (8) mixture of all anions
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Fig 5. UV-Vis absorption spectra of (a) compound 1 (5x10~° M) and (b) compound 2 (2x10°> M) in DMSO after

addition of anions

between F~ and water and may decrease anion solubility
in DMSO.

Fluorescence properties were observed with a 365 nm
UV light (Fig. 6). Both compounds 1 and 2 did not exhibit
fluorescence. The addition of all tested anions showed the
fluorescence intensities of compound 1, while compound
2 did not give fluorescence with the addition of iodide ion
only (Fig.6(a, b)).

The fluorescents changes were supported by
emission spectra shown in Fig. 6(c) and d. In addition,
CN- anion gives a high-intensity emission for both
compounds 1 and 2. Excitation of compound 1 occurs at
A 335 nm with the highest emissions at An. around 400-
450 nm, while compound 2 excites at Amax 415 nm with
the highest emission at 500-530 nm. The increasing
fluorescents intensity of sensor solutions after addition
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Fig 6. Fluorescents of solution (a) compound 1 (5x10~°> M) and (b) compound 2 (2x10~> M) under a UV lamp 365 nm;
and emission spectra of (c) compound 1 and (d) compound 2 in DMSO after addition of Cl", Br’, I, AcO~, and CN~
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of CN~ indicates an OFF-ON system due to interaction
between sensor compound and anion [23].

Limit of Detection Value for Cyanide on Sensor
Compounds

The color changes of sensor solutions after addition
various CN~ concentrations are shown in Fig. 7. The
solution color change into yellow was observed when the
CN-" concentrations were 4x107 M for 1 and 1x10~* M for
2.

The UV-Vis spectra after the addition of various
cyanide anion concentrations are shown in Fig. 8. For
example, the addition of cyanide from a range
concentration of 10*-10" M into compound 1 caused a
decrease in absorbance at A ~ 290 and 360 nm and
increased a new peak at A ~ 450 nm region (Fig. 8(a)). For
compound 2, increasing CN~ concentration from 10—
107 M caused a decrease in absorbance at Ayax 380 nm and
anew peak at A ~440 nm (Fig. 8(b)).

A ratiometric calibration curve was plotted from
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20009 o

2 —— CN 210

G 2000 — CNecio*

b) 5 — N
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— O ST
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UV-Vis spectra to determine the limit of detection
(LOD) cyanide anion of compounds 1 and 2. The
ratiometric calibration curve against various CN-
concentrations had a regression value (R?) 0f 0.9916 with
a LOD value of 9.6x10™* M for compound 1 and 0.9917
with a LOD value of 9.63x10> M for compound 2.

RETE - - B

al ik |

e s aen- e ey o T~ B
Fig 7. Optical color of (a) compound 1 and (b)

b
waad e -

compound 2 changes after addition of various
concentrations of cyanide anion (10*-102 M for
compound 1 and 10°-10~* M for compound 2)
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Fig 8. UV-Vis absorption spectra with the ratiometric curve of (a) compound 1 and (b) compound 2 after addition

various concentrations of CN-
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The LOD value for CN™ anion was also performed
using a spectrofluorometer. The fluorescence emission
spectra and calibration curve are shown in Fig. 9. The
emission spectra of compounds 1 and 2 increased with an
increase of CN~ concentration. As a result, the calibration
curve of the emission spectra of compounds 1 and 2 had
an R? value of 0.9776 and 0.9928, and the LOD value was
15.90x10™* M and 8.95x10° M.

Interaction Study between Sensor Compounds and
Cyanide

The interaction study between sensor compounds
and cyanide anions was performed through Job's plot
[20]. The curves of absorbances against the cyanide fraction
are shown in Fig. 10. The maximum absorbance was
obtained at addition a cyanide fraction of 0.5. This value
indicates that interaction between compounds 1 and 2
with the cyanide anion has a mole ratio of 1:1. The 1:1
ratio means that only one hydroxyl from the symmetrical
azine interacts with one mole of cyanide anion.
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The 'H-NMR titration supported 1:1
interaction for compound 2 (Fig. 11). The addition of 1

ratio
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Fig 10. Job's Plot curve interaction between (a)
compound 1 and (b) compound 2 with a fraction of
cyanide addition
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Fig 9. Emission spectra with the calibration curve of (a) compound 1 and (b) compound 2 at the excitation of 415 nm

after addition various concentrations of CN-
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equivalent mole ratio of cyanide anion caused a signal at
13.55 ppm to disappear and followed a new signal at 8.51
ppm. The addition of 5 and 10 moles equivalents of
cyanide anion, a signal at § 8.51 ppm shifted towards
upfield at 8.48 and 8.44 ppm accompanied by an increase
in the absorption intensity. The proton of benzene peaks
gradually showed a shift to the upfield area. This data
indicated that deprotonation of the hydroxyl group has
occurred in one hydroxyl group. These results are
proposed to the mechanism of interactions in Scheme 2.
The proposed mechanism supported color change
after the addition of cyanide. Interaction of compound 1

1345

with cyanide indicated the formation of H-bond with
cyanide anion in one hydroxyl group. This interaction
did not produce delocalization of the benzene ring, so
the color change was not intense. Interaction of
compound 2 with cyanide indicated the deprotonation of
one hydroxyl group followed with delocalization of the
phenol anion producing color change.

Paper-Strip Sensor

A paper-strip sensor was done by dropping various
concentrations of cyanide anion solution (0-1 M) to a
Whatman filter immobilized with compounds 1 and 2.

1
Compound 2 i i
: | H: {
: i
. ] i
J . I
Compound 2 + 1 Eq CN
g
Compound 2 + 5 Eqg CN .
5
il
Compound 2 + 10 Eqg CN i i
(&)
: f I| '
L) i L
135 120125120115 11.010.510.0 95 50 &5 80 75 7.0 65 6.0 55 50 45 40 35 30 25 20 15

Chemical shift (ppm)
Fig 11. '"H-NMR titration on compound 2 with the addition of cyanide ion
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Scheme 2. Proposed mechanism of interaction 1 and 2 with cyanide anion

Nur Masyittah Irmi et al.



1346

Indones. J. Chem., 2021, 21 (6), 1337 - 1347

(c)
Fig 12. The paper-strip color of (a) sensor 1 and (b) sensor 2 changes after addition of various CN" concentration (1)
0M; (2)10° M; (3) 10* M; (4) 1072 M; (5) 102 M; (6) 107 M; and (7) 1 M, (c) sensor 1 and (d) sensor 2 under a 365
nm UV lamp

The results are shown in Fig. 12. The paper-strip sensor 1
produced no 'naked-eye' color change in addition to
various cyanide anion concentrations. In contrast, paper-
strip sensor 2 could detect the presence of cyanide anions
at a concentration of 10-2 M with a concentration of a
pale-yellow color. Observing the paper-strips under a
365 nm UV lamp, paper-strip sensors 1 and 2 glow when
the cyanide is dripped with distilled water. Paper-strip 1
brought out a yellow glow, while paper-strip 2 gave a
greenish-yellow glow. However, based on these results, it
can be said that compound 1 and 2 is not sensitive to
detect cyanide anions under UV light irradiation at a
365 nm UV lamp.

m CONCLUSION

Acetophenone azine derivatives 1 and 2 have been
synthesized in one-step condensation of acetophenone
derivatives with hydrazine hydrate. Compounds 1 and 2
can act as dual-mode chemosensors (colorimetry and
fluorometry) to detect cyanide anion. Compound 2 has
more sensitivity than compound 1. The LOD values for
cyanide anion by colorimetry was 9.68x10* M for
compound 1 and 9.63x10”° M for compound 2, while
LOD values by fluorescent were 15.90x10* M for
compound 1 and 8.95x10> M for compound 2.
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Abstract: This study aims to identify the antifeedant activity of Azadirachta indica A.
Juss root bark against Hong Kong caterpillar (Tenebrio molitor). A. indica A. root was
macerated in n-hexane, ethyl acetate, and methanol. The investigation of antifeedant
activity was conducted by using the no choice leaf disk method. The antifeedant activity
(%AI) tests showed that the extracts of n-hexane, ethyl acetate, and methanol with each
concentration of 0.5% were 6.71, 71.78, and 40.14%, respectively. The ethyl acetate
extract demonstrated the most active antifeedant activity. Ethyl acetate extract was
fractionated to obtain five subfractions (A-E). Each subfraction with each concentration
of 0.5% showed the %AI of 70.55, 85.29; 67.40, 82.70 and 82.22%, respectively.
Furthermore, GC-MS results demonstrated that ethyl acetate extract contained 19
compounds. The main compounds are methyl hexadecanoate and methyl 8-
octadecenoate. Further purification of fraction A, which has the highest amount, was then
carried out. The obtained isolate, i.e., A3, was determined as ethyl p-methoxycinnamate
confirmed by “C- and 'H-NMR, FTIR, and MS spectra. The presence of ethyl p-
methoxycinnamate makes A. indica A. root is potential as T. molitor antifeedant. The
implication of these findings is to reference herbal antifeedants and reduce the use of
synthetic pesticides.

Keywords: Azadirachta indica A. Juss root bark; antifeedant; ethyl p-
methoxycinnamate; Tenebrio molitor

m INTRODUCTION

Aceh is a tropical region in Indonesia overgrown by
various medicinal plants, like Artocarpus camansi [1-3],
Ficus racemosa, Morus alba [4-5], and Azadirachta indica
A. Juss. A. indica A. Juss or Meliaceae, known as Neem
trees, originally came from India, Bangladesh, Thailand,
Nepal, and Pakistan. However, this plant is commonly
found in Aceh [6]. A. indica A. Juss is a tree with 10-15 m
of height. It has roots, stems, leaves, flowers, fruit, and
seeds. The stems structures are straight and woody [7].
This plant is one of the essential medicinal plants, which
the UN declared as a 21* Century Tree. In India, the neem
is called the divine tree, which means the tree of life, the
natural pharmacy, and the elixir for all diseases [8-11].
Various chemical constituents are found in neem leaves,
such as nimbin, nimbanene, 6-desacetylnimbinene,

nimbandiol, nimbolide, ascorbic acid, n-hexacosanol,
amino acids, 7-desacethyl-7-benzoylazadiradione,7-
deacethyl-7-benzoylgedunin and nimbiol [11-13]. The
secondary metabolites of A. indica A. Juss plants belong
to the terpenoid, steroid, and flavonoid compounds [14].
These have been isolated from various parts of the A.
indica A. Juss plant, and some of them showed
antifungal, antitumor, and antimalarial activity [15].
The steroid saponin compounds, such as 2a,4a-
dihydroxy-pregn-5-en-16-one-3a-O-D-glucopyranose,
6-deacetylnimbin, 6-deacetylnimbinal, nimbandiol,
3B,44,20a-
trihydroxy-5-pregnen, 2a,3p-dihydroxy-5-pregnen-16-

nimbolide, 2',3'-dehydrosalannol,
one, (+)-dehydro-vomifoliol, 33-hydroxy-5a,6a-epoxy-
7-megastigmen-9-one, and quercetin-3-gluco-

pyranoside have been isolated from methanol extracts of
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A. indica leaves, which known to have antibacterial
activity [16].

Generally, antifeedant compounds are defined as
compounds that temporarily or permanently stop the
insect's appetite. The antifeedant identification of A.
indica A. Juss seed water extract within a concentration of
80 g/L using the "No Choice Leaf Disk Method" resulted
in 98.19% of antifeedant activity and potential repellent to
the Plutellaxylostella larvae [17]. However, further study
of the antifeedant activity from other parts of the A. indica
A. Juss plant, including the root bark, is still in progress.

The Hong Kong caterpillar Tenebrio molitor is one
of the pest organisms found in agricultural products [18].
The synthetic pesticides applied to the plant are unable to
decompose, but plant roots can absorb them. Meanwhile,
it will be accumulated in roots and leaves, and fruits,
which
compounds will enter the human body via certain

animals eat. Moreover, the accumulated
animals, which eat those leaves or fruits. Thus, the
compound can affect the body's systems within the
human body, such as nervous systems and others. This
infected nervous system can cause mental retardation
[19]. Therefore, the research about antifeedant activity
from the compounds derived from neem root skin against
the bioindicator of Hong Kong caterpillar (T. molitor) is

necessary to be carried out.

m EXPERIMENTAL SECTION
Materials

The root bark of A. indica A. Juss was collected from
the Darussalam area, a part of Syiah Kuala sub-district
Banda Aceh, in 2017. Dr. Saida Rasnovi identified the
393/11.1.28.1/DT/UN 2017 and
subjected it as the herbarium to the Biology Department,

sample, number:
Faculty of Mathematics and Natural Sciences, Universitas
Syiah Kuala.

Instrumentation

Mass spectra were measured using a Shimadzu GC-
MS QP 2010 Ultra. In addition, the 1D spectra of 'H- and
BC-NMR were measured in CDCl; solvent using an ECA
JEOL 400 MHz
column chromatography was conducted on silica gel 60

spectrophotometer. Furthermore,
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(70-230 mesh, Merck), and the TLC analysis was carried
out using precoated silica gel plates (Merck).

The methodology used for phytochemicals testing
could be found in the Phytochemical Methods,
Simplified Determination Method to Analyze Plants
[20].

Procedure

Extraction of A. indica A. Juss root bark

About 2.2 kg root bark of A. indica A. Juss was
dried as preparation for the maceration process. First,
the root bark was macerated with n-hexane for 72 h;
then, it was filtered to collect the residue. The obtained
residue was soaked into the semi-polar solvent, ethyl
acetate, for 72 h, then it was filtered for obtaining further
residue. The residue obtained was macerated with
methanol solvent for getting the next residue. Then, each
obtained residue was evaporated by using the rotary
evaporator. There were about 25.314 g (1.13%) collected
residue concentrated from the n-hexane extract, 28.315 g
(1.24%) from ethyl acetate extract, and 214 g (9.41%)
from the methanol extract. All residues were subjected
to identification of antifeedant activity. Then, the
residue derived from ethyl acetate was determined as the
most active antifeedant against T. molitor instar III
Therefore, the fractionation was conducted with the
ethyl acetate extract, and its chemical composition was
characterized by  Gas  Chromatography-Mass
Spectrometry (GC-MS).

Fractionation of ethyl acetate extract

About 16 g of the ethyl acetate extract was
fractionated using gravity column chromatography. The
eluent system was using n-hexane: ethyl acetate with the
ratio of n-hexane 100%, n-hexane:ethyl acetate (98:2);
(95:5); (92:8); (90:10); (85:15); (80:20); (70:30); (60:40);
(55:45); (50:50); n-hexane:ethyl acetate (40:60); 100% of
ethyl acetate and 100% of methanol. The separation
result showed 267 fractions (each 60 mL) obtained after
being monitored by thin-layer chromatography (TLC).
The same stain pattern was combined to form five
fraction groups: A, B, C, D, and E. Fractions A and B
contain terpenoids with the weight of 0.73 and 0.80 g,
respectively. Fraction C, as brownish-black residue
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contains alkaloids and terpenoids, resulted in 0.80 g.
Fraction D, weighing 3.27 g as brownish-black, contains
terpenoids and saponins, while fraction E, as brownish-
black residue in 7.27 g weight, contains terpenoids. Then,
those five fraction groups were subjected to the
identification of antifeedant activity. The result
determined that fractions A and B had the highest
antifeedant activity. Furthermore, the separation of
fraction A was relatively clean, and this group belongs to
the active antifeedant fraction group (%Al = 62.03% at
0.1% concentration).

The fixed amount of 0.80 g of fraction A was
addressed for gravity column chromatography with the
eluent system of n-hexane:ethyl acetate (90:10). The 81
fractions were obtained with fractions 48 and 49 (A3)
contained 0.04 g in each. Next, fraction A3 was subjected
to further separation using n-hexane:ethyl acetate (90:10)
eluent system. Another 19 fractions were obtained,
whereas fractions 11-13 (A3,) were determined relatively
pure after TLC analysis performed with three different
eluent systems. Furthermore, the A3, compound was
'H-NMR, "“C-NMR,
spectrometers and MS.

characterized by infrared

Preparation of bioindicators

The T. molitor instar III was used as bioindicators in
this research. It was bought from mealworm breeders in
Keutapang, Aceh Besar, and it fasted for 24 h before the
antifeedant activity test.

Preparation of test solution

The test solution was generated in 10% wt/v
concentration. Ten grams of methanol extract were
dissolving into 100 mL of methanol. The solution was
diluted into the 5, 1, and 0.5% of final concentrations.
Moreover, the same treatment was repeated for the ethyl
acetate and n-hexane extracts.

Test media preparation
A plastic with a 15 x 10 cm? size was prepared and
covered with sterile gauze moistened by distilled water.

Antifeedant activity assay

Fresh spinach leaves were prepared and put into the
crude extract of methanol (0.5%) for a minute. After that,
it was left to dry for about 15 min, and the weight gain (x1)

Indones. J. Chem., 2021, 21 (6), 1348 - 1357

was measured. The spinach leaves were placed into the
test medium within a plastic container, which had been
prepared previously. Furthermore, the 10 larvae of T.
molitor instar III were placed into the container, covered
with a cloth, and tied with a rubber band for 24 h. Then,
the weight of spinach leaves was measured to calculate
the weight lost (x;), while the weight of leaves was found
different between x; and x,. The test was repeated 3
times. The negative control was fresh spinach leaves
which were dipped into the extracting solvent used. The
same treatment was carried out for concentrations of 1,
5, and 10% of ethyl acetate and n-hexane extracts, with 3
replications for each. All of the tests were repeated three
times. The antifeedant percentage was calculated using
the formula [21]. The standard deviation was obtained
from the repetition of antifeedant activity assays, which
have been carried out three times.

Antifeedant Index (Al) = C(Xl _XZ)_T(XI % ) x100%
C(x1 —X2)+T(X1 _Xz)

whereas Al = Antifeedant Index; C = Control; x;, =

weight of leaf which was put into the crude extract as a
control; x, = weight of leaf which was consumed by
larvae as a control; and T = Treatment.

Statistical analysis

Statistical analysis was conducted using the SPSS
program and Origin Pro software to create the different
curves for the antifeedant activity.

m  RESULTS AND DISCUSSION

The antifeedant activity was identified among
n-hexane, ethyl acetate, and methanol extract derived
from A. indica A. Juss root bark. The ethyl acetate extract
demonstrates the highest antifeedant activity (%AI =
71.78%) against T. molitor instar III compared to n-
hexane (6.71%) and methanol extract (40.14%).
Therefore, the isolation and activity test focused on the
ethyl acetate extract. First, the ethyl acetate extract was
separated by gravity column chromatography to obtain
five subfractions, i.e., fraction A (0.8 g), B (0.73 g),
C (0.8 g), D (327 g), and E (7.27 g). Then, the
measurement of antifeedant activity for those five
groups of fractions was applied to T. molitor instar III
The results of the antifeedant activity test of ethyl acetate
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extract and the fraction groups (A, B, C, D, and E) are
listed in Table 1.

Based on Table 1, the antifeedant activity test results
showed that the %AI for various fraction groups is more
than 50% at 0.1 and 0.5% of concentration. This
antifeedant observation showed that fraction B is the most
active antifeedant from ethyl acetate extracts and the
various fraction groups, followed by fraction D, fraction
E, fraction A, and fraction C. The relationship curve
between %AI and the concentration of each extract is
presented in Fig. 1. The obtained %Al is directly affected
by the concentration of each fraction contained in the
ethyl acetate extract.

The ethyl acetate extract of A. indica A. Juss root
bark was characterized by a gas chromatography-mass
spectrometry (GC-MS) to identify the composition of the
compounds. The chromatogram is shown in Fig. 2.
Several compounds are contained in the ethyl acetate
extract derived from the root bark of A. indica A. Juss, and
the result from GC-MS analysis are listed in Table 2.
Nineteen compounds have above 70% of similarities. The
two major compounds, methyl 8-octadecenoate (26.33%)
(14.18%) 96%
similarities. Therefore, we can conclude that ethyl acetate

and methyl hexadecanoate have

extract contains antifeedant compounds, like nimbin,
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patchouli alcohol, p-methoxycinnamate, terpenoid, and
monoterpene. These compounds work simultaneously
to give the highest antifeedant activity of ethyl acetate
extract. Nimbin has been reported as an anti-
microorganism, which is very useful in controlling plant
disease [22]. In this experiment, the nimbin was found
as a Nimbiol, also classified as a terpenoid. Terpenoid
compounds could affect the feeding selection of insects.
This finding is in good agreement with Weietal. [15],

s Fthyl acetate —#— Fraction A

——i— Fraction B —&— Fraction C

100 i Fraction D —— Fraction E

a0 4

80 +

70 4

60 o

Mean of Al (%)

50 4

40

0 Gf2 Of4 OfG
Concentration (%)
Fig 1. The differences antifeedant activity of ethyl

acetate extracts and their fraction groups

Table 1. The antifeedant activity of ethyl acetate extract and fraction group A-E against T. Molitor

Conc. Mean of %AI + Standard Deviation
(%) Ethyl Acetate Extract Fraction A Fraction B Fraction C Fraction D Fraction E
0.05 50.03+2.97 61.25+297 50.05+18.44 59.9+16.59 47.36*13.56
0.1 62.03+1.30 83.02+6.05 58.72+9.22 73.75+1543 65.01+16.95
0.5 71.78 £19.99 70.55+1.98 8529+536 67.4%1.85 82.71 £4.53  82.22+9.45
12153300 &
i
o)
5t Ml = o
- o [ L) £ i .-#r JE‘I ::ﬂ T TS50
1|:Il.EI . EEI.IJ 3|;I.EI 4|;I.EI E-EI.EI I 'E'}.EI.I] ?I:Il.EI I 20.0
min

Fig 2. The chromatogram of the ethyl acetate extract derived from the root bark of A. Indica A. Juss
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Table 2. Characterization results of the compounds contained in the ethyl acetate extract derived from A. indica A.

Juss root bark by GC-MS (all of the structure should be rewritten and give the correct IUPAC name of the compounds)

No Retention Area (%) Compound SI
Time (min) (%)
1 6.806 3.49 4-hydroxy-4-methyl-2-Pentanone 95
2 8.963 3.03 2-butoxy ethanol 98
3 15.366 0.75 2-Butoxyethyl acetate 94
4 27.832 0.47 2,4-bis(1,1-dimethylethyl) phenol 91
5 32.308 1.25 1,6-Methanonaphtalen-1(2H)-ol, octahydro-4,8a,9,9-tetramethyl-, 95
[1R-(1.alpha,4.beta,4a.alpha,6.beta, 8a.alpha)]
6 33.928 0.98 Ethyl p-methoxycinnamate 71
7 37.630 14.18 Methyl hexadecanoate 96
8 38.400 1.48 Hexadecanoic acid 95
9 40.995 9.01 Methyl cis-9 cis-12-Octadecadienoate 94
10 41.212 26.33 Methyl Octadec 8-Enoate 96
11 41.602 3.70 Methyl n-octadecanoate 96
12 41.866 1.22 9Z7,12Z-Octadecadienoic acid 88
13 45.243 0.69 Arachidic acid methyl ester 96
14 45.439 2.40 Podocarpa-6,8,11,13-tetraen-12-ol, 13-isopropil-, acetate 83
15 48.785 9.94 Bis(2-ethylhexyl) 1,2-Benzenedicarboxylate 97
16 48.900 0.53 Nimbiol 70
17 49.639 3.63 Podocarpa-8,11,13-triene-7beta, 13-diol,14-Isopropyl 74
18 50.469 0.87 7-isopropyl-1,1,4a,6-tetramethyl-2,3,4,4a,10,10a- 84
hexahydrophenanthren-9(1H)-one
19 54.755 1.84 Piperidine, 1-[5-(1,3-benzodioxol-5-yl)-1-0x0-2,4-pentadienyl]- 90
»(E,E)

who reported that terpenoids are potent for control
insects.

Fraction A was addressed to further purification
using chromatography to produce A3, isolate. It is due to
the amounts of other fractions was too small. Even though
the antifeedant activity of fraction A is lower than other
fractions, it still has a reasonable antifeedant activity to be
applied (~70%).

Based on Fig. 3, there are 12 carbon atoms present
in the A3, isolate. The carbon at C-11 as a carbonyl ester
appeared at 8¢ 167.5 ppm and C-8 for OCH; at §¢55.5 ppm.
The C-14 and C-15 at 8¢ 60.4 and 14.5 ppm belong to CH,
and CHs. In addition, and alkene carbons of C-9 and C-
10 were detected at 8¢ 144.4 and 115.8 ppm. Atom C of C-
1 to C-6 were aromatic carbons with d¢ of 127.3; 129.8;
114.4; 161.4;
According to previous research, the "C-NMR spectrum

1144 and 129.8 ppm, respectively.

of the A3, isolate is very similar to ethyl p-methoxy
cinnamate that has been reported [23].

The comparison of 'H-NMR and C-NMR spectra
data of A3, isolate with ethyl p-methoxycinnamate
listed in Table 3. Ethyl p-
methoxycinnamate has various pharmacological

compounds are

activities, including anti-inflammatory [24] anti-
hyperglycemic [25], and antibacterial [26]. The ethyl p-
methoxycinnamate compound has been found in the
chloroform extract of the leaves of A. indica A. Juss as an
anti-inflammatory [27].

The '"H-NMR spectrum of the A3, isolate showed
in Fig. 4. The '"H-NMR spectrum showed three aliphatic
protons bound to H-15, which appeared as triplets at n
1.33 ppm, and two aliphatic protons bound to H-14
showed as quartets at 8y 4.25 ppm. This pattern happens

because the protons attached to the H-14 atom are

Rosnani Nasution et al.



Indones. J. Chem., 2021, 21 (6), 1348 - 1357 1353

[nr Nt Nl
W
ﬁ%ﬁﬁ i o
e 2IT
AN T
H

~167.502
161.471
- —144.401

~77. 160 COCI3

-560.461
55.508
14.503

25.849
29.519

180 170 180 150 140 130 120 110 100 90

g0 70 60 50 40 30 20 10 O

Fig 3. The PC-NMR spectra of the A3, isolate

Table 3. The comparison of '"H-NMR and “C-NMR spectra data of A3, isolate with ethyl p-methoxycinnamate

compounds
Position Isolate A3, Ethylp-methoxycinnamate Isolate A3, Ethylp-methoxycinnamate
du,ppm du, ppm dc, ppm 8¢, ppm

1 - - 127.3 127.3

2 7.47 (d,2H) 7.42 (d,2H) 129.8 129.7

3 6.90 (d,2H) 6.90 (d,2H) 114.4 114.3

4 - - 161.4 161.3

5 6.90 (d,2H) 6.90 (d,2H) 114.4 114.3

6 7.47 (d,2H) 7.42 (d,2H) 129.8 129.7

7 - - - -

8 3.83 (s,3H) 3.82 (s,3H) 55.5 55.3

9 7.64 (d,1H) 7.65 (d,1H) 144.4 144.2

10 6.30 (d,1H) 6.31 (d,1H) 115.8 115.7

11 - - 167.5 167.3

12 - - - -

13 - - - -

14 425 (¢,2H) 4.25 (g,2H) 60.4 60.3

15 1.33 (t,3H) 1.32 (t,3H) 14.5 14.5

affected by the O atom's electronegativity, which causes a
significant chemical shift value. Atom H on H-8 is a
singlet signal defined as a methoxy proton with 8u 3.3

ppm. The singlet signal indicates that the methoxy
proton has no neighbor. The chemical shift values of H-9
and H-10 as alkene were signaled at du 7.64 ppm (1H, d)
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Fig 4. The '"H-NMR spectrum of A3, isolate
and 6.30 ppm (1H, d), respectively. In addition, the  Fig. 5. The fragmentation of the ethyl p-

presence of aromatic protons of H-2 and H-3 atoms were
appeared at 6y 7.47 ppm (2H, d) and 6.90 ppm (2H, d),
respectively.

The FT-IR spectrum supported the A3, isolate as
ethyl p-methoxycinnamate, which shows a carbonyl
group (C=0) ester at the wavenumber 1738 cm™. The
aliphatic C-H vibration at the wavenumbers of 2925 and
2854 cm™ showed that the compound contains methyl
(CH;), methylene (CH,), and methine (-CH) groups.
Moreover, the absorption in the area 1634-1512 cm™
indicated the presence of aromatic carbon-carbon double
bonds (-C=C-), then an absorption at 829 cm™ indicated
the para-substitution. While the absorption at 1372 cm™
showed the existence of stretch vibration (-C-H).
Absorption at 1170 cm™ indicated the presence of ether
(-C-0) groups. These groups are relatively reactive and
react with other compounds to form antifeedant
substances, causing the Al to increase. In addition, the
presence of conjugated double bonds in some compounds
is responsible for their properties, which is easily
evaporate, i.e., essential oil properties.

The identification of A3, isolate as ethyl p-
methoxycinnamate is supported by MS data, as shown in

methoxycinnamate molecule occurs at m/z 206, 178,
161, 147, 134, and 118. The characteristic of the ethyl p-
methoxycinnamate compound is found in the fragment
of m/z 161 as a base peak [28]. Furthermore, it also
reported the fragmentation pattern of ethyl p-
methoxycinnamate, which is similar to the A3, isolate
[28]. Based on the data above, the A3; isolate has a high
the ethyl
compound, so that the structure of the A3, isolate is

similarity ~ with p-methoxycinnamate
determined to be an ethyl p-methoxycinnamate
compound.

The n-hexane extract from A. indica A. Juss root
bark contains alkaloids, steroids, terpenoids, and
saponins, while the ethyl acetate extract contains
alkaloids, steroids, terpenoids saponins, and phenolics.
In comparison, the methanol extract contains steroids,

100 181 i)
134 191
T
55 gg 10Ty 147 178
30 50 70 90 110 130 150 170 180 210 230 250
Fig 5. The MS spectrum of A3, isolate (from GC-MS)
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terpenoids, saponins, flavonoids, and phenolics. The
presence of terpenoids and steroids is commonly found in
plants since terpenoids are known as the basic of steroid
biosynthesis [29]. In addition, several secondary metabolites
were found in A. indica A. Juss, such as terpenoids,
steroids, and flavonoids [14]. Thus, it corresponds with the
previous research, which exhibited that the ethyl acetate
extract of A. indica A. Juss leaves contain an alkaloid,
terpenoids, steroid, and phenolic metabolites [30].

While the
metabolite content showed no alkaloids detected in the

identification result of secondary
methanol extract, it is appropriate with the study results
[31], which reported that the methanol extract of A. indica
A. Juss leaves contained terpenoids, flavonoids, and
saponins. Thus, the differences between the chemical
compounds derived from the extracts are due to the
sample used (root, bark, or leaves) and the solvents used
(nonpolar, semi-polar, and polar).

The antifeedant nature is suspected in A. indica A.
Juss since the chemical compounds contained in the
fraction group of ethyl acetate extract of are consist of
alkaloids, such as piperidine, 1-[5-(1,3-benzodioxol-5-
yl)-1-0x0-2,4-pentadienyl]-,(E,E),
aspodocarpa-6,8,11,13-tetraen-12-ol-13-isopropyl acetate,
Nimbiol, 13-diol,14-
isopropyl and, 7-isopropyl-1,1,4a,6-tetramethyl-2,3,4,4a,

terpenoids,  such

podocarpa-8,11,13-triene-7beta,

10,10a-hexa hydrophenanthren-9(1H)-one, according to
GC-MS result. The content of these chemical compounds
significantly affects the behavioral eating of insects; for
instance, the alkaloid compounds exhibited a bitter taste
to inhibit the antifeedant activity [20]. Moreover, the
terpenoid compounds may affect insect feeding. This
finding corresponds to the previous research, which
reported that terpenoids could control insects by acting as
antifeedants [15]. Furthermore, the saponins also could
reduce the absorption of food within the gut of insects and
inhibit the absorption of food in the intestine [32]. These
saponins may also have an antifeedant activity to the other
insects, such as Spodopteralitura [33].

According to the result of GS-MS analysis, two
major compounds were detected, methyl hexadecanoate
and methyl 8-octadecenoate determined to have an
antioxidant, antibacterial, and anticancer activity, which
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can inhibit microbial growth [34]. In addition, nimbiol
was detected, and it exhibited antibacterial and
antifungal activity [22]. Moreover, this compound is
commonly found in the A. indica A. Juss. Further

research is required to observe the matrix in this field.
m CONCLUSION

The results of the phytochemical test showed that
the root bark extract of the plant A. indica A. Juss
alkaloids,
terpenoids, steroids, flavonoids, saponins, and phenolic

contained secondary metabolites of
compounds. A. indica A. Juss root bark has better
antifeedant activity in ethyl acetate extract, and its
subfraction, i.e., A3, was confirmed as ethyl p-
methoxycinnamate from C- and 'H-NMR, FTIR, and
MS spectra. This compound is responsible for the
antifeedant activity of A. indica A. root extract.
Therefore, A. indica root is the potential to be used as T.
molitor instar I1I antifeedants.
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Abstract: One of the extensively prosperous potential aromatic plants is the clove
(Syzgium aromaticum). This is owing to all parts of this plant (bud, stem, and leaves)
contain a decent amount of essential oils. The current study focuses on the use of
microwave-assisted hydrodistillation (MHD) in extracting clove stem essential oils. This
study aims to obtain the best possible combination of operating parameters for a high
yield of clove stem oil using response surface methodology. The current study adopted a
face-centered central composite design to optimize the MHD operational parameters,
including the feed-to-solvent ratio, microwave power, and extraction time. The observed
data from the experiments were fitted to a reduced quadratic polynomial equation. The
three operational parameters were shown to significantly affect the extraction yield of the
clove stem oil (p < 0.05), yet the statistical significance for the interaction between each
parameter was considerably weak. Furthermore, the adjusted R? value measured
comparably to the corresponding R? value with the difference below 0.2, implying a high
correlation between experimental and model-predicted data. Thus, this result
demonstrates the suitability of the model used in the experiment.

Keywords:  face-centered  central microwave-assisted

hydrodistillation; reduced quadratic model; clove oil; Syzgium aromaticum

composite  design;

= INTRODUCTION

Syzygium aromaticum (S. aromaticum), commonly
known as clove, is a kind of aromatic spice that has long
been used in various applications such as kretek cigarettes

manufacturers,

food flavoring,

eugenyl acetate, and B-caryophyllene being the three
main active chemicals. The eugenol constituent in cloves
and other polyphenolic compounds are known to have
antioxidant, antifungal, and antimicrobial activities [6-
7.

fragrances, and ) ] ]
Applying an effective extraction method to

pharmaceuticals. The wuse of clove plants further
developed into the cosmetics industry, and lately, several
tindings show the potential of using cloves for other
purposes, including fish anesthetic [1], natural
insecticides [2], and fuel bio-additives [3]. This aromatic
plant is commercially harvested in Indonesia, Sri Lanka,
India, and some African countries, primarily in Tanzania
and Madagascar [4].

Cloves have a pleasant aroma derived from essential
oils, which are contained in large enough quantities,
whether in its flowers (10-20%), stems (5-10%), and
leaves (1-4%) [5]. The essential oil derived from cloves
contains a mixture of different compounds, with eugenol,

produce a high-quantity and high-quality yield of
essential oil is necessary since the properties and
compositions of oils could vary depending on extraction
methods. Various approaches have been used for
obtaining aromatic oil, such as solvent extraction,
hydrodistillation, and steam distillation [8-9]. Aside
from the conventional methods, microwave-assisted
extraction has attracted extensive response in recent
years as it offers many advantages include rapid energy
transfer, effective heating, shorter extraction time while
preserving a high yield extraction [10]. The microwave-
assisted hydrodistillation (MHD) is an advanced
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hydrodistillation method that utilizes water solvent for
target component extraction, aided with microwave
heating. Reports on the application of the MHD on
extracting essential oils from numerous plant materials
have also provided promising results [11-12].

The efficiency of the MHD process is influenced by
microwave irradiation power and time, properties of the
matrix, including its moisture content, and the solvent-
to-feed ratio [13]. When properly and optimally selected,
these parameters present maximum process efficiency
while retaining the desired components’ value. One of the
most favorable tools for optimizing experiments’ design
process is response surface methodology (RSM). The
RSM-based analysis allows investigating the possible
interaction of the independent factors and their effects on
the dependent variable(s). Compared to another classical
approach, such as one-factor-at-a-time experimentation,
the RSM provides convenience due to its reduced time
and lower number of trials. This study was carried out to
evaluate the effects of the MHD parameters (microwave
power, feed-to-solvent ratio, and extraction time) on the
extraction of the essential oil derived from S. aromaticum
stem. Furthermore, to investigate the best response
surface design for optimizing the S. aromaticum stem oil
yield, a central composite with a face-centered design was
considered.

m EXPERIMENTAL SECTION
Materials

Sun-dried clove stems were collected from local
farmland in Malang, East Java. The stems were cut into 2
cm segments. Distilled water was used as a solvent to
extract clove stem oil. While n-hexane used was ACS
grade (FULLTIME, CAS No. 110-54-3).

Instrumentation

The microwave hydrodistillation method was
handled in a reworked domestic microwave oven
(Electrolux EMM2308X). The modification and basic
experimental set-up of the microwave extraction apparatus
were conducted according to several related studies [14-
15]. The microwave reactor operates at 2.45 GHz frequency
with 800 W maximum power capability. A Clevenger-
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type apparatus coupled with a reflux condenser were
mounted on top of the microwave oven. The distiller
used was a one-neck 1000 mL round flask. Chemical
compounds of the obtained oil were characterized using
AGILENT 5973 Inert MS with AGILENT 6980N GC.

Procedure

Determination of proximate, tannin, and fixed oil
The proximate analysis of the clove stem was
conducted following the Association of Official
Agricultural Chemists (AOAC) standard procedures.
Moisture content was measured by drying 10 g of the
sample in an oven at 105 °C to a constant weight. Ash
content was determined by burning 2 g of clove stem on
a furnace at 600 °C for 2 h [16]. A semi micro-Kjeldahl
method was applied to obtain the total crude protein
[17]. Then,
determined using spectrophotometer and Soxhlet

content tannin and fixed oil were

method, respectively.

Microwave hydrodistillation (MHD) of clove stem oil

For each extraction, the clove stem samples were
then weighed, following pre-specified plant to water
ratios. Distilled water with a fixed volume at 200 mL was
used as a solvent. The starting time of essential oils
accumulation was calculated when the distillation of the
first oil droplets was observed. Two phases of
condensate were obtained, namely the oil phase and the
aqueous phase. Due to its difference in density, a
significant amount of oil compounds heavier than water
would accumulate at the bottom end of the Clevenger
trap, while a small fraction of lower compounds would
float at the top of the aqueous phase. The oil phase was
collected and decanted using a separatory funnel. Both
fractions (the lighter and the heavier-than-water oils)
were added to obtain the total clove stem oil. The
collected clove stem oils were weighed and stored at a
cool and dry place. The obtained oil yield of the clove
stem was calculated according to Eq. (1) [18].

\Y%
7= Z(l—x)

where y is the clove stem oil yield (%, w/w), V is the

x100% (1)

weight of the clove stem oil (g), Z is the weight of clove
stem (g), while x is the water content (%).
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FCCD experimental design and analysis of statistic

An experimental design using response surface
methodology (RSM) was performed to explore the
influence of process variables and characterize the optimal
conditions to extract the essential oil. Central composite
design (CCD) was applied to study the effect of independent
variables as well as the interactive behavior on the
response. The total number of test runs required in CCD
is n = 2% + 2k + nc experiments. Whereas k, 2%, 2k, and nc
represent the number of factors, factorial point, axial
point, and center point runs, respectively.

In this study, the considered independent variables
were microwave irradiation power (A: 300-600 W),
feed/solvent ratio (B: 0.3-0.7 g mL™), and microwave
extraction time (C: 40-120 min). The dependent variable
chosen as the response was the yield of the clove stem oil
(Y, % w/w). Each parameter used in the study was coded
at three levels of factor points (- 1 for lower bound, 0 for
center point, + 1 for upper bound). The coded and actual
levels of factors for each experiment were summarized in
Table 1. Furthermore, the results of the experimental
design are presented in Table 2.

Indones. J. Chem., 2021, 21 (6), 1358 - 1370

The experimental design for three-factors requires
eight (2°) factorial points, six (2 x 3) axial points, and
center point replication (Table 2). In this study, the
center points were measured for five replications, thus
concluding the total number of experimental runs at n =
8 +6+5=19. A total of 19 observations were conducted
to fit the second-order polynomial equation as expressed
in Eq. (2).

k k k
j=1 j=1

i <j=2

(2)

whereas Y, Bo, Bi, Pii» Pij» Xi» Xj, and e represent the response
variable, regression coefficient depicting intercept value,
linear coefficient, quadratic coefficient, interactive

coefficient, coded independent parameters, and
experimental error, respectively.
Table 1. Code and levels of desired factors
Factor level
Factors
-1(-a) 0 1(+a)
Microwave power (W) (A) 300 450 600
Feed-to-solvent ratio (gmL™) (B) 0.3 0.5 0.7
Extraction time (min) (C) 40 80 120

Table 2. Results of FCCD experiments for clove stem essential oil extraction

Actual variables Yield of clove stem oil (% w/w)
Run , : ; ;

A(W) B(gmL') C(min) Experimental Predicted Residue
1 450 0.5 80 4.6975 4.3509 0.3465
2 450 0.5 80 4.3259 4.3509 -0.0251
3 450 0.5 80 4.4587 4.3509 0.1078
4 450 0.7 80 3.2385 3.4422 -0.2037
5 450 0.3 80 5.4683 5.4184 0.0500
6 600 0.7 40 1.9860 2.1811 -0.1951
7 300 0.3 40 3.1804 3.5213 -0.3409
8 600 0.3 120 6.1023 6.1551 -0.0528
9 300 0.3 120 5.4959 5.2623 0.2336
10 300 0.7 40 1.8267 1.7354 0.0913
11 450 0.5 40 3.2348 2.9003 0.3345
12 450 0.5 80 4.1948 4.3509 -0.1561
13 300 0.5 80 4.1632 4.0753 0.0879
14 600 0.7 120 4.3185 3.9887 0.3298
15 300 0.7 120 3.7738 3.8456 -0.0718
16 450 0.5 120 4.1863 4.6746 -0.4883
17 450 0.5 80 4.3852 4.3509 0.0343
18 600 0.5 80 4.5029 4.7445 -0.2417
19 600 0.3 40 4.8270 4.7168 0.1102
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All clove stem oil yields collected from the FCCD
were analyzed using the Design Expert 12 (State-Ease,
Inc., Minneapolis MN, USA; trial version). A statistical
method, analysis of variance (ANOVA), was then carried
out to calculate and model the optimum conditions for
the MHD of clove stem essential oil. The model adequacy
was determined by evaluating the coefficient of
determination or R-squared value (R?), the lack of fit,
adjusted determination coefficient (R*x4), and adequate
precision. This study preferred a statistical significance at
p-value < 0.05.

Gas chromatography-mass spectrometry (GC-MS)
analysis of chemical component

In determining the quality of the clove stem essential
oil obtained using the MHD method, it is necessary to
identify the chemical properties of the essential oil. The
analysis was performed by identifying the composition of
clove stem essential oils using GC-MS (AGILENT 6980N
chromatography gas coupled with AGILENT 5973 inert
mass spectrometry). The sample was injected at 250 °C
inlet temperature with a split ratio of 1:50. The flow rate
inside the GC column was held constant at 1 mL min™.
Wiley’s mass spectral data library (version 7.0) is used to
identify the chromatographic peaks. The peak percentage
was calculated using the total ion chromatogram (TIC)
peak area [19].

m RESULTS AND DISCUSSION

Proximate, Tannin, and Fixed Oil Determination of
the Clove Stem

It was found that the moisture content of the clove
stem was 15.35%. The analysis results show that the clove
stem contained a low amount of crude protein (4.95%). It
is slightly lower than the crude protein amount from the
clove stem measured by Tharpe [20]. It was reported that
a relatively small amount of 5.8-6.0% protein was found
on the clove stem. Meanwhile, the ash content of 8.94%
found in this study is comparable to the previous study
(6.9-9.0%). The fixed oil from the clove stem was
extracted with n-hexane using the Soxhlet apparatus. We
obtained a considerable amount of fixed oil and resin
(7.25%), higher (3.5-4.0%) [20].
Furthermore, a lower tannin content of 6.75% compared

than Tharpe’s
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to the study reported by Tharpe (with approximately
10% of tannin) [20] was measured.

Model Fitting for Clove Stem Oil MHD

In the current study, the MHD parameters,
including microwave irradiation power, feed-to-solvent
ratio, and microwave extraction time, were optimized
using FCCD to obtain the maximum value of clove stem
essential oil yield. The experimental values for extraction
yield (% w/w) as a response variable under different
combinations were presented in Table 2. The clove stem
oil yield varied broadly as a function of process
parameters, ranging from 1.826-6.102% w/w.

The least-squares regression was applied to study
the relationship of the response with the three regression
variables. Tables 3 and 4 present the model fitting
procedure generated from the Design Expert statistical
software. The obtained experimental data were fitted to
a series of regression models, including linear, first-
order interaction (2FI), fully quadratic, and cubic
models. The polynomial model that is used to
approximate the response surface and optimization
must not be an aliased model. Furthermore, the selected
model must also be the highest-order polynomial with
significant additional terms [21]. Due to the central
composite design’s inability to thoroughly estimate the
cubic model parameters, labeled as aliased, thus the
model is excluded from further consideration. Table 3
indicates that the fully quadratic model is appropriate
because its lack of fit p-value displayed a favorable
insignificant statistical trend with 0.0784 (> 0.05),
compared to a linear model. An insignificant lack of fit
is reccommended. The difference between the predicted
R-squared of the linear model and its adjusted R-
squared is less than 0.2, which depicted a considerable
agreement. However, further summarized in Table 3
and the ANOVA results (Table 5, as discussed in the
following sub-chapter), the quadratic terms have an
almost but not quite significant effect on the response;
thus, omitting these factors could negatively affect the
data analysis. Furthermore, higher-order polynomial
models could explain variations in error terms for the
corresponding low-order models [22]. Therefore, we
indicated this model for provisional preference.

Haqqyana et al.



1362

Indones. J. Chem., 2021, 21 (6), 1358 - 1370

Table 3. Summary of the sequential model sum of squares (type I) and lack of fit tests from respective models

Source SS? DPF®

MS* F-value  p-Value!

Summary of the sequential model sum of squares (type I)

Mean vs Total 323.23 1 32323
Linear vs Mean 18.73 3 6.24 36.80 < 0.0001
2FI vs Linear 0.4129 3 0.1376 0.7748 0.5302
Quadratic vs 2FI 1.17 3 0.3898 3.64 0.0573
Cubic vs Quadratic 0.7680 4 0.1920 4.94 0.0549
Residual 0.1944 5 0.0389
Total 344.50 19 18.13
Lack of fit tests
Linear 241 11 0.2187 6.30 0.0452
2F1 1.99 8 0.2491 7.17 0.0372
Quadratic 0.8235 5 0.1647 4.74 0.0784
Cubic (aliased) 0.0554 1 0.0554 1.60 0.2751
Pure Error 0.1390 4 0.0347
2 Sum of squares
® Degree of freedom
¢ Mean sum of squares
4 p values <0.05; significant
Table 4. Summary of respective model statistics
Source Std. Dev. R’ Adjusted R*>  Predicted R> PRESS
Linear 0.4119 0.8804 0.8565 0.7918 4.43
2F1 0.4215  0.8998 0.8497 0.5082 10.46
Quadratic 0.3270  0.9548 0.9095 0.5107 10.41
Cubic 0.1972  0.9909 0.9671 -2.3965 72.26

Development of Regression Model and ANOVA
Evaluation

A final quadratic polynomial equation regarding the
actual factors was obtained by applying the multiple
regression analysis, as shown in Eq. (3).

y =1.2969+0.0042* A —4.8478*B+0.0794*C
~0.0065* AB—1.3644e~*> * AC+0.0108 * BC
+2.5194e %% * A? +1.9261* B> ~0.0004 * C*

where y is the extraction yield of clove stem essential oil

3)

(% w/w), A is microwave power (W), B is the feed-to-
solvent ratio (g mL™), and C is the time of extraction
(min).

Following the developed equation, interpretation of
each factor’s effects’ on the response regarding the sign
and magnitude of the coefficients can be concluded [23].
Coefticients with a plus sign favor optimization thus
could promote an increase in the response. Meanwhile,
the minus sign indicates a contrary notion on the

response, so that an increase in values of the coefficients
will decrease the response values. The quadratic model
implied that the linear coefficients for microwave power
(A) and extraction time (C), the quadratic terms A* and
B?, and the interaction variables BC, established positive
effects. In contrast, the linear term B, the interactive
term AB, and the quadratic term C* displayed negative
significances on the extraction yield.

The observed data were analyzed using ANOVA,
and the results were summarized in Table 5. Evaluation
of significance and suitability of the predictive quadratic
model was considered by their p-value (p < 0.05) and
Fisher F-value. As shown in Table 5, linear terms of feed-
to-solvent ratio (B) and extraction time (C) had the most
considerable effects (p < 0.0001) on the clove stem oil
yield. The linear term of microwave power (A) and the
quadratic term of the extraction time (C*) were also
significant but less substantial. Otherwise, all the
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interaction effects of the model (AB, AC, BC) and the
quadratic terms of microwave power (A?) and the ratio of
feed-to-solvent (B®) were insignificant (p > 0.05). Hence,
the result suggests that the yield of essential oil from the
clove stem is highly dependent on the change of feed-to-
solvent ratio and the extraction time. It was also noted
that the quality of the quadratic model exhibits a good fit
with an F-value of 21.11 and a p-value < 0.0001. However,
the estimated p-value for lack of fit was approaching
though not reaching the preset significance level (p 0.0784
> 0.05). The lack of fit F value 4.74 describes a 7.84%
chance that the large value could occur due to noise. The
relatively low probability (< 10%) is concerning.
Insignificant model terms could be excluded in order to
simplify and improve model sufficiency. The model
equation for the MHD of the clove stem oil obtained after
eliminating the non-significant effects is expressed in Eq.

(4).
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y =2.15692+0.002198 * A —4.96527* B+0.070905* C 4)
~0.000305C*

According to the ANOVA results for the reduced
quadratic model summarized in Table 5, the estimated
p-value for lack of fit is not significant (p 0.1109 > 0.05).
This finding indicates that the model equation was
adequate for predicting the relevant response. Thus, the
variation in the responses could be explained by the
model [23]. The values of R-squared (R?), adjusted R-
squared (R’.), coefficient of variation (CV%), and
adequate precision were also calculated to determine the
goodness of the model fit to the experimental data. In
this study, the R* and R%g values were 0.9335 and 0.9145,
respectively, indicating a relatively high correlation of
the model developed through experimental data [24].
Moreover, the predicted R*> of 0.8530 is statistically
acceptable with the adjusted R* of 0.9145. The high value
of predicted R*signified the model’s capability to provide

Table 5. Summary of ANOVA test for the developed fully-quadratic and reduced quadratic model

DoE Model Source DF MS F-value p-Value
FCCD - Model 9 20.31 2.26 21.11 <0.0001
fully A-Microwave power 1 1.09 1.09 10.16 0.0110
quadratic ~ B-Feed/solvent ratio 1 9.86 9.86 92.22 < 0.0001
C-Extraction time 1 7.78 7.78 72.78 < 0.0001
AB 1 0.3000 0.3000 2.81 0.1283 ns
AC 1 0.0536 0.0536 0.5013 0.4968 ‘ns
BC 1 0.0593 0.0593 0.5548 0.4754 ‘ns
A? 1 0.0088 0.0088 0.0821 0.7809 ‘ns
B’ 1 0.0162 0.0162 0.1517 0.7060 ‘ns
C? 1 0.8746 0.8746 8.18 0.0188
Residual 9 0.9624 0.1069
Lack of fit 5 0.8235 0.1647 4.74 0.0784 ‘ns
Pure error 4 0.1390 0.0347
Total 18 21.28
FCCD - Model 4 19.86 4.97 49.15 <0.0001
reduced A-Microwave power 1 1.09 1.09 10.76 0.0055
quadratic ~ B-Feed/solvent ratio 1 9.86 9.86 97.62 < 0.0001
C-Extraction time 1 7.78 7.78 77.04 < 0.0001
cC’ 1 1.13 1.13 11.19 0.0048
Residual 14 1.41 0.1010
Lack of fit 10 1.28 0.1275 3.67 0.1109 ‘ns
Pure error 4 0.1390 0.0347
Total 18 21.28

¢ ns: not significant
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valid predictions on new experimentations. The
coefficient of variation (CV%) value of 7.71% indicated
good precision and reliability of the experimental results.
A value of the coefficient of variation below 10 is desired,
implying that the model is reproducible [25]. In addition,
an adequate precision level that is greater than 4 is
preferred. The adequate precision resulted in this study
was 27.0460, which defines as an adequate signal and
signifies good fitness of the developed model. Thus, the
reduced quadratic model could be applied to optimize the

MHD extraction process.

Diagnostic of Reduced Second-Order Model

Adequacy

Evidence on the relationship and model sufficiency
is acquirable by plotting essential oil yield predicted and
experimental values on a fitted-line plot. Fig. 1(a)
displayed the normal probability plot of residuals derived
from the reduced quadratic model for the yield of clove
stem oil. The plot indicates that the residuals follow the
straight line, thus reflected normal distribution. A small
residual value is desirable since it implied that the model
prediction is accurate [23]. Moreover, from Fig. 1(b), it
was observed that the experimental values were adjacent
to the straight line of the predicted yields. Appropriate
prediction on the yield of the clove stem oil was apparent
in the developed model, as revealed by the plot. This result
thus corroborated the high calculated R* value (0.9335).

Indones. J. Chem., 2021, 21 (6), 1358 - 1370

Fig. 2 demonstrated the relationship between
externally studentized residuals and run number of (a)
reduced quadratic and (b) fully quadratic models. The
graph was plotted to evaluate the experimental data and
identify the sufficient fit of the developed models [24].
The residuals between the observed data values and the
model-predicted responses fall within the acceptable
range of —4 to +4 shown in Fig. 2(a). Therefore, by
applying the reduced quadratic model equation, it can
be concluded that no outliers were identified among the
actual data set obtained from the experiment. In
contrast, there was one observation detected that was
likely to be an outlier in Fig. 2(b).

Analysis of Response Surfaces and Contour Plots

To better understand the behavior of the developed
reduced quadratic model, analysis of response surface
and contour plots for each model were presented and
discussed. Three-dimensional (3D) response surface and
two-dimensional (2D) contour plots of the regression
models were applied to represent the interrelation
between independent and response variables (Fig. 3-4).
The the effects
independent variable (extraction time, irradiation

results demonstrated of each
power, the feed-to-solvent ratio) and their interactions
on the oil yield of clove stem. In general, the extraction
yield obtained in this study increases as the microwave

power and extraction time increase.
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Fig 1. Plots of reduced quadratic model: (a) Normal % Probability, and (b) Predicted vs. Actual
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Residuals vs. Run
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Fig 2. Externally studentized residuals vs. run number plots of (a) Reduced quadratic, and (b) Fully quadratic models
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Fig 3. The 2D contour plot (left) and 3D response surface (right) of the reduced quadratic model displaying the effect

of parameters (A) the microwave power and (C) the extraction time on the clove stem oil yield

Fig. 3 displays the mutual effects of microwave
irradiation power and extraction time at a fixed 0.5 g mL™
feed-to-solvent ratio. The increase of both microwave
power (300-600 W) and extraction time (40-120 min)
significantly improved the yield of clove stem oil, as
portrayed in Fig. 3. Higher microwave power level
promotes greater energy received by the solvent and plant
matrix, which in turn causes the yield of clove stem
essential oil to rise. The higher yield obtained follows the
rapid increase in temperature due to the increasing
amount of irradiation power emitted. An increase in
solvent power is encouraged due to reduced solvent
viscosity and surface tension between sample matrix and
solvent. This behavior facilitates enhanced wetting of
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sample and solvent penetration, resulting in improved
solubility and diffusion rates of solutes [26]. The result
is similar to Singh et al. [27], who studied lemongrass oil
extraction by microwave heating and showed that a high
microwave power level could provide a higher yield and
accelerate the extraction time. However, other studies
have also suggested that further increasing microwave
power up to a certain level causes degradation of
thermolabile substances and volatiles, thus negatively
affected the oil yields [28-29].

Nevertheless, the effect of irradiation power on the
extracted clove oil yield at a low feed/solvent ratio was
greater than the effect at a high feed/solvent ratio (Fig.
4). Fig. 4 describes the interactive effect of microwave
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power and feed matrices to water ratio for a constant
extraction time of 80 min. It can be implied that the
microwave power and feed/solvent ratio have
antagonistic effects on the yield of clove stem oil. The
yield of oil from clove stem increased with decreasing
feed/solvent ratio from 0.7 to 0.3 g mL™". Increasing the
mass of raw materials reduces the surface area of the
material that can be penetrated by the solvent, thereby
reducing the solvent’s ability to extract and isolate the
essential oil out of the plant matrices [30-31].

Moreover, increased microwave power encourages
the extraction rate of the essential oil, which improves the
oil yield obtained. As depicted in Fig. 4, the highest oil
yield was obtained at a higher irradiation power range
from 470 up to 600 W and a lower range of feed/solvent
ratios (0.3-0.4 g mL™"). However, it was also observed that
a higher feed/solvent ratio (0.6-0.7 g mL™") could only
provide a slight amount of oil yield at any level of
irradiation power. At high solid loading (lower ratio of
solvent), the changes in microwave power showed no
significant effect on the extract yield. This result might be
due to the decrease of the incident microwaves per
particle with the increase of solid loading in the vessel at a
particular power level, thus reduced the dielectric heating

effect [32]. This finding is comparable with phenolic
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compounds extraction from V. cinerea leaves under
microwave radiation [33].

Optimization of Extraction Conditions of Essential
Oil from Clove Stem

According to the reduced second-order model
expressed in Eq. (4), the optimal experimental conditions
to improve the clove stem essential oil yield were the
level of microwave power 599.883 W, feed/solvent ratio
03¢g mL~!, and microwave extraction time 116.656 min.
Under these conditions, the maximum yield of clove
stem oil (6.102%, w/w) was obtained. Experiments were
conducted to validate the optimum parameter conditions.
Adjustment on some parameters, such as microwave
power and extraction time, was made to facilitate the
observation. The microwave power value used in this
experiment was 600 W. Comparison of the optimized
parameter derived from the reduced quadratic model
and fully quadratic model was presented in Table 6. The
results showed that the experimental yield obtained was
approaching the predicted value of the reduced
quadratic model. Thus, it can be implied that the
reduced second-order model was provisionally adequate
to describe the effects of corresponding variables on the
yield of clove stem oil obtained from MHD.

0.7

0.5 540
B: FiS ratio (g/mL)

0.4 420

03 ap0 A: Microwave power (W)

Fig 4. The 2D contour plot (left) and 3D response surface (right) of the reduced quadratic model displaying of the
microwave power (A) and feed/solvent ratio (B) on the clove stem oil extraction yield
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Table 6. Comparison of validation experiments

Model Optimized parameter ~Optimized parameter  Predicted yield Experimental yield Residuals
(predicted value) (experimental value) (%, w/w) (%, w/w) (%, w/w)
. 597.62 W; 0.304 g mL™%; 600 W; 0.304 g mL™
Fully quadratic ) ) 6.194 4.997 1.197
104.958 min 105 min
599.883 W; 0.3 L% 600 W; 0.3 L
Reduced quadratic & & m 6.102 5.585 0.517

116.656 min 116 min 39 sec

The Chemical Constituents of The Clove Stem
Essential Oil

The chemical composition of the clove stem oil
obtained by MHD under the operating conditions; 600 W,
feed/solvent ratio 0.5 g mL™, extraction time 120 min, was
identified using GC-MS (Table 7). A total of 9
constituents of the clove stem oil yield obtained from this
study were identified by GC-MS analysis, i.e. methyl
salicylate, chavicol, eugenol, eugenyl acetate, methyl
eugenol, caryophyllene oxide, and three unknown
compounds. The major chemical substance was eugenol,
which accounted for 95.91% of the total essential oil yield
derived from clove stem. Compared with those several
studies reported on the extraction of clove stem using
conventional methods such as distillation [34] and steam
distillation [35], eugenol was also present as the main
chemical constituent.

Contrary to other reports that applied conventional-
based methods [7,20,35-36], no 3-caryophyllene (BCP) was
observed in this study. In a previous study evaluating the
effect
composition of clove bud oil, a significant decrease in BCP

of microwave extraction on the chemical
content was described by Kennouche et al. [37]. It was
reported that reduction in BCP was observed on the clove
oil extracted using MHD (17.2%), but higher BCP content
was attained using conventional hydrodistillation. No
significant changes to caryophyllene oxide - a secondary
oxidation product of BCP - were reported, despite a slight
increase of other caryophyllene derivatives and isomers
was identified upon irradiation. It could be implied that
the evaporation of some of the more volatile terpenes
(e.g., BCP) was slightly accelerated by microwave
irradiation. The formation of other BCP derivatives could
also suggest the effect of irradiation in BCP degradation.
Interestingly, another study conducted by Golmakani
et al. [38] on clove bud oil extraction using conventional

Table 7. The clove stem oil composition obtained from

this study

RT (min) Constituents % Normalized area
8.36 Methyl salicylate 0.34
10.70 Chavicol 0.13
11.68;11.91; 11.96 Eugenol 95.91
12.34 Methyl Eugenol 0.61
13.47 Eugenyl acetate 0.93
13.94 Caryophyllene oxide 1.40
14.19 Unknown 0.14
18.21 Unknown 0.18
28.25 Unknown 0.37

and microwave-assisted hydrodistillation reported
different results. A significant increase in caryophyllene
and humulene - a caryophyllene isomer - and a slight
decrease in caryophyllene oxide were observed upon
irradiation. Golmakani et al. [38] also disclosed in their
study that reduction in eugenol, caryophyllene, and
caryophyllene oxide was observed on the steam
distillation product, compared to conventional and
MHD methods. It was reported that a lower extraction
rate was observed due to a longer duration required for
conventional methods could affect the extracted oil.
While the current study indicated the presence of
caryophyllene oxide (1.40%) and no presence of BCP
and/or other BCP derivatives was identified, it is difficult
to justify whether irradiation solely affected the oil
compositions. Nevertheless, irradiation would probably
affect the loss of BCP observed in the current study,
owing to the volatileness and heat-sensitive
characteristic of the terpene [39-40]. Other factors such
as irrigation [41], crushing [42], drying process and
storage [43], as well as the characteristics of plant matrix
that is highly influenced by geographical and ecological
situation [44], has also been reported to significantly

influence the chemical constituents of essential oils.
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m CONCLUSION

An experimental design based on the FCCD was
successfully implemented to optimize the MHD of
essential oil yield derived from the clove stem. The
reduced quadratic model was developed to optimize the
operating conditions of the MHD extraction of clove stem
oil. The coefficient determination (R?) and adjusted R
(R%g) of the developed reduced quadratic model were
0.9335 and 0.9145, respectively, showing a relatively high
degree of precision between the model-predicted and
experimental values. It was also found that the operating
parameters, particularly microwave irradiation power
and extraction time, had the most significant impact on
the extraction yield. Furthermore, the MHD method is
allusive as a conscientious technique for extracting
essential oils derived from clove stem for numerous
applications in industry, owing to its significant
extraction efficiency.
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(ATR-IR), energy dispersive X-Ray (EDX), and X-ray diffraction (XRD). The high
stability of HA-UF was shown by 96.8% remaining in solid form at pH 12.4. Adsorption
behavior of Pb(II) onto HA-UF was influenced by the ionic strength and pH, which were
mainly driven by the ion exchange mechanism (Epr = 9.75 kJ/mol). The higher ionic
strength will affect decreasing adsorbed Pb(II) at the optimum pH of 5.5. The effect of
initial Pb(II) concentration (isotherm) shows that the data fitted well with the Langmuir-
b isotherm model indicated the monolayer adsorption of Pb(II) onto homogenous surfaces
of the HA-UF with the adsorption capacity of 2.26 x 107* mol/g (which is higher than its
original HA of 1.12 x 10* mol/g). The Ho (pseudo-second-order) kinetics model
represented the effect of contact time (kinetics) was represented by the Ho kinetics model.
The synthesized adsorbent is also reusable, with 88.59% of adsorption capacity remaining
in the fifth recycle run. Therefore, the adsorbent of HA-UF is suggested to be a promising
candidate for adsorption applications.

Keywords: humic acid-urea formaldehyde (HA-UF); Pb(1l) adsorption; pH and ionic
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= INTRODUCTION as ionic exchange, electrolysis, membrane separation,

According to the World Health Organization chemical precipitation, and adsorption. Of all the

L . . h , ion i i f th
(WHO), the heavy metals requiring immediate attention methods above, adsorption is considered one of the

to remove from the environment are Cr, Cd, Zn, Fe, Hg, simplest and most effective techniques [2]. To date,
various effective adsorbents such as activated carbon [3],
humic acid (HA) [4], MWCNTs [5], y-alumina [5],

chitosan-coated Fe;O, [6], granular ferric hydroxide [7],

Co, and Pb [1]. Therefore, removing heavy metals from
water or wastewater is a major concern in water treatment.
Various methods are reported to reduce heavy metals, such
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and urea-formaldehyde (UF) [8] have been reported in
the literature.

Recently, HA has been widely utilized to reduce
heavy metals, pigments, radioactive and organic
pollutants in water. HA contains various functional
groups involved in the binding and entrapment of metal
ions. In addition, HA is economically affordable, eco-
friendly, abundant sources, and does not cause secondary
pollution. Although it possesses many promising
properties, natural HA is easy to dissolve in an alkaline
medium, reducing its performance as an adsorbent.
Previous works have successfully modified HA with chitin
or chitosan [9], magnetite [10], titanium dioxide [11], Ca-
montmorillonite [12], attapulgite [13], starch [14], and
carboxymethylcellulose (CMC) [15], to achieve HA-
based high-performance adsorbent. As reported in the
literature, the requirements of HA modifiers are relatively
stable at high pH, low cost, high availability, and
abundant functional groups materials. One of the
materials that possess these properties, but no publication
reported it as HA modifier, is urea-formaldehyde (UF).

UF is a low-cost polymeric condensation product of
urea and formaldehyde, consisting of [-CH,-NH-CO-
NH-CH,-] repeating units. UF is rich in amine, amide,
hydroxyl, and carbonyl groups which can interact with
many metal ions in an aqueous solution through a
complexation mechanism. Other researchers have
previously reported the study of UF as an adsorbent for
heavy metal ions [8,16-19]. The study results showed that
UF adsorbent could efficiently remove highly concentrated
heavy metal ions from aqueous solutions. However, no
publications were found investigating HA-UF as a heavy
metal adsorbent. In contrast, the modification of HA by
UF can enhance an HA-based adsorbent with high
stability, low cost, and high performance.

This study aims to investigate the formation of HA-
UF and the adsorption performances of HA-UF in three
aspects, i.e., the effect of pH and ionic strength, initial
concentration (isotherm study), and contact time
(kinetics study). Pb(II) was selected as the adsorbate
model for evaluating HA-UF performance because of its
toxic properties and wide application in food cane solders,

ceramic glaze, batteries, cosmetics, and mining industries

Indones. J. Chem., 2021, 21 (6), 1371 - 1388

[20]. Further, the reusability of the HA-UF as Pb(II)
adsorbent was also investigated in this work.

m EXPERIMENTAL SECTION
Materials

HA was extracted from 100 mesh dry peat soil
powder of Indragiri Hilir, Riau, Indonesia. The
extraction and the purification of HA were performed by
the IHSS (International Humic Substance Society)
method. The urea used in this study was commercial
urea which is available in Yogyakarta. All reagents were
pro analyst grade, ie., formaldehyde solution 37%,
NaOH pellet, HCI fuming 37%, HF solution 48%, HNO;
solution 65%, CH;COOH glacial 100%, Ba(OH),
Pb(CH3COO0),2H,O powder, and NaCl
powder produced by Merck® and they are used without

powder,

further purifications.
Procedure

Preparation of the adsorbent

Five grams of urea were dissolved in 14 mL of 37%
formaldehyde (mole ratio = 1:2). After 3 min of stirring,
dissolved HA (5 g) was added in 200 mL of NaOH 0.1
M. The mixture was stirred and refluxed for 4 h at 75 °C.
The mixture was then cooled to room temperature and
neutralized by adding HCI 2.5 M dropwise. The mixture
was separated by 3950 rpm centrifugation for 10 min to
obtain sediment (the sediment was a dark brown solid,
and the filtrate was a yellow liquid). The solid was
washed with distilled water and dried at 60 °C as HA-UF
dry adsorbent. HA-UF was characterized with
Attenuated Total Refection-IR (ATR-IR Thermo
Scientific Nicolet iS50 at 400-4000 cm™' wavenumber),
XRD (PANalytical X'pert PRO MRD with Ni-filtered Cu
Ka radiation as the X-Ray source between 26 = 3°-90°),
and SEM-EDX (Analysis Phenom-World JSM 6510LA-
Phenom world Analysis).

Properties of synthesized adsorbent

The difference of total acidity also carried out HA-
UF properties, pH point of zero charges (pHrzc), and
stability at varied pH with the original HA as a
comparison. The Baryta indirect potentiometric titration
method was determined by the total acidity of HA-UF
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and HA. The pHpzc was conducted by dissolving 50 mg of
sample (HA-UF and HA) in 25 mL of distilled water with
a pH range of 2.0-11.0. The mixture was shaken at 250 rpm
for 1 h and aged for 48 h. The pHpzc was identified by
plotting the initial pH vs. the final and initial pH difference
(ApH). The stability of the adsorbent was carried out by
dissolving 0.1 g of each sample in distilled water with a pH
range of 1.0-14.0 in different test tubes. After 24 h
stirring, the remaining solids were weighed, and the
percentage was calculated as the stability of the adsorbent.

Effect of medium acidity and ionic strength

A series of 20 mL of Pb(II) 20 mg/L at adjusted pH
by adding HCl and NaOH solution ranging from 2.2-8.8
was prepared. Into each of the prepared solutions, 50 mg
of HA-UF was added. After 3 h of shaking by 250 rpm, the
mixture was filtered, and the filtrate was analyzed with
Flame-AAS (Perkin Elmer 3110) to obtain adsorbed
Pb(II). The highest adsorbed Pb(II) was clearing as the
optimum pH.

The effect of ionic strength was carried out in two
aspects: pHpzc of adsorbent and Pb(II) adsorption. The
effect of ionic strength on the pHpzc adsorbent was
conducted by a similar procedure to determine pHpzc.
However, NaCl was added to each sample so that the final
concentration of NaCl was 0.1 M. The effect of ionic
strength on Pb(II) adsorption was studied by preparing a
5 series of 20 mL of Pb(II) 20 mg/L at optimum pH. NaCl
was added to the solution so that the final concentrations
of NaCl were 0.1, 0.2, 0.3, 0.4, and 0.5 M. After 3 h shaking
at 250 rpm, the mixture was filtered, and the filtrate was
analyzed with Flame-AAS to measure the adsorbed Pb(II).

Every sample was accompanied by a blank solution
containing no HA-UF adsorbent, and both of them were
treated under identical conditions. The amount of Pb(II)
adsorbed into the HA-UF was considered to be the
difference between the initial (blank solution) and the
remaining amount of Pb(II) in the sample.

Isotherm and kinetic adsorption experiments

The isotherm experiments were carried out by
contacting the adsorbent with Pb(II) at various
concentrations. Fifty milligrams of adsorbent were
interacted with 20 mL of Pb(II) solutions with various
concentrations (5, 10, 20, 30, 40, 60, 80, 100, 150, and
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200 mg/L) at optimum pH. After 180 min of 250 rpm
shaking, the mixture was filtered, and the filtrate was
analyzed with Flame-AAS.

The kinetics experiments were carried out by
contacting 50 mg adsorbent with 20 mL of Pb(II) 20 mg/L
at different contact times (10, 20, 30, 50, 60, 90, and
180 min). A similar procedure was also performed with
different initial concentrations of Pb(II) (50 and
100 mg/L). After being shaken at 250 rpm at a
determined contact time, the mixture was filtered, and
the Pb(II) concentration in the filtrate was analyzed with
Flame-AAS.

Every sample was accompanied by a control
solution containing no HA-UF adsorbent indicating
Pb's actual initial concentration (II). Under the same
condition as a sample solution, a control solution was
also analyzed. The amount of Pb(II) adsorbed into the
HA-UF was considered to be the difference between the
initial (control solution) and the remaining amount of
Pb(II) in the sample.

Error analysis

Six error functions of average relative error (ARE),
sum squares errors (SSE), hybrid fractional error
function (HYBRID), sum of absolute error (EABS),
nonlinear chi-square test (y?), and standard deviation of
relative errors (Sgg) were applied to evaluate the match
of the linear and nonlinear adsorption isotherm (and
[21].
estimate the deviation between the experimental data

kinetics) parameters These error functions

and parameters values predicted by the isotherm
models. Six error functions are expressed, as follows:

ARE = @i 9e,means ~ Je,calc (1)
X =1 qe,means
X
2
SSE = Z (qe,calc ~Ye,means )i (2)
i=1
HYBRID = 100 il:qe,means ~Ye,calc :| (3)
X=Pig 9e,means
X
EABS = Z|qe,means - qe,calc| (4)
i=1
2 = (qe,calc ~9¢,means )2
=2 (5)
i=1 9e,means
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(6)

where qe,means and ge,cac are measured adsorbed Pb(II) from

\/Zix_l[(qe,means —-qe, calc). — ARE]2
SRg = - :

x—1

isotherm model (mg/g) and calculated adsorbed Pb(II) at
equilibrium (mg/g), respectively.

The performance of the error function for the
approximation of adsorption isotherm parameters can be
evaluated using the procedure of normalizing and
combining the error results to determine the Sum of
Normalized Errors (SNE). After the SNE values for each
parameter set are compared, the model provided the
lowest SNE value is considered the most relevant result.

Reusability

A reusability study of HA-UF was carried out by
performing the five consecutive cycles of the adsorption-
desorption runs. Adsorption of Pb(II) onto HA-UF was
conducted by contacting 50 mg of HA-UF with 25 mL of
Pb(II) 20 mg/L at optimum pH. After 60 min of 250 rpm
shaking, HA-UF loaded Pb(II) was filtered, and the
filtrate solution's pH was measured. A control solution
containing no HA-UF adsorbent was also prepared,
indicating the actual initial concentration of Pb(II). The
desorption of adsorbed-Pb(II) on HA-UF was performed
by conducting HA-UF loaded Pb(II) with 25 mL of three
different eluents: HCl 0.01 M, HNO; 0.01 M, and
CH;COOH 0.01 M. After 60 min shaking at 250 rpm, the
HA-UF released Pb(II) was filtered and washed with
deionized water until pH neutral. The process was
repeated for five consecutive cycle runs. The adsorption
and desorption process filtrate was analyzed with Flame-
AAS to quantify absorbed and desorbed Pb(II),
respectively. The amount of Pb(II) adsorbed into the HA-
UF was considered to be the difference between the initial
(control solution) and the remaining amount of Pb(II) in
the filtrate. The amount of Pb(II) desorbed from the HA-
UF was considered to be the difference between the
adsorbed Pb(II) and desorbed Pb(II) in the filtrate.

m RESULTS AND DISCUSSION
Characterization of HA-UF

The characteristic band of urea using ATR-IR at
wavenumber 1690 cm™ was attributed to the C=0 amide

Indones. J. Chem., 2021, 21 (6), 1371 - 1388

stretching, 3310 cm™ could be assigned to secondary
amine N-H stretching, and between 1250-1020 cm™
was designated for amide C-N stretching (Fig. 1(a))
[22]. In addition, the sharp bands at 1585 and 1453 cm™
were associated with the N-H bonds and fewer
characteristics of C-O-H due to the aliphatic side
groups of the amino acid residues in commercial urea
[23], respectively.

The peaks between 2830-2695 cm™' referred to the
C-H aliphatic stretching, and at 1655 cm™ referred to
the aldehyde C=O stretching, which was characteristic
(Fig. 1(a)) [18].
characteristic bands of HA were displayed at 3300-
3400 cm™ (attributed to O-H and N-H stretching),
2918 cm™' (designated for C-H aliphatic stretching),
1715 cm™ (referred to C=O from carboxylic acid

spectra of formaldehyde Five

stretching), 1620 cm™ (assigned to aromatic C=C
stretching), and 1236 cm™ (attributed to C-O from ester
stretching) (Fig. 1(b)).

ATR-IR spectrum of the UF prepared by the reflux
method is shown in Fig. 1(a). Important broadband
around 3650-3000 cm™ can be attributed to the
hydrogen-bonded O-H and N-H, and its broadness
might be due to water and formaldehyde monomers.
This O-H group of water and formaldehyde of UF may
form hydrogen bonds with reactive functional groups
such as CH,OH, NH,, and NH [22]. The small band in
the region of 2920 cm™ is the C-H stretching vibrations
of UF. The overlapped peak at 1720 cm™ is related to
C=0 stretching. The two peaks area at the 1500-
1600 cm ™ are attributed to -N-H bending vibrations of
secondary amide. A relatively intense and broad peak at
1236-1249 cm™" is assigned to C-N stretching vibrations
of secondary amide. Finally, the quietly strong peak at
1017 cm™ is due to the C-C-O stretching mode of
CH,OH [24].

The success of HA-UF synthesis characterized with
ATR-IR can be seen from the combination peak of
original urea, formaldehyde, and HA as a constituent of
HA-UF in HA-UF spectra, i.e., emerging peak between
1250-1020 cm™" was ascribed to the C-N stretching of
amide III (Fig. 1(a)) [22]. This emerging peak leads to the
notion that the formation of HA-UF occurred through
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Fig 1. (a) ATR-IR spectra of HA-UF, HA, UF, formaldehyde, and urea; (b) XRD Diffractogram of urea, HA, UF, and

HA-UF

C-N bonding. This fact is due to an increase in the
intensity of C-N stretching at 1236 cm™ in HA-UF
spectra (Fig. 1(a)).

Fig. 1(b) presents the X-ray diffractograms of urea,
HA, UF, and HA-UF. As shown, urea exhibited a high
crystalline order with double sharp peaks at 20 = 19.94°
and 22.23°. The peak at 20 around 22° was ascribed to
(002) interlayer reflection of urea [25-26]. The UF
diffractogram showed three sharp, strong 20 peaks at
20.04°, 22.14°, and 24.58°. The first two peaks indicate the
urea crystal, and the apparent additional peak (24.58°) is
the typical peak on the XRD diffractogram of pure UF
composites [17]. It was also observed that the position of
the peak at 20 = 19.94° (urea) shifted right to 20.04° (UF),
probably due to the small urea that could intercalate into
the UF composite interlayer [27]. The increasing
crystallinity measurement from 54.09% (urea) to 76.59%
(UF) strengthened the successful formation of UF. In
contrast to urea, HA exhibited no specific sharp peak with
high intensity due to the amorphous material [25-26], as
demonstrated by XRD analysis [28]. Compared to UF,
HA-UF occurred decreasing in crystallinity to 51.75% due
to fairly semi-crystalline as it appears at 20 around 22° and
25°. Hence, the measured reduction in the crystallinity of
HA-UF is related to the amorphous structure of HA.

The results of the cross-sectional SEM analysis are
displayed in Fig. 2 that represents the morphology of HA,
UF, and HA-UF by magnifying 5000 times from the

original image size. Arshad et al. [22] reported that
different phases of UF presented in the SEM micrograph
were identified using their differences in colors and
contrasts. Related to that, the SEM micrograph in Fig.
2(b) broadly depicts two different phases in HA-UF due
to their color contrast. However, the distribution of
these phases is fairly homogeneous and similar.
Supporting these findings, elemental composition
analysis with EDX showed an increase in the N atoms in
HA-UF (23.46%, Table 1) from HA. Further, the
elemental composition of HA-UF seems the average
combination of the elemental composition of HA and
UF. These results ascertain that there are two phases of
HA and UF that occur, and the UF contains N atoms
that truly bind to HA.

The stability of HA-UF compared to HA is
presented in Fig. 3. As shown, the synthesized HA-UF
started to dissolve at pH 12.0, whereas HA was dissolved
at a pH greater than 5.0. The increased stability of HA-UF
indicates that the formation of HA and UF involves
covalent bonds. The decrease in the total acidity of HA
(549.26 cmol/kg) compared  with HA-UF
(349.30 cmol/kg), the bonds of HA and UF are strongly
presumed by the carboxylic group of HA with the
nitrogen atom in the UF molecules. This hypothesis
follows the increased intensity of C-N stretching at 1236
cm™ in the HA-UF spectra (Fig. 1(a)). This carboxylic
group bonding contributes to an increase in pHpzc of HA
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Fig 3. Comparative analysis of the stability (a) and the pHpzc (b) of HA and HA-UF

Table 1. Elemental weight (%) of HA, UF, and HA-UF by From these results, the proposed mechanism for
EDX HA-UF formation is presented in Fig. 4. The reflux
Element Weight (%) process accelerates the reaction by heating without

HA UF HA-UF reducing the volume of the reacting substance at a

Carbon 57.60 28.56 46.13 temperature of 70-80 °C to prevent swelling of HA and
Oxygen 35.55 24.38 30.23 hydrolysis of ammonia carboxylates. The reaction
Nitrogen 6.860 47.06 2346 occurs under alkaline conditions to activate the

carboxylic ion in the HA. The electrostatic interaction

(Fig. 3(b)). The higher the pHrc, the lower the negatively between carboxylic ions and ammonia leads to the

surface charges [16,25].

o o) o) o
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Fig 4. Proposed mechanism of HA-UF formation
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formation of ammonium salts due to the low reactivity of
carboxylate ions toward addition-elimination of the
nucleophile. The further reaction will evaporate water as
a dehydration reaction to produce amides. Ammonia salt
will efficiently hydrolyze both acidic and alkaline
conditions. The precipitation of HA-UF was obtained by
acidifying the mixture with the addition of HCL.

Effect of Medium pH and lonic Strength

The effect of medium pH on Pb(II) adsorption on
HA-UF is shown in Fig. 5(a). The adsorbed Pb(II)
increases with the increasing pH from 2.0 to 5.0. In this
condition, the surface of HA-UF begins to deprotonate,
with the result that the HA-UF surface is negatively
charged. Hence, Pb*" species will easily be attracted to the
HA-UF surface. At high acidity (pH < 3.0), the
protonation occurs and competes with Pb*" species to be
attracted onto the HA-UF surface. Protonation causes the
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Fig 5. (a) Profile of Pb(II) adsorption onto HA-UF as a function of pH, (b) Effect of the 0.1 M NaCl presence to the
pHrzc of HA and HA-UF, (c) Effect of the NaCl salt addition to the adsorbed Pb(II) onto HA-UF at pH 5.50, (d) Profile
of Pb(II) adsorption onto HA-UF as a function of pH in the NaCl presence (20 mL of Pb(II) 20 mg/L, 50 mg HA-UF)
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HA-UF surface to be zero/positively charged, leading to
inactivity/repulsion between Pb* species and active sites
of HA-UF. Therefore, Pb(II) adsorption is low on HA-
UF is low under low pH conditions. The highest Pb(II)
adsorption on HA-UF was obtained at a pH above 5.0
(Fig. 5(a)). However, at pH approximately above 6.0, the
formation of solid Pb(OH); initially began. Thus, high
Pb(II) adsorption at pH > 6.0 is not due to Pb(II) being
adsorbed onto HA-UF, but it is Pb(II) precipitated as
solid Pb(OH),. Considering the existence of Pb** species
and the formation of solid Pb(OH);, the optimum pH of
Pb(II) adsorption onto HA-UF was achieved between pH
5.0 and 6.0. As illustrated in Fig. 5(a), it can also be seen
that the maximum adsorption value of Pb(II) on HA-UF
was obtained at initial pH > pHpzc. Therefore, electrostatic
attractions between negatively charged surfaces of the
HA-UF and Pb** species can occur and contribute to
adsorption. Previous findings in the adsorption of Pb(II)
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onto HA-based adsorbents showed similar results to this
work: an optimum pH of 5.0 in peat-HA [28], and an
optimum pH of 55 in a magnetite/HA/chitosan
adsorbent [10].

The effect of the ionic strength with the addition of
NaCl to pHpzc is presented in Fig. 5(b). The pHpzc of HA
and HA-UF decreased 4.2-3.17 and 5.15-4.2, in the
presence of 0.1 M NaCl, respectively (Fig. 5(b)). A decrease
in pHpzc indicates that the HA and HA-UF surfaces' zero-
point charge occurs at stronger acidic conditions (more
H* ions). It means that additional H* is needed to enhance
Cl from the addition of NaCl in the solution. The result
is that there are more H" ions in the solution than on the
adsorbent surface, so that the adsorbent surface is
negatively charged in a more acidic solution.

The effect of the ionic strength with the addition of
NaCl on the Pb(II) adsorption is presented in Fig. 5(c). As
shown, the higher the concentration of NaCl reduces the
adsorption of Pb(II) onto HA-UF. The low adsorption of
Pb(II) in this work (or other divalent metal cations) has
been attributed to different factors: (1) adsorbent active
site blocking by salt, (2) repulsion between free positive
charge adsorbate and positively charged of adsorbent
surfaces, (3) competition between positively charged
species (H" and Pb*") and free adsorbate to the sorbent
active sites, (4) lower formation of complexes/chelate with
metal ions due to protonation of surface functional groups,
and (5) combination of several of these factors [29]. The
presence of NaCl has been observed to cause a decrease in
adsorbed Pb(II) onto HA-UF (Fig. 5(d)). The sorption of
Pb(II) on HA-UF is influenced by ionic strength at pH <
4.50, whereas no drastic difference of Pb(II) adsorption
was found at pH > 4.50 in three different NaCl
concentrations. The results presented in Fig. 5(c) and 5(d)
showed that the adsorption of Pb(II) onto HA-UF seems
to be affected by the first and third factors because even at
the optimum pH (5.50) and the optimum pH > pHpyc, the
Pb(II) adsorption continues to decrease with the increase
of ionic strength (NaCl concentration).

Isotherm Adsorption Study

The equilibrium adsorption isotherm is essential in
describing the interactive behavior between the adsorbate,

Indones. J. Chem., 2021, 21 (6), 1371 - 1388

Pb(II), and adsorbent, HA-UF. For example, Fig. 6(a)
presents Pb (II) adsorbed onto HA and HA-UF with
different Pb(II) initial concentrations at an optimum pH
of 5.5. The adsorbed Pb(II) increases with an increase of
equilibrium concentration of Pb(II), and reaches the
saturation plateau. As exhibited, the saturation plateau
of HA-UF was higher than that of HA. It is indicated that
the adsorption capacity of HA-UF is higher than HA due
to modification with UF.

The equilibrium adsorption parameters were
obtained from a linear and nonlinear form of four styles
Langmuir, Freundlich, Dubinin-Radushkevich (D-R)
[30], and Temkin [31] isotherm models (Table 2). The
nomenclatures of the symbols are b (mg/g or mol/g),
which represent is the monolayer adsorption capacity, q.
(mol/g) denote Pb(II) adsorption on the adsorbent at
equilibrium, K; (L/mol) is Langmuir equilibrium
constant, E; (kJ/mol) is the monolayer adsorption energy
[E.=-RT In K], Cy and C. are Pb(II) initial concentration
(mol/L) and remains Pb(II) concentration at equilibrium
(mol/L), respectively. The B (mg/g or mol/g) is the
multilayer adsorption capacity, n is the heterogeneity
parameter of the adsorbent surface, § is Dubinin-
Radushkevich (D-R) isotherm constant (mol*/kJ?), € is
Polanyi potential [RT In(1+1/C.)] (J*/mol*), qo-r (mol/g)
is the theoretical isotherm saturation capacity, br (J/mol)
and Ar (L/g) are Tempkin isotherm parameters, R
(8.314 J/mol K) is the gas constant, and T is the absolute
temperature. The closest correlation coefficient (R?) to
the unity among the Langmuir styles and the three other
models were then evaluated by a six error function (Eq.
(1-6)) to compare the linear and nonlinear adsorption
fitness isotherm parameters.

The plot of experimental data to the four styles of
Langmuir, Freundlich, D-R, and Temkin models is
presented in Fig. 6(b-h). From the plot among
Langmuir linear model (Fig. 6(b-e)), the Langmuir-b
shows the highest value of R? (Fig. 6(c)). The adsorption
isotherm parameters value and the calculated error value
were listed in Table 3. For the linear regression method,
the Langmuir isotherm emerged to be the most
appropriate model for the adsorption of both HA and
HA-UF due to the higher R* value. In the nonlinear
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Fig 6. (a) Effect of Pb(II) initial concentration to the adsorbed Pb(II) onto HA and HA-UF; the plot of isotherm
experimental data to the (b) Langmuir-a; (c¢) Langmuir-b; (d) Langmuir-c; (e) Langmuir-d; (f) Freundlich; (g) D-R;

and (h)Temkin linear form model

method, the Freundlich isotherm presented lower error
values than other nonlinear isotherm models for both HA
and HA-UF the Freundlich
isotherm parameter sets obtained from the nonlinear

adsorbents. However,
model differed from the linear regression value.
Conversely, several Langmuir-a isotherm parameter
sets generated from the nonlinear regression were similar to
the linear regression values. Among the isotherm parameter
sets are determined using nonlinear regression. It was
noticed that the isotherm parameter sets derived by ARE

and Sgg were similar. In order to choose the appropriate
isotherm parameter set, the sum of normalized errors
(SNE) was considered. The SNE was calculated by dividing
the error values by the maximum error of that error
function. The parameter set yielded the smallest SNE
value was proclaimed as the appropriate parameter set.
As seen in Table 3, the lowest SNE was obtained from
the Langmuir-a parameter set for both HA and HA-UF
adsorbents. It means that the Langmuir-a isotherm
model assigned the match close to the experimental data.
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Table 2. Linear and nonlinear form of the isotherm models
Isoth
50 d elrm Nonlinear form  Linear form Plot (x vs.y) Slope Intercept  Ref.
models
, Ce ! e 1 1
Langmuir-a E = B Ce VS-E 5 @ (32]
) - 1 L1 11 1 1 (32]
angmuir- —= — vs.— —— -
8 o _KibCe q. b bK.C, TR Kb b
f=——C
Langmuir-c 1+0C q.=b- de de v L b (32]
& ¢ KLCe Ce e KL
- de K, b-qK e
Langmuir-d c TP TdeRL e Vs T Ky Kb (32]
€ e
Freundlich g, =BC,/" Ing, =lnB+llnCe InC, vs.Inq, 1 InB [33]
n n
9e =(qp-r)
D-R e;p(—BIsz)R Inq, =Inqp_g —B&’ 2 vs. Ing, B Inqp_g [30]
RT RT RT RT RT
Temkin 9e :—lnATCe qe =?lnAT +b71nce lnCe VS. Q. — —InAp [31]
bT T bT bT
Table 3. Linear regression of adsorption isotherm parameters and error analysis calculation
Li Nonli i
Models Adsorbent Parameter mear : ik
regression ARE SSE HYBRID EABS x2 Sre
b (mg/g) 46.80 46.40 46.40 46.40 46.40 46.40 46.40
Ky (L/mol) 12143 21884 21884 21884 21884 21884 21884
HA-UF Er (kJ/mol) 23.30 23.30 23.30 23.30 23.30 23.30 23.30
‘ R 0.9968
Error value 0.279 2.35x107° 0.439 6.90x10°  1.05x107 0.279
L b SNE 0.378 0.636 5.35x10°° 1.00 1.57x10°  2.39x10° 0.635
angmuir-
& b (mg/g) 23.12 37.60 37.60 37.60 37.60 37.60 37.60
Ky (L/mol) 53507 43961 43961 43961 43961 43961 43961
HA E. (kJ/mol) 23.22 23.33 23.33 23.33 23.33 23.33 23.33
R? 0.9996
Error value 0.103 3.38x107 0.162 2.06x10°  1.86x10* 0.102
SNE 0.378 0.636 2.09x107 1.00 1.27x10°° 1.15x10° 0.633
B (mg/g) 5179 64740 64740 64740 64740 64740 64740
n 1.71 2.90 2.90 2.90 2.90 2.90 2.90
HA-UF R? 0.8960
Error value 0.091 0.010 0.143 0.003 0.034 0.087
F dlich SNE 0.430 0.636 0.075 1.00 0.021 0.240 0.610
reundlic
" B (mg/g) 414 2736 2737 2737 2737 2737 2737
n 3.29 5.39 5.39 5.39 5.39 5.39 5.39
HA R? 0.8454
Error value 0.092 1.90x107 0.145 1.35x10*  1.44x107 0.091
SNE 0.379 0.636 1.31x10* 1.00 9.25x10*  9.89x107 0.631
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Table 3. Linear regression of adsorption isotherm parameters and error analysis calculation (Continued)

Linear Nonlinear regression
Models Adsorbent Parameter )
regression ARE SSE HYBRID EABS %2 Sre
qD (mg/g) 438.06 438.06 438.06 438.06 438.06 438.06 438.06
Epr (kJ/mol) 9.75 9.75 9.75 9.75 9.75 9.75 9.75
HA-UF R? 0.9374
Error value 0.110 4.51x107 0.174 2.58x10°  2.13x10* 0.110
D-R SNE 0.378 0.636 2.59x10°° 1.00 1.480x10* 1.22x1073 0.633
qD (mg/g) 84.22 84.21 84.21 84.21 84.21 84.21 84.21
Epr (kJ/mol) 12.55 12.55 12.55 12.55 12.55 12.55 12.55
HA R? 0.9401
Error value 0.145 1.29x10°® 0.229 6.52x10°¢  3.17x10° 0.145
SNE 0.378 0.636 5.62x108 1.00 2.84x10° 1.38x10* 0.634
br (J/mol) 319.07 117.99 117.99 117.99 117.99 117.99 117.99
Ar(L/g) 1.51 1.24 1.24 1.24 1.24 1.24 1.24
HA-UE q. (mg/g) 26.96 68.79 68.79 68.79 68.79 68.79 68.79
R? 0.9399
Error value 0.218 6.83x107 0.343 7.98x10°  2.06x107 0.218
Temkin SNE 0.379 0.636 1.99x10°® 1.00 2.32x107 5.99x107 0.635
br (J/mol) 640.99 172.41 172.41 172.41 172.41 172.41 172.41
Ar (L/g) 4.36 1.12 1.12 1.12 1.12 1.12 1.12
HA q. (mg/g) 19.27 52.12 52.12 52.12 52.12 52.12 52.12
R? 0.9721
Error value 0.179 3.93x10”° 0.281 4.97x10°¢ 1.56x10°° 0.179
SNE 0.379 0.636 1.40x10°® 1.00 1.76x10°° 5.54x10° 0.635

The Ry value of Pb(II) adsorption onto HA and HA-
UF in this study shows that the R, values of HA (0.427-
0.022) and HA-UF (0.395-0.019) are between 0 and 1,
which indicates the adsorption is a favorable process. It
suggests the homogeneity of the HA-UF surface. The
adsorption capacity of Pb(II) adsorption onto HA-UF
(2.26 x 10 mol/g or equal to 46.80 mg/g) is two times
higher than that of HA (1.12 x 10™* mol/g or equal to
23.12 mg/g). Comparison of the adsorption capacity (b)
of HA-UF as Pb(II) adsorbent with the HA- or UF-based
adsorbents were listed in Table 4. Since the total acidity has
decreased from 549.26 cmol/kg (HA) to 349.30 cmol/kg
(HA-UF), it can be concluded that Pb(II) adsorption
involves the interaction between Pb(II) and the lone pair
electron of the N atom in UF. The higher adsorption
capacity of HA-UF can be increased in two ways: using
HA with higher total acidity and optimizing the
polymerization reaction of HA-UF. With the UF polymer,
the loss of one site of the HA-COOH group due to the

Table 4. Comparison of adsorption capacity (b) of the
HA-UF as Pb(II) adsorbent
HA-/UF-based

Adsorbent b (mg/g)  References
HA-peat (Polland) 82.31 [34]
Magnetite-HDHA 57.64 [10]
HA-UF 46.80 This work
HA-peat (Riau) 23.12 This work
UF-foam 21.50 [35]
HA-soil (India) 19.60 [36]
HA-peat 15.00 [28]
UF-thiourea-bentonite 13.40 [37]
UF-melamine 4.900 [38]

bonding reaction with the UF polymers will be replaced
by more than one N containing the lone pair electron in
UF that possibly bind to Pb(II).

It is frequently studied that D-R adsorption energy
(Epr) is useful for investigating the interaction between
the adsorbate and the adsorbent. The interaction could
be classified as physical interaction (Epr < 8 kJ/mol), ion
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exchange mechanism (8 < Epz < 16 kJ/mol), and
chemisorption that is stronger than ion exchange (Epr >
16 kJ/mol) [39]. The values of Ep.r calculated in this study
were 9.75 kJ/mol (HA-UF) and 12.55 (HA), which indicated
that ion exchange is the major interaction involved in the
adsorption process. Furthermore, the Temkin isotherm
describes the indirect relation of multilayer interaction
between the adsorbate and the adsorbent with the
adsorption energy of the layer [40]. As seen in Table 3, the
br of HA-UF (319.07 J/mol) is smaller than HA (640.99
J/mol) that indicates Pb(II) at the outer layer interact
stronger with HA's surface than HA-UF surfaces [40].

Kinetics Adsorption Study

The adsorbed Pb(II) calculated by (Co-C.)/(W/V)
onto HA-UF as a function of time is presented in Fig. 7(a).
It is obvious from Fig. 7(a) that the adsorption amount
increases rapidly in the first 20 min, and after 20 min
slower adsorption occurs and reaches equilibrium at
100 min. Rapid adsorption within the first 20 min
indicates a strong electrostatic interaction between the
negative sites of HA-UF and the Pb(II) cations. Four
kinetics models (Lagergren [41], Ho [42], Santosa [43],
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and RBS [10,44-46]) (Table 5) were used to explore
kinetics parameters of Pb(II) adsorption onto HA-UF.
The nomenclatures of the symbols are g; (mol/g), which
represent the amount Pb(II) that was adsorbed at time t
(min); x (mol/L) and x. (mol/L) are the amount of Pb(II)
adsorbed on the adsorbent at time t and equilibrium,
respectively; X (g/L) in Santosa's kinetics model is
w/vmr, where w (g) is the mass of the adsorbent, v (L) is
the volume of sorption medium, and m,: the molar
weight of adsorbate; Cy, (mol/L) is the concentration of
capacity (Co=bw/v); ki
(g/mol.min), k, (L/mol.min), k. (L/mol.min) are the
Lagergren, Ho, Santosa, and RBS rate constants,

Langmuir (min™), ki

respectively. The application of empirical data to the plot
of these four kinetics models is presented in Fig. 7(b-f).

The corresponding linear regression coefficient
(R?) value of the Ho (Pseudo-Second Order) kinetics
model is higher than the other three kinetics models
(Table 6). Moreover, the calculated q. (Calc. qe) value
(5.27 x 10” mol/g) from the Ho kinetics model agrees
well with the experimental g. (5.05 x 10~ mol/g) better
than that of Lagergren and RBS kinetics models. Thus,
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Fig 7. (a) Profile of adsorbed Pb(II) as a function of time; applying of experimental kinetics data to the (b) Lagergren,
(c) Ho, (d) Santosa-a), (e) Santosa-b to determine the ky, and (f) RBS models
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Table 5. Kinetics models to determine the kinetics adsorption parameter of HA-UF
Kinetics Model Linear Form Plot (x vs. y) Slope Intercept Ref.
Lagergren In(qe —q;)=Inq, kit tvs.In(qe —qy) K g Ing, [41]
t_o1 1 ¢ . 1
H = — tvs.— —
° dt kHo (qe2 ) e 9t 9e kHo (qu) [42]
1
tvs.
CO - qu Co— qu
Santosa e (Co-Xa,))_ " h{qe FCO —th)] kg - [43]
Co(qe—qt) s Co(qe*%)
ln[cocb —Xex]: ,
. . Xe =X CoCp — XX CoCp — X, X,
Rusdiarso-Basuki-Santosa (RBS) ) [CoCb—Xez}_ln( ) j tvs. ln[iXe - ] k, [X ] 1n(COCbJ [10,44-46]
¢ Xe COCb
Table 6. Kinetics parameters of Pb(II) adsorption onto HA-UF
Kinetics Model Kinetics adsorption parameters
Calc. q. (mol/g) kiag (min™) kq K R?
Lagergren .
2.88x10° 0.027 - - 0.9875
q Calc. ge (mol/g) ko (g mol! min™) kg K R?
o
5.27x107 1746.04 - - 0.9953
Calc. qe ks ((mol/L)! min!) kg, (min?) Ks (mol/L)* R?
Santosa
- 194.08 4.46x10° 4.36x10° 0.9875
RBS Calc. q. (mol/g) kggs ((mol/L)"! min™') kq (min™) Kgss (mol/L)™! R?
1.31x10° 51.47 2.26x1073 22780 0.9878

the Ho kinetics model is evidence to demonstrate the
adsorption of Pb(II) onto HA-UF. The prediction of
adsorption energy through the calculation of E = - RT In
(ka/ks) shows that the RBS model (Eggs = 24.86 kJ/mol)
presents a closer value than the Santosa model (Es = 37.87
kJ/mol) to E; of Langmuir-b (23.30) kJ/mol).

Six different error functions were examined for the
nonlinear model of kinetics data (Table 7). The error value
of all kinetics models seems to have a different value from
the kinetics parameter value calculated from linear
regression. However, after being divided by the maximum
error (SNE), the lowest value of SNE and the best coherent
fitting of the models is for the Ho kinetics model. The SNE
value increases in order Ho > RBS > Lagergren. The
Santosa kinetics model cannot estimate the error value
because the model cannot obtain the qecu. According to
this result, Ho (known as pseudo-second-order) is the
best model to represent the kinetics data.

Reusability

Reusability study of HA-UF adsorbent was
performed by the five consecutive cycles of the
adsorption-desorption process with three different
desorption eluents: HC1 0.01 M, CH;COOH 0.01 M, and
HNO:; 0.01 M. The % metal recovery for HA-UF by HCI,
CH;COOH, and HNO:; after reuse for five consecutive
cycles was 90.47%, 67.93%, and 94.32%, respectively. It
was observed that the best performance of desorption
eluent in this work was HNOs. A similar result was
reported by Basuki et al. [10] in the desorption study of
Pb(II) from MHDHA. It might be due to the NO;
affinity to make a more stable complex with Pb(II) rather
than CI" and CH;COO™ [47].

The pH solution in each adsorption cycle indicates
that the pH decreased from the optimum pH (5.50) to
291, 3.03, and 2.03 by desorption eluent HCI,
CH;COOH, and HNO:s, respectively, after five consecutive
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Table 7. Linear regression of adsorption kinetics parameters and error analysis calculation

Kinetics Parameter Linear Nonlinear regression
model regression ARE  SSE HYBRID EABS %2 MPSD
Calc q. (x10° mol/g)  2.88 6.27 6.27 6.27 6.27 6.27 6.27
Kkiqg (min) 0.027 0.064 0.064 0.064 0.064 0.064 0.064
Lagergren ka i i i i i i i
R? 0.9875
Error value 0.310 4.29x10" 0.516 1.95x10%  6.84x107  0.172
SNE 0.322 0.600 8.31x10!! 1.00 3.77x10° 1.32x10° 0.334
Calc g (mol/g) 5.27x10” 3.33x10" 3.33x10"? 3.33x10'?  3.33x10" 3.33x10" 3.33x10"
ki, (g mol™ min™) 1746.04  2.70x10% 2.70x10% 2.70x10*  2.70x10%* 2.70x10%*  2.70x10%
kq B, B B B, - N -
Ho R 0.9953
Error value 1.30x10% 1.92x10'°  2.164x10® 4.33x10°  577.298 3.029x10'
SNE 0.166 4.29x10° 6.35x10% 7.144x10° 1.43x102*  1.91x10™ 1.00
Calc qe - - - - - - -
k ((mol/L)" min)  194.08 - - - - - -
kgs (x10° min!) 4.46 - - - - - -
Santosa K, (x10°mol/L)* 4.36 - - - - - -
R 0.9875 - - - - - -
Error value - - - - - -
SNE - - - - - - -
Calc g (mol/g) 1.31x10° 9.76x10% 9.76x10 9.76x10®  9.76x10°® 9.76x10°® 9.76x10°%
kgps ((mol/L)! min™') 51.47 2.01x10 2.01x10? 2.01x102%  2.01x107 2.01x102 2.01x107
kq (min') 2.26x10° 8.86x107 8.86x107 8.86x107  8.86x107 8.86x107 8.86x107
RBS Krps (mol/L)! 22780 22780 22780 22780 22780 22780 22780
R? 0.9878
Error value 442,322 1.92x10%  737.20 4.32x10°¢ 1.96x10°  3.260x107%
SNE 0.167 1.36x107% 5.88x10°'° 2.26x10°  1.32x10  6.02x107 1.00
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Fig 8. Adsorption-desorption study of HA-UF and pH change in five consecutive cycles with the different eluents: (a)
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loaded Pb(II)

adsorption-desorption cycles (Fig. 8). This fact
strengthened the calculated Ep x in this work (9.75 kJ/mol)
that ion exchange is the main interaction between H* of
HA-UF surface and Pb(II) ions. Fig. 9(c) showed the
interaction Pb(II) with the C=0 functional group. At the
adsorption process, the H* ions were replaced by the
Pb(II) ions, and the desorbed H* moved into the solution
resulting in decreased pH. The H* from desorption eluent
replaced the adsorbed Pb(II), and the desorbed Pb(II)
formed a stable complex with the anion from desorption
eluent at the desorption phase.

The five consecutive adsorption-desorption cycles
of HA-UF represent the virtuous regeneration ability of
HA-UF as an adsorbent. The claim was proved by the
XRD and ATR-IR analysis of HA-UF after the fifth
adsorption-desorption cycle (Fig. 9). It was observed that
there was no significant damage in the crystal system and
functional group of the HA-UF. Therefore, the HA-UF
offers an efficient, un-expensive, and effective adsorbent
for Pb(II) removal from contaminated wastewater.

m CONCLUSION

The formation of HA-UF and the adsorption
performances of the synthesized HA-UF for Pb(II)
adsorption were studied. The HA-UF formation was
identified as the reaction between the -COOH groups of
HA and -NH, of UF (C-N bonding). The reaction was
based on a decrease in the total acidity from
549.26 cmol/kg (HA) to 349.30 cmol/kg (HA-UF), the
peak appeared between 1250-1020 cm™ (by ATR-IR),
an increase of 23.46% (w/w) N atoms in HA-UF
(elemental analysis by EDX), the peaks appeared at 20
around 22° correspond to (002) interlayer reflection of
urea in HA-UF (by XRD) and increased the HA-UF
stability in solids form until pH 12.0. The adsorption of
Pb(II) onto HA-UF was strongly affected by ionic
strength and pH. The higher the ionic strength by
adding NaCl salt, the lower the Pb(II) adsorbed at the
optimum pH of 5.50. The adsorption isotherm data as
the effect of initial Pb(II) concentration variation and its
error analysis was fitted well to the Langmuir-b model,
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illustrating monolayer ion-exchange adsorption (EDR =
9.75 kJ/mol) on the homogenous surfaces with an average
capacity of 2.26 x 10 mol/g (equal to 46.80 mg/g). The
results of time variation analysis showed that the adsorption
followed the Ho (Pseudo-Second order) kinetics model
with the rate constant 1746.04 g mol™' min™ and the
comparable value of Qecuc (5.27 x 107 mol/g) with the
experimental qeep (5.05 x 10~ mol/g). The reusability
study of HA-UF shows the remarkable performance of up
to 95% metal recovered after five consecutive adsorption-
desorption cycles by the HNO; desorption agent.
Therefore, the HA-UF is a promising adsorbent for Pb(II)
adsorption in wastewater treatment.
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. . . . . activities. However, anthraquinone residues are generally present as contaminants. This
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study was aimed to develop a method of determining the levels of 9,10-anthraquinone in

Received: March 15, 2021 plant extracts and fractions using High Performance Liquid Chromatography (HPLC).
Accepted: May 3, 2021 The research aims to optimize the mobile phase, the system suitability test, and the system
DOI: 10.22146/ijc.64701 validation. The optimal mobile phase was acetonitrile:distilled water 1:1 v/v with a flow

rate of 1.25 mL/min. The validation result shows that the linearity was obtained with a
correlation coefficient (r) of 0.9995 and an 1* coefficient of 0.9991. The estimated limits
for detection and quantification values were 0.178 and 0.594 ug/mL, respectively. In the
intraday and inter-day accuracy test, the coefficient of variance for reference was 0.627
and 0.774, while the results for the sample were 2.966 and 2.658. The percentage recovery
rate for reference was between 98.976-101.452%, and for the sample, the result was
89.191-94.667%. The average 9,10-anthraquinone content in the acetate fraction of E.
americana plant was 9.799 ug/g + 5.243.

Keywords: Eleutherine americana; 9,10-anthraquinone; mobile phase; validation; HPLC

= INTRODUCTION anthraquinone derivatives have been widely studied in

. . . . . various research topics.
Eleutherine americana (E. americana) is a plant in P

the Iridaceae family group. This plant contains natural Anthraquinone is reported to have antifungal [2]

compounds that are classified based on the structure into and antimicrobial activity [3]. These compounds belong
. . to the quinone, electrophilic, and other metabolic
anthraquinones, naphthalene, and naphthoquinones. b henol. and o i cudi
Several compounds from this group that were found in groups (_) enzene, p enol, and aromatics, Including
. . . polycyclics. Anthraquinones have been shown to have a
plants include stigmasterol-3-O-B-D-glucopyranoside, ’ . o
kadsuric acid, and stigmasterol [1]. Until now, negative property, namely carcinogenicity [4]. However,
the risks to airborne organisms, birds, and arthropods
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are considerably low [5]. 9,10-Anthraquinone is a
compound that can occur due to the use of pesticides [6].
Therefore, an analysis of this compound is of high
importance.

To date, the analysis of compounds in E. americana
has been carried out using the thin layer chromatography
method. The method was

antihypertensive

used to observe the
activity and lipid profile in
hypoestrogenic mice [7]. In addition, anthraquinone
analysis is also carried out using Gas Chromatography-
Mass Spectrometry (GC-MS) and High Performance
Liquid Chromatography (HPLC) to determine the analyte
as an active compound or contaminant [8-10].

However, hyphenated GC-MS is unfortunately still
limited in some laboratories, particularly in Indonesia.
Therefore, the HPLC method was developed in this study
using various specific eluent compositions (acetonitrile-
bidistilled water and methanol) to obtain optimal elution
of 9,10-anthraquinone. This study aims to develop a
in E
americana using HPLC. Thus, this study is expected to

validation method for 9,10-anthraquinone
provide an alternative solvent selection using HPLC to
analyze 9,10-anthraquin0ne.

m EXPERIMENTAL SECTION
Materials

Samples (ethanol extract, hexane fraction, water
fraction, and ethyl acetate fraction of the bulbs of E.
americana) were provided by the Biology Pharmaceutical
Lab of the Bandung Institute of Technology (Indonesia).
9,10-anthraquinone with a purity of 97% was purchased
from Sigma-Aldrich (St. Louis, MO. USA). HPLC-grade
acetonitrile, HPLC-grade Methanol, bidistilled water, and
micropore membrane 0.45 pum were purchased from
Sigma-Aldrich (St. Louis, MO. USA).

Instrumentation

The instruments used in this research include Waters
€2695 High Performance Liquid Chromatography
(HPLC), Waters 2489 UV Detector, 4.6 x 150 mm ODS-
3 Inertsil Column, autosampler tube, Hewlett Packard
8453 Diode
software, sonicator, syringe and filter holder.

Array Spectrophotometer, Empower

Indones. J. Chem., 2021, 21 (6), 1389 - 1396

Procedures

Mobile phase development

Several compositions of the mobile phase were
made to obtain the optimum mobile phase for the 9,10-
anthraquinone analysis. The mobile phase components
were previously mixed, filtered with a 0.45 pm
micropore membrane, and sonicated. The composition
of the mobile phases is listed in Table 1.

Preparation of the 9,610-anthraquinone stock
solution

Stock solution with a concentration of 300 pug/mL
was prepared from 15 mg of 9,10-anthraquinone and
diluted with 40 mL of the mobile phase. The solution was
then stirred, and the volume of the solution was added
to 50 mL with the mobile phase.

Determination of the maximum wavelength
absorption of 9,10-anthraquinone

A solution of 9,10-anthraquinone with a
concentration of 6 pg/mL was prepared from stock
solutions. Determination of the wavelength with
maximum absorption was carried out in the 200-390
nm range using the Hewlett Packard 8453 Diode Array

Spectrophotometer.

HPLC system optimization

HPLC optimization was conducted by determining
the flow rate, injection volume, and mobile phase.
Afterwards, it was proceeded by calculating several
chromatographic parameters, such as relative standard
deviation and tailings factor. The system that gave the
best results was then selected to be used in this study.

HPLC system

The HPLC system in this study used an Inertsil
ODS-3 4.6 x 150 mm stationary phase, a mobile phase
of acetonitrile-bidistilled water (50:50), a UV-Visible
detector with a wavelength of 250 nm, a flow rate of
1.25 mL/min and injection volume of 10 pL.

Table 1. Mobile phase composition variance

Mobile Phase Composition
Bidistilled Water-Methanol 35:65
Acetonitrile-Methanol 45:55
Acetonitrile-Bidistilled Water 50:50
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System suitability test

9,10-Anthraquinone standard solution containing
6 pg/mL was injected into the HPLC by the system
mentioned above for 6 replications. The relative standard
deviation, tailings factor, column efficiency, capacity
factor, and resolution were calculated.

Validation method

Linearity, limit of detection (LOD), limit of
quantification (LOQ). A series of 9,10-anthraquinone
standard solutions were prepared from the stock solution
using a dilution method in the 1.2-6.0 ug/mL range. The
stock solution was diluted to give the concentrations listed
in Table 3, with 10 mL for each solution. Each solution
was placed into a different flask and sonicated for 10 min.
From each solution, 1 mL was taken and filtered with a
0.45 pm micropore membrane. The solution was then
placed into an autosampler, and after that, it was injected
into the HPLC. The HPLC response to the injection was
then recorded for each concentration (3 replications).
Based on the results, a calibration curve was drawn and
the regression equation was determined. Furthermore,
the correlation coefficients, the LOD and the LOQ values
were calculated.

Precision. There were 2 precision tests carried out
namely, for the standard solution and for the sample
solution. The spiked sample solution was tested using 1.25
g of the sample added with 1800 uL of 9,10-anthraquinone
6 pug/mL working solution. The mobile phase was added
to 5 mL for the standard solution test. The same
concentration of the standard solution was added for the
spiked sample. For both tests, 6 replications were carried
out. Sonication was then performed for both solution
groups. For the spike sample solution, 1 mL of each
solution was filtered with a 0.45 um micropore
membrane. The solution was then placed in the
autosampler for injection. The precision tests that were
carried out included the intraday tests and inter-day tests.
Accuracy. The accuracy test was carried out on the
standard solution and the spiked sample solution. The
spiked sample solution was tested using 1.25 g of sample
added with 1440, 1800, and 2160 pL of 9,10-
anthraquinone 6 pg/mL working solution. Each of the 3
samples were then added with the mobile phase to reach

1391

a volume of 5 mL. Solutions of the same concentration
were also used for the test solution of spiked samples.
For both tests, 3 replications were carried out.
Sonication was then performed for both solutions. For
the spike sample solution, the solution was filtered with
a 0.45 pm micropore membrane. The solution was then
placed in the autosampler for injection.

Sample solution preparation. Ethanol,
hexane, and ethyl acetate fractions of E. americana were
weighed 1.25 g each, and was then added with the mobile
phase to reach a volume of 5 mL. Then 1 mL was taken

water,

from each sample solution and filtered with a 0.45 um
micropore membrane, and later placed into an
autosampler for injection into the HPLC.

m  RESULTS AND DISCUSSION

The limitations of the laboratory for providing
hyphenated chromatography and mass spectrometry are
driving research for alternative methods. HPLC has been
used to determine 9,10-anthraquinone. In this study, a
variety of solvents have been explored. Several
combinations of eluent variant compositions have been
developed. The details of the new findings are elaborated
as follows:

Determination of the Maximum Wavelength
Absorption of 9,10-Anthraquinone

The UV-Visible detector was used in this study to
of 9,10-
anthraquinone absorption. Based on the research
9,10-
anthraquinone absorption is 250 nm. This result is in

determine the maximum wavelength

results, the maximum wavelength of

line with the study conducted by Dixon [11].
HPLC System Optimization

The HPLC system optimization aimed to obtain
the best chromatogram and find the best elution for
9,10-anthraquinone in the HPLC. Several parameters
were used in the research: Inertsil ODS-3 4.6 x 150 mm
for the stationary phase, UV-Visible detector, and
isocratic elution method. The optimization included the
choice of mobile phase and the flow rate. There were 3
combinations of the mobile phase (Table 1). In the
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optimization process, 9,10-anthraquinone standard
solution with a concentration of 30 ug/mL was injected.
The first part of the experiment was done with the
flow rate of 1 mL/min, and elution was carried out with
the 3 mobile phases. It was found that the retention time
was too long using the bidistilled water-methanol (35:65)
mobile phase. However, the retention time was too short
using the acetonitrile-methanol (45:55) mobile phase. The
of 9,10-

anthraquinone and the column dead time was only 0.4 sec

difference between the retention time
for acetonitrile-methanol (45:55). The retention time was
shorter for the acetonitrile-bidistilled water (50:50) mobile
phase compared to the bidistilled water-methanol (35:65).
This may be caused by the difference in the polarity
strength of the elution of acetonitrile and methanol.
Elution by acetonitrile was found to be stronger than
methanol [11], and this resulted in the shorter retention
time of 9,10-anthraquinone with the acetonitrile-
bidistilled water (50:50) mobile phase when compared to
the bidistilled water-methanol (35:65) mobile phase.
Based on the results, acetonitrile-bidistilled water
(50:50) showed the best analysis performance, and
therefore it was selected for further research. This result
revealed a new composition of solvent to be used in HPLC
for the determination of 9,10-anthraquinone. The
optimization of flow rate gave 1.25 mL/min as the best
result. It can be concluded that the HPLC system used in
this study were as follows: Inertsil ODS-3 4.6 x 150 mm
column, acetonitrile-bidistilled water (50:50) as the
mobile phase, the flow rate of 1.25 mL/min, isocratic
elution method, UV Waters 2489 detector with a
wavelength of 250 nm and an injection volume of 10 pL.

System Suitability Test

The system suitability test was carried out by
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injecting a standard solution of 9,10-anthraquinone with
a concentration of 6 pg/mL into the HPLC 6 times. The
parameters analyzed included relative standard
deviation, tailings factor, resolution, column efficiency,
and capacity factor resulting from the system suitability
test (Table 2). Based on these results, all tested
parameters have met the requirements. Therefore, the
optimized HPLC system can be used for method

validation.
Method Validation

The parameters for the analysis of the method
validation consist of selectivity, linearity, intraday
precision test, inter-day precision test, and accuracy test
[12-14]. The selectivity test included comparing the
chromatogram of the standard solution and the
chromatogram of various samples. Two compounds were
retained in the range of 9,10-anthraquinone's retention
time in the ethanol extract of E. americana (Fig. 1).

The results showed that this method was not
selective for 9,10-anthraquinone in the ethanol extract of
E. americana due to the presence of other compounds in
the retention time range. The ethyl acetate fraction of E.
americana showed no other peaks disturbing the 9,10-
anthraquinone peak. This implies that the method is
already selective [12-14]. Based on these results, it can be
concluded that the HPLC system is selective against
9,10-anthraquinone in the ethyl acetate fraction of E.
americana.

The linearity test was carried out by determining
the response of the instrument three times to 5 different
standard solutions of 9,10 anthraquinones with different
concentrations. Based on the calibration curve (Table 2,
Fig. 2), the equation y = 18456x + 109415 was obtained.
The minimum acceptable correlation coefficient value

Table 2. System suitability result

System Suitability Test Parameters Result Requirement [12-14]
Relative Standard Deviation for AUC 0.4% <2%
Relative Standard Deviation for Retention Time 0.3% <2%
Tailing Factor 1.39 <2
Resolution 5.823 215
Column Efficiency 8113 > 2000
Capacity Factor 4.999 1<k <10
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Fig 1. Comparison of the standard 9,10-anthraquinone solution (a) and ethyl acetate fraction of E. americana bulbs (b)
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Fig 2. Calibration curve of Standard 9,10-anthraquinone
solution (y=18456x +109415, r = 0.9995, r* = 0.9991)

was 0.9914. The value of the correlation coefficient (r)
based on the calibration curve was 0.9995, and the
coefficient of determination (r?) was 0.9991. The Vxo
value can also be used to determine linearity. Curves can

have a very good Vxo value if they are below 5% [12-14].
In the experiment, the Vxo value was 1.779%. Based on
the 2 parameters above, it can be concluded that the
calibration curve has met the requirements. Estimated
LOD and LOQ were calculated by a calibration curve,
using standard deviation, which is the square root of
each concentration variant [12-14]. Based on the
calibration curve, the estimated LOD value is 0.178 ug/mL,
and the LOQ is 0.594 pg/mL.

The precision test was carried out for the standard
solution and the spiked sample solution. The precision of
the analytical procedure reveals the closeness of agreement
(degree of scattering) between a series of measurements
obtained from multiple sampling of the same
homogeneous sample under defined conditions [141]. In
the accuracy test, 6 response instruments were recorded

twice a day (intraday) and on 2 different days (inter-day).
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Table 3. Result of spiked sample solution precision test

Precision test ~ Period  Spiked sample solution® % CV®
Time 1 3.473 £1.998

Intraday ] 2.966
Time 2 3.783 £3.934
Day 1 3.473 £1.998

Inter-day ay 2.658
Day 2 2.837 £ 3.317

Notes: (a) Average of the concentration (ug/mL) + RSD (%); n = 6

(b) Average of the RSD (%)

Precision can be determined by assessing the relative
standard deviation (RSD). The RSD value for the 9,10-
anthraquinone concentration in the sample should be
equal to or less than 4% [12-14].

Based on the experiment, RSD values of the intraday
test for the spiked sample solution were 1.998% and 3.934%,
and for the inter-day test, the values were 1.998% and
3.317% (Table 4). In the standard solution, the intraday
test's RSD values were 0.56% and 0.693%, as for the inter-
day test, the values were 0.56% and 0.988%. The result for
the 2 precision tests already fulfilled the requirement
stated by AOAC.

The accuracy of an analytical procedure expresses
the closeness of agreement between the value received, as
either an actual conventional value or the reference value,
and the value found [12-14]. The accuracy test was carried
out for the standard solution and spiked sample solution.
The accuracy test began with standard addition to the
sample at concentrations of 80%, 100% and 120% based
on the sample content [12-14]. The accuracy test was also
carried out on the standard solution with the same
concentration added to the spiked sample solution. For
each concentration, the test was carried out 3 times. The
results of the accuracy test are shown as percent recovery.
The results of the accuracy test are shown in Table 5.

The % recovery rate should be between 85-110%
[14]. Based on the results, the recovery value of the spiked
sample solution was 89.191-94.667%, and for the

standard solution the recovery value was 98.976-
101.452%. This result meets the requirement stated by
AOAC.

The validation results show that the method can be
applied to the sample. This study can be used as an
alternative to the 9,10-anthraquinone analysis that has
been developed by other researchers [15-17].

Analytical Method Assay for the Samples

After the validation parameters are met, the next
research stage was to test the sample using HPLC.
Ethanol, water, hexane, and ethyl acetate fractions of E.
americana bulbs were weighed, placed into several
containers, and added to the mobile phase. Sonication
was carried out to increase the solubility of 9,10-
anthraquinone in the solvent. After sonication, two
filtrations were carried out. Filtration aimed to prevent
particles that could damage the HPLC column. In this
study, the anthraquinone peaks were between 11.4 and
11.6 min after the HPLC response was obtained. The

Table 4. Result of standard solution precision test

Precision test ~ Period  Standard Solution® % CV®
Time 1 1.354 £ 0.56

Intrad 2.966
TS Time 2 1.745 + 0.693
Day 1 3.473 £1.998

Inter-day 2.658
Day 2 2.837 £ 3.317

Notes: (a) Average of the concentration (ug/mL) = RSD (%);
n = 6 (b) Average of the RSD (%)

Table 5. Result of accuracy test

Concentration Spiked sample % Recovery for spiked Standard % Recovery for
(%) solution? sample solution® solution® standard solution®
80 3.635+1.109 89.191 + 3.401 1.346 £ 1.067 101.167 + 1.067
100 3.964 + 2.433 94.667 + 6.368 1.584 + 1.498 98.976 + 1.498
120 4208 + 1.454 91.629 + 3.479 1.948 + 0.683 101.452 + 0.683

Notes: (a) Average of the concentration (ug/mL) + RSD (%); n =3 (b) Average of the % Recovery (%) + RSD (%)
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Table 6. The amount of 9,10-anthraquinone in the ethyl
acetate fraction of the bulbs of E. americana

Assay Content (ug/g)
1 9.207
2 10.068
3 10.123
Average of Assay (ug/g) 9.799
RSD (%) 5.243

results were then entered into a calibration curve.
Testing of hexane and water fractions of E.
americana bulbs showed no trace of 9,10-anthraquinone.
9,10-Anthraquinone may not be detected in this fraction
because hexane is a non-polar solvent, whereas water is a
polar solvent. Thus, 9,10-anthraquinone as a semi-polar
compound was not detected. In the ethanol extract of E.
americana, there were overlapping peaks in the range of
9,10-
anthraquinones could not be determined, because the

anthraquinone retention times. Therefore,
separation of the detected compounds was not yet
complete. However, the ethyl acetate fraction of E.
americana bulbs was found to contain 9,10
anthraquinone (Table 6).

9,10-Anthraquinone obtained from the sample did
not meet the requirement set by EFSA in 2012 in which
the amount of 9,10-anthraquinone in the sample must be
less than 0.01 mg/kg. This requirement may be intended
for all residue of pesticides, not specifically for 9,10-
anthraquinone. The specific requirement for 9,10-
anthraquinone has not been stated until today. However,
the anthraquinon analysis should be determined and the

toxicity of anthraquinon should be avoided [18-20].
m CONCLUSION

The analytical method development for 9,10-
anthraquinone from the bulbs of E. americana was done
by using HPLC with the system of Inertsil ODS-3 4.6 x
150 mm column, acetonitrile-bidistilled water (50:50),
flow rate of 1.25 mL/min, isocratic elution method, UV-
Visible detector with the wavelength of 250 nm, and
injection volume of 10 pL. This method resulted in 9,10-
anthraquinone peaks at 11.4-11.6 min.

The already fulfilled all
requirements for the system suitability test and method

developed method
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In the there was no 9,10-

anthraquinone in the hexane and water fraction of the

validation. sample,
bulbs of E. americana but it was detected in the ethanol
extract of the bulbs of E. americana, even though it was
not separated. The 9,10-anthraquinone content in the
ethyl acetate fraction of the bulbs of E. americana was
9.799 pg/g + 5.243.
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metal removal by ferrate(VI) occurred through ionic bonding and adsorption
mechanisms.
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m INTRODUCTION Fe(VI) reduction. The use of ferrate as a coagulant in
Wastewater is one of the most severe challenges water jcreatmen.t and  polluted .water co.ntalmng
inorganic chemicals, such as thorium, cyanide, and
thiocyanate [11-14].

Iron is one of the metals widely used in almost all

facing our world today, as various pollutants such as metal
ions (lead, zinc, magnesium, iron, copper, and cadmium)

and anions (sulfate, nitrate, and carbonate) continue to

. , . . . areas of life, but after it is unused, iron will become a
enter the aquatic environment from various industrial

. . it is difficul . M hile,
and household sectors [1]. Therefore, it is essential to wasted-becausBe l't 1.s dll 1c1ut _to d‘egrade i e.anw re
study the treatment of polluted water into clean water free ac-cor g to arisci etal. [15], 1.ron 1S an O_Xl zing agent
of contaminants. One of the methods used for the with a positive standard reduction potential. Iron metal

treatment of polluted water is to use oxidizers. Ferrate is electrolyzed to form gelatin Fe(OH); to be used as a

(FeO) is a powerful and environmentally friendly source of Fe(III) ions for ferrate synthesis. Reusing waste
oxidation agent in the aqueous media [2]. Ferrate(VI) has transformer iron as an anode is also able to reduce

. . . .. environmental pollution. Wet ferrate synthesis is mainl
various functions, such as oxidation, disinfectant, P Y Y

. e . .. rri reacting iron(III) ion ith ium
coagulation, sterilization, adsorption, and deodorization carried out by reacting iron(Ill) ions with sodiu

[3-6]. Fe(VI) as a coagulant is very effective in removing hypochlorite .under very alkaline  conditions [7]. 'In
general, the iron(III) used comes from commercial
iron(III) such as FeCl;, Fe(NO;);, and FeSO,.

Meanwhile, research on the use of transformer waste as

metals and non-metals in water, dyes [7-9], and greywater
[10]. The main iron species that act as coagulants is
nanocrystal Fe(III) oxide/hydroxide, produced through
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an iron(III) ion source by electrolysis based on our view
has never been carried out.

This paper studied the ferrate synthesis through
electrolysis process from iron(III) waste by reacting
iron(III) and NaOCI in an alkaline solution. The ferrate
was used as a coagulant for the removal of Pb(II), Zn(II),
Mg(II), Fe(Ill), Cu(Il), Cd(II), sulfate, nitrate, and
carbonate ions at various pH ranges.

m EXPERIMENTAL SECTION
Materials

The solutions containing Pb(II), Zn(II), Mg(II),
Fe(I1I), Cu(II), Cd(II), sulfate, nitrate, and carbonate ions
were prepared from their salts, Pb(NO:s),, ZnCl,, MgCL,
FeCl;, CuSO4, CdSO, Na,SO,; NaNO;, and Na,COs,
respectively. All these salts were obtained from Merck with
analytical grade. NaOH, KMnO,, H,SO,, and KCNS were
also supplied from Merck while NaOCl was supplied from
Sigma Aldrich (analytical grade). Iron plate (i-shaped)
was got from the transformer waste as the anode and zinc
plate was used as cathode electrode.

Instrumentation

The instruments used were magnetic stirrer with a
magnetic bar, multimeter (DT-830B), the analytical
balance of Ohaus (Pioneer), power supply with regulator
(Aditeg APS 3005), FTIR (Fourier Transform Infrared
Spectrophotometer, Spotlight 200), SEM (Scanning
Electron Microscopy), EDX (Energy Dispersive X-Ray,
JEOL JSM-6510LA), and XRD (X-Ray Diffraction Shimadzu
XRD-7000), XRF (X-ray Fluorescence Spectrometer,
Rigaku Supermini 200). UV-Vis Spectrophotometer (UH
5300 Spectrophotometer), and AAS (Atomic Absorption
Spectroscopy, Analyse-400 Perkin Elmer).

Procedure

Synthesis of Fe(lll) hydroxide by electrolysis of waste
iron plate as anode

Iron and zinc plates were assembled in an
electrolysis chamber. Before use, iron and zinc plates were
cleaned with soap, distilled water, and alcohol to remove
impurities that stick to the surface of the plate. Next, iron
and zinc plates were positioned as anode and cathode
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electrodes, respectively. Then, the electrodes were
connected to a DC power supply, and they were
immersed in 100 mL Na, SO, 1 M solution and
electrolyzed with a potential of 3 V for 60 min. The iron
area immersed was 3.0 cm X 1.2 cm. The electrolysis
solution was filtered, and a blackish-brown precipitate
of Fe(OH); was obtained. The precipitate formed was
dried at 110 °C, then characterized using FTIR, XRD,
SEM, and EDX. In addition, the waste iron plate after
and before use was characterized using SEM, and to
know the contents of the initial iron plate was
investigated using XRF.

Effect of electrolysis time. The effect of time on the
concentration of iron(III) hydroxide produced was
determined by varying the electrolysis times with the
interval time of 15 min (15, 30, 45, and 60 min). After
the electrolysis process, the solution was added using
concentrated H,SO, to dissolve the Fe(OH); formed
until the solution turned clear. After that, all solutions
resulting from the variation of electrolysis time were
added with 1 M KSCN as a complexing agent to prove
the formation of Fe(III) ions in the electrolysis results.
KSCN only reacts with Fe(III) ions to form a brick-red
Fe(SCN)** complex. After stirring, a red brick solution
was obtained. The solution was measured using a UV-
Vis spectrophotometer at 200-800 nm. Absorbance data
to  Fe(Ill)
calculations based on Fe(III) standard calibration.

were converted concentration using

Synthesis of Ferrate using Fe(OH); and NaOCl in
alkaline condition

The synthesis of ferrate(VI) was carried out by the
wet oxidation method. A precipitate of Fe(OH); (5 g)
obtained from transformer iron waste electrolysis was
added with NaOH 14 M and 50 mL NaOCl in beakers
accompanied by stirring for 1 h. The solution was stored
for one night in a dark bottle. The color of the solution
was changed to purple, and the remaining Fe(OH);
deposits were removed by filtering using glass wool.
Ferrate was the result of the filtrate from filtering the
precipitate. The wavelength and concentration of Fe(VI)
were determined using the spectrophotometer UV-Vis.
(Ferrate concentration = 535.7 mg/L).
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Characterization of electrolysis product, iron plate,
and analysis of metal ions and anions

The surface morphology of the electrolysis product
was characterized using SEM. The chemical element
determined by EDX
Characterization using FTIR was used to determine the

composition was analysis.
presence of functional groups and bonds in the sample.
The crystal phase of the sample was checked by X-ray
diffraction (XRD) with Cu Ka radiation (1.5406 A) at an
angle of 10-80°. The composition of the initial iron plate
was investigated using XRF. UV-Vis spectrophotometer
was used to measure the electrolysis solution's absorption
spectra and determine synthesized ferrate. Absorption
measurements were performed at 200-800 nm. The
filtrates of ferrate-treated solutions were analyzed using
AAS to determine the decreased values of metal ions. In
contrast, for anions of nitrate (NO5"), sulfate (SO,>°), and
carbonate (CO;*) ions were tested using UV-Vis
spectrophotometry  (APHA  Method  4500-NO:3),
turbidimetry (SNI 06-6989.20-2004), and titration
methods (SNI 06-6989 12-2004), respectively.

Application of ferrate for removal of metal ions and
anions in water

Treatment of metal ions (cations) with ferrate.
Metal ion solutions of Cu(II), Pb(II), Zn(II), Mg(II),
Cd(II), and Fe(III) were prepared from the stock solution.
As much as 25 mL of 20 mg/L metal ion solution was
prepared from a stock solution of 1000 mg/L. The metal
ion solution then adjusted pH from 6-12 to determine the
effect of pH on the degradation of metal ions by ferrate.
As much as 25 mL of 20 mg/L ferrate solution was
prepared from a ferrate solution from electrolysis with a
concentration of 535.7 mg/L. The pH of the ferrate
solution was also adjusted from 6-12. The final
concentration of metal ion and ferrate was set at 10 mg/L
in 50 mL. The mixture solution was stirred for 10 min and
then filtered. After stirring, a brownish floating precipitate
was obtained. The filtrate was analyzed by the AAS method
to determine the concentration of metal ions (reduced
metal ion concentrations after being treated by ferrate).
Treatment of anion with ferrate. The procedure was
similar to the metal ion treatments, using sulfate,
carbonate, nitrate ions with concentrations of 100 mg/L.
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The results were filtered, and the solution was analyzed
using a UV-Vis spectrophotometer, turbidimeter, and
titration, respectively.

m  RESULTS AND DISCUSSION

Initial Characterization of Transformer Waste
Iron Plate

Using XRF spectrometer, measurement of used
iron transformers as an iron source provides results in
the form of a spectrum of elements contained in used
iron transformers. The component of these elements is
shown in Table 1. From the table, it was found that the
dominant element contained in the iron transformer is
iron. However, the XRF results showed that the
transformer scrap iron used as an anode is not 100%
pure, but other elements are contained in it.

Synthesis of Fe(lll) Hydroxide by Electrolysis of
Waste Iron Plate as Anode

Fe(III) formation was done by electrolysis with
iron as anode and zinc as the cathode. Electrolysis was
carried out on Na,SO; electrolyte because it was in a
neutral pH. In the electrolysis system, an oxidation-
reduction reaction occurs. At the anode, an oxidation
process occurs, namely the iron plate is oxidized to
produce iron cations (Fe*"), while at the cathode, there is
a water reduction reaction to produce hydrogen gas and
hydroxide anions (OH"). The electrolysis process
obtained decomposition voltage or potential c.a. 2.03 V
as shown in Fig. 1, so for the following process, the
potential used was 3 V to produce iron(III) ions.

Table 1. XRF analysis of iron from transformer waste

Component Result (%)
Fe 96.40
Mg 1.35
Si 0.83
Cr 0.79
Mn 0.37
0.08
S 0.07
Ca 0.05
K 0.04
Cl 0.02
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The iron plate, after oxidation in the electrolysis
system, will produce Fe(OH);. The following mechanisms
occur when the formation of Fe(OH); [16]:

Anode:

3 Fe(s) > 3 Fe(aq) + 6e (1)
Cathode:

6 H,O(1) + 6e~ > 3 Ha(g) + 6 OH (aq) (2)
3 Fe’*(aq) + 6 OH (aq) > 3 Fe(OH),(s) (3)
Overall:

3 Fe(s) + 6 H,O(1) > 3 Fe(OH)(s) + 3 Ha(g)

The presence of dissolved oxygen and oxygen from
electrolysis causes ferrous hydroxide to be oxidized to
ferric hydroxide.

Anode:
4 Fe(s) > 4 Fe**(aq) + 8¢~
4 Fe*(aq) + 10 H,O(1) + O,(g) > 4 Fe(OH);(s) + 8 H*(aq)

4 Fe(s) + 10 H20(1) + Ox(g) > 4 Fe(OH)s(s) + 8 H*(aq) + 8¢~ (4)
Cathode:

8 H*(aq) + 8¢ > 4 Hy(g) (5)
Overall:

4 Fe(s) + 10 HO(1) + O,(g) > 4 Fe(OH)s(s) + 4 Ha(g)

Electrolysis products are blackish-brown deposits
and then characterized using UV-Vis
spectrophotometers, FTIR, SEM, and EDX to prove the
formation of Fe(OH);.

Variation of electrolysis time

The electrolysis product is iron(III) ions which
could be proved by reacting the electrolyzed solution with
KSCN. However, KSCN only reacts with Fe(III) ions to
form a brick-red complex. The complex ions formed may
vary, such as [Fe(SCN)]**, [Fe(SCN).]*, [Fe(SCN).],
[Fe(SCN)s]*, and [Fe(SCN)s]*". The complex depends on
the relative amounts of iron and thiocyanate present in
the solution.
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Fig. 2(a) shows the spectra of Fe(III) complexed
with thiocyanate with different iron(III) standard
concentrations, and Fig. 2(b) is the standard curve for
UV-Vis
spectrophotometer at a maximum wavelength of

iron(IIl)-thiocyanate =~ measured  using
465 nm. The solution resulting from the variation of
electrolysis time after being added using KSCN
produced a reddish-orange color, indicating that the
electrolysis solution contains Fe’" ions. Furthermore, the
wavelength scanning showed that the longer the
electrolysis time, the greater the absorbance of the
electrolysis, the longer the electrolysis process, the
greater the concentration of Fe’*, as shown in Fig. 2(c).
From these results, the concentration of Fe** from the
variation of electrolysis time at 15, 30, 45, and 60 min
was 0.000509, 0.000925, 0.001394, and 0.001904 mol/L.
Table 2 showed that the average efficiency of the
formation of Fe(OH); through electrolysis using iron
waste as an anode is 29.6%, with the reaction rate
following reaction order 1 [17-18].
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Fig 1. The current-voltage curve for electrolysis using

iron waste anode

Table 2. Results of variation in electrolysis time

T (second) Mass of Fe(OH); (mg) [Fe(OH);] (mol/L) % Efficiency
900 5.44 0.000509 31.5
1800 9.90 0.000925 28.6
2700 14.91 0.001394 28.8
3600 20.37 0.001904 29.5
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ions formed in solution (measured by the thiocyanate method)

Characterization
FTIR and XRD spectra of Fe(OH); are shown in Fig.

3. The absorption at 620 and 874 cm™ was associated with
the Fe-O stretching vibration indicating the formation of
Fe(OH)s. Absorption at 1640 cm™ showed the OH
bending vibration of H,O [19-20]. The peaks that appear
at 26 = 35.00, 43.01, 52.61, 57.69, and 62.57° indicate a
good agreement with Fe(OH); (JCPDS no 22-0346) [21].
In addition, the peaks at 20 = 36.87, 47.13, 59.44, and
71.67° indicated a congruence with a-FeO(OH) (goethite)
(JCPDS no 29-0713). The peaks at 20 = 23.53, 33.88, and
48.80° indicate a correspondence with [-FeO(OH)
(akaganeite) (JCPDS no 34-1266). XRD and FTIR results
show that the resulting electrolysis product is Iron
hydroxide Fe(OH)s. The crystal size (D) was calculated
using the following Scherrer formula [22]:

D =K2/(Bcos6) (6)

Using the Scherrer formula, the average crystal size of

Fe(OH); was 81.23 nm.

Surface analysis of the sample using SEM is shown
in Fig. 4. It can be seen that the iron plate that has been
used for electrolysis has been changed. Before being used
for electrolysis, the waste iron plate shows a uniform and
homogeneous surface. Meanwhile, after being used, the
iron plate dissolves into iron ions, thus, the surface
becoming porous and heterogeneous. In the iron(III)
precipitate, it can be seen that the surface forms
aggregates.

The elemental composition of Fe(OH); is shown in
Table 3. The presence of the Fe and O components in
EDX confirms the formation of the desired material,
namely iron hydroxide. The carbon peaks in the EDX
spectrum are due to the carbon bands used during SEM
and EDX measurements. Some of the other elements
present in the sample may come from waste iron which
is not pure iron.
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Fig 4. SEM images on (a) iron plate before electrolysis, (b) after 4x electrolysis, (c) Fe(OH); precipitate at 5000x

magnification
Table 3. EDX of Fe(OH);
Element Percentage (%)
O 51.57
Fe 17.98
N 11.41
C 9.96
Na 7.90
S 0.69
Si 0.49

Synthesis of Ferrate

The synthesis of ferrate solution in this study was
done by wet chemical method, using Fe(OH); as a source
of Fe(III) added with NaOCI as the oxidation agent in a
strong alkaline condition (NaOH) and produced a purple
ferrate solution. The
presented below:

ferrate formation reaction is

2Fe’ +3CI0” +100H” —>2Fe0,”” +3CI" +5H,0 (7
brown purple

The formed ferrate solution (sodium ferrate) was
then determined its wavelength and concentration using
a UV-Vis spectrophotometer. The measurement result
showed the maximum wavelength at 505 nm with an
absorbance of 0.944 (Fig. 5). The absorption spectrum of
ferrate at 505 nm had been confirmed by other studies
[23-24]. Furthermore, from the literature, it can be seen
that the molar extinction coefficient of ferrate at this
wavelength is 1170 M™' cm™ so that in the synthesis,
that the resulting ferrate
concentration is 535.74 mg/L (with a dilution factor of
4x) [25].

Furthermore, ferrate stability was performed by
measuring wavelengths using UV-Vis from day to day.
The results showed a decrease in absorbance from the
first day of 0.563 to 0.327; 0,281; 0.254, and 0.196,
respectively, on days 2, 3, 4, and 8. The decrease in the
ferrate absorbance value indicates that the ferrate

ferrate can be seen
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solution has undergone reduction and decreased
concentration, as shown in Fig. 6(a). Ferrate has low
stability, so if left too long in unsuitable conditions will be
reduced from Fe(VI) purple to Fe(III) brown. The
decrease of ferrate for a longer time follows reaction order
2 (Fig. 6(b)) with a k value of 1.8x107'° s™'. Reduction of
ferrate from Fe(VI) to Fe(III) according to Bartzatt and
Carr [26] shown in the following reaction:

2Fe0,%” +5H,0 — 2Fe(OH), +3/20, + 40H" (8)

Application of Ferrate for Removal of Cations and
Anions in Water

Treatment of metal ions (cation) with ferrate

Ferrate is a coagulant substance that effectively
removes metals and non-metals in water [26-27]. Fig. 7
and 8 show that ferrate is proven effective for eliminating
metal ions and anions. At pH 6, Cd ion concentration
after treatment experienced a significant decrease than
before treatment from 8.62 to 0.54 mg/L. Thus, even Mg
metal could be entirely eliminated. Ferrate is also effective
for eliminating nitrate anions at pH 6 by 65% [28].

The mechanism of heavy metal removal by
ferrate(VI) can be explained by ionic bonding and
adsorption [29]. Ferrate(VI) is present in the form of
species HsFeO,", H,FeOs, HFeO4, dan FeO,*~ depending
on the pH of the solution. In neutral solution
(approximately pH 6-7), ferrate(VI) exists as the HFeO4
species. Under these experimental conditions, heavy
metals present as divalent cations (Cu**, Mg, Pb*, Cd*,
Fe**, and Zn*") can precipitate through ionic bonds with
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HFeO,, ferrate(VI) anion species. At pH 7 or less,
Fe(VI) species readily self-decompose and thus result in
rapid oxidation of metal ions. With increasing pH (> 7),
the main species Fe(VI) becomes FeO4*", which is more
stable but has a weak oxidation capacity [30], thus
explaining the decrease in metal ion degradation. In this
study, the highest removal efficiency by ferrate is
observed in neutral conditions (pH = 6). Similar effects
have also been reported for the ferrate reaction with
2,4,6-trichlorophenol (TCP), which shows the highest
degradation at pH 5.8 [31]. Filip et al. [32] found that
various metal ions (e.g., Cu** and Zn**) can combine into
the crystalline structure of iron(III) oxide or hydroxide
nanoparticles, which are formed from the decomposition
of Fe(VI), and with thus yielding a metallic ferrite spinel
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Fig 5. Ferrate solution spectrum measured using UV-

Vis spectrophotometer
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phase (e.g., CuFe,O4 and ZnFe,04). In contrast, the Cd(II)
ion does not form a ferrite spinel structure or is not
incorporated into the iron(III) oxide phase lattice but
through absorption on the y-Fe,Os/y-FeOOH core/shell
nanoparticles [14]. The iron(VI) removal mechanism for
various metals may depend on each metal ion's ionic

radius, valence, and electronic structure. The overall
reaction of metal ions with Ferrate [33]:
Fe(VI)+M(I) — Fe(III) + Product (9)
The interaction between COs*>" (or HCO5") and Fe
hydroxide will occur and form an inner spherical
monodentate complex through a ligand exchange
reaction (Eq. (9)) [30].
Fe—OH+CO,*” - Fe—-0-CO, +OH"~ (10)
Hydrolysis of CO5* ions can increase the pH of the
solution, thereby reducing the oxidation potential of
Fe(VI) and reducing the efficiency of anion reduction
[34].

m CONCLUSION

Synthesis of ferrate using iron ions from the
electrolysis of the used transformer iron has been
successfully obtained. Electrolysis occurs with Eq = 2.03
V. The iron ion was then reacted with sodium
hypochlorite in alkaline conditions to produce ferrate

Gunawan et al.



Indones. J. Chem., 2021, 21 (6), 1397 - 1407

with a purple solution color. The resulted ferrate synthesis
was applied as metal ion and anion treatments with pH
variations of 6, 8, 10, and 12. The characterization of the
electrolyzed iron plate showed that there was the
dissolution of iron into iron(III) ions with a different
surface from the previous plate. The results showed that
ferrate is effective for eliminating metal ions and anions
in water with the optimum condition at pH 6
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Abstract: Lecithin is an emulsifier that plays an active role in reducing surface tension
in making emulsions. The production of lecithin from other vegetable oils allows the use
of other types of vegetable oil as a source of lecithin production to replace soy-based oil,
which has begun to be used as a bioenergy raw material. This study aims to find an
alternative source of new lecithin derived from corn oil by knowing the characteristics
of lecithin and applied to mayonnaise. The resulting lecithin was used in mayonnaise
with a 2 factorial randomized block design method consisting of 3 levels. Based on the
results obtained, the characteristic of corn oil lecithin is that the largest content is
hexadecanoic acid which is 44.79%, and the strongest vibration band is CH, vibration
with stretching modes of symmetry and asymmetry at 2922 and 2853 cm™ and the
terminal CH; group in the 1374 cm™'. L3C3 treatment was the best result with 60% fat
content, 4% emulsion stability, 2.12 cP viscosity, and 1.42 x 107> N/m surface tension.
Organoleptic showed a preference value, namely color 4.4 (like), taste 3.2 (sufficient
like), smell 4 (like), and texture 3.80 (like it).

Keywords: corn lecithin; water degumming; mayonnaise

m INTRODUCTION

Food is anything that comes from biological sources
and water, whether it is processed or not, which is
intended as food or drinks for human consumers,
including food additives and other materials used in
preparing, processing, and making food or drinks [1].
Phosphatidylcholine (PC), phosphatidylethanolamine
(PE), and phosphatidylinositol (PI) are acetone-insoluble
phosphatides. They are mixed with other substances such
as triglycerides, fatty acids, and other minor compounds
to form lecithin [2]. Lecithin or phosphatidylcholine is an
important natural emulsifier found widely in many food
fields [3]. However, commercial lecithin comes from the
isolation of animal organs such as pigs which are haram.
Lecithin derived from commercial vegetable oils comes
only from soybean oil. Therefore, the production of
lecithin from other vegetable oils can be a solution for the
availability of halal vegetable lecithin such as corn oil and
allows the use of other types of vegetable oil as a source of
lecithin production to replace soybean-based oil, which

has begun to be used as raw material for bioenergy or in
the field of food diversification [4]. Based on previous
research studies, corn oil can be used as raw material for
making lecithin. Corn oil contains 0.7-2.0% gum
phosphatide, which is commonly used to produce crude
lecithin. This amount is greater than coconut oil and
palm oil [5]. The degumming step in the refining of
crude oils extracted from soybean, rapeseed, sunflower,
and corn germ, among others, yields lecithin [6].
Lecithin can be used as an emulsifier in a broad
range of emulsions. However, its multicomponent
nature limits its versatility [7]. Therefore, the lecithin
obtained is expected to be applied as an emulsifier, one
of which is mayonnaise (an oil-in-water emulsion) [8].
Mayonnaise is a food product in the form of an emulsion
which is currently well known as a sauce used in salads,
sandwiches, and other foods. Although the emulsifier
that has been used by mayonnaise is egg yolk, one of the
efforts to reduce the fat content in mayonnaise is to
reduce the use of egg yolk by using other emulsifiers.
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Using an emulsifier other than egg yolk can reduce overall
fat content and increase stability [9]. This study aims to
determine the production of vegetable lecithin from corn
oil through a water degumming process and find
alternative sources of new lecithin derived from corn oil
by knowing the characteristics of lecithin and applying it
to mayonnaise to determine the effect on physical,
chemical, and organoleptic properties.

m EXPERIMENTAL SECTION
Materials

The materials used were corn oil (100% purity,
conducted from CV. KIE Food Industry), distilled water,
cooking oil, CMC, H,SO, (98% purity Merck, Germany),
salt, and sugar.

Instrumentation

Magnetic stirrer and centrifuge used to extract gum
(crude corn lecithin) by following previously reported
procedure [4]. In addition, gas Chromatography-Mass
Spectrometry (GC-MS) and Fourier Transform Infra-Red
(FT-IR) were applied for analysis and corn lecithin
characterization.

Procedure

Steps to make gum (crude corn lecithin)

Extracting gum from corn oil was carried out by
mixing 250 mL of corn oil with distilled water (15 mL),
then heated at a temperature of 80 °C, were kept constant,
and stirred for 2 h. In this process, a clear colored layer
will be obtained, which will be taken and dried. The result
of this drying is called gum. The clear layer obtained from
heating was separated using a centrifuge at 500 rpm for
20 min. The thin layer obtained after the centrifuge
process was then dried using an oven with a temperature
of 90.5 °C for 5 days [10].

Step to make mayonnaise
Mayonnaise was made wusing a 2 factorial
randomized block design method consisting of 3 levels.
Factorial 1 was the addition of lecithin emulsifier with a
weight of 0, 20, and 30 g, while factorial 2 was the addition
of CMC with 0, 20, and 30 g that 9 treatment

combinations were obtained with 3 replications.
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Corn lecithin characteristics test phase

The 10 mL of corn lecithin obtained from corn oil
were tested using GC-MS to determine the acyl lecithin
chain structure. In addition, an FTIR was used to
determine the functional groups of corn lecithin
emulsifiers.

Mayonnaise test phase with the addition of corn
lecithin and CMC

Mayonnaise with the addition of corn lecithin and
CMC was tested for its physical, chemical properties in
the form of fat content, emulsion stability, viscosity, and
immersion stress, and an organoleptic test as well. Data
analysis was performed using ANOVA with a 5%
confidence interval. If there is an interaction between
factors, it is continued into the DMRT (Duncan Multiple
Range Test) tests. The selection of the best treatment
used Multiple Attributes.

m RESULTS AND DISCUSSION

Analysis of the Characteristics of Corn Lecithin
Emulsifier

Corn lecithin emulsifier was tested in advance
using GC-MS to determine the content of the corn
lecithin emulsifier. Testing by GC-MS to determine the
content of corn lecithin is considered effective because it
does not require a longer retention time, and the results
can be proven accurate. Analysis by GC-MS was carried
out to determine the acyl chain structure of lecithin [11].
The GC-MS test result data is presented in tabular form
and shown in Table 1.

From Table 1, it can be seen that the content of
corn lecithin emulsifier through the results of mass
spectroscopic analysis of each of these peaks shows a
fragmentation pattern of 0.09% lauric acid (dodecanoic
acid), 0.94% myristic acid (tetradecanoic acid), 44.79%
palmitic acid (hexadecanoic acid), 40.08% oleic acid (9-
octadecenoic acid (Z)-), 5.99% stearic acid (octadecanoic
acid), 1.83% 1.66%
oxiraneoctanoic acid. From these results, it can be seen
that the fatty acid residues of the phospholipids, GC-MS
results correspond to the fatty acid components present

oxiraneoctanoic acid and

in corn oil. Corn oil contains palmitic acid, linoleic acid,
stearic acid, linolenic acid, and oleic acid [12]. From the
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Table 1. The emulsifying component of corn lecithin is the GC-MS test result

No R. Time Content (%)  Component name Structural
formulas
1 28.23 0.09 Dodecanoic acid Ci3H,60,
2 34.06 0.94 Tetradecanoic acid CisH300,
3 39.406 44.79 Hexadecanoic acid CyH340,
4 43.44 40.08 9-Octadecenoic acid (Z)- Ci9H360,
5 44.08 5.99 Octadecanoic acid CisH350,
6 47.22 1.83 Oxiraneoctanoic acid, 3-octyl-, methyl ester, cis- (CAS)  Ci9H3605
7 47.44 1.66 2-Oxiraneoctanoic acid, 3-octyl-, methyl ester (CAS) C1oH360;

table, we can also see that the largest content of corn
lecithin emulsifier is palmitic acid (hexadecanoic acid)
which is 44.79%. Thus, the isolated phospholipids from
corn oil gum have a polar and a non-polar part. In the
research conducted by the compilers, only the non-polar
parts were analyzed using GC-MS analysis, which results
had components that matched the components of corn oil
so that this part could dissolve in the oil. The things above
cause the phospholipids to easily be on the interface of
corn oil and water so that the emulsion that is formed is
relatively stable [13].

Furthermore, corn lecithin was tested using FTIR to
determine its functional groups from the corn lecithin
(FTIR)
spectroscopy is widely used to authenticate certain food

emulsifier.  Fourier transforms infrared
products [14]. FTIR instruments have many advantages
over conventional dispersive instruments, with more
energy yield, excellent wavenumber reproducibility and

accuracy, broad and precise spectral manipulation

101

capabilities, and advanced chemometric software to
[15]. The FTIR
spectrum of corn lecithin emulsifier is shown in Fig. 1.
The FTIR results in Fig. 1 show that the strongest
band is CH, vibrations with the symmetrical strain mode

handle calibration development

and asymmetry at 2922 and 2853 cm™'. This wavenumber
is usually “sensitive to conformation” it is affected by
changes in the trans/gauche conformation ratio in the
acyl chain. There is also an absorption band for the
terminal CH; groups in the area 1374 cm™. Vibration for
the ester groups, especially for the C=0 stretch, appears
in the region of 1742.49 cm™. The vibration for the
anhydride, especially for the C-O stretch, appears in the
1159.07 cm™ regions. The result shows that the corn
lecithin emulsifier has almost the same absorbance
pattern in the specific absorption regions for lecithin.
The IR spectra for lecithin can be divided into spectral
regions arising from the vibrations of the lipophilic tail
molecule, the interface region, and the head group [14].
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Fig 1. FTIR spectra of corn lecithin emulsifier
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Analysis of mayonnaise with the addition of Corn
Lecithin Emulsifier

Analysis of fat content in mayonnaise

Mayonnaise sauce is one of the oldest and most used
in the food world, accompanying popular salads, seafood,
and filling sandwiches. Nevertheless, one main problem
with egg yolk is its high cholesterol content [16].
Therefore, the product expected from using Corn
Lecithin is to reduce the fat content contained and
produce the desired product, namely using vegetable
lecithin. Although the emulsifier that has been used is egg
yolk, one of the efforts to reduce the fat content in
mayonnaise is to reduce the use of egg yolk by using other
emulsifiers. Using an emulsifier other than egg yolk can
reduce overall fat content and increase stability [17]. The
value of the fat content (%) in mayonnaise is shown in
Table 2.

Table 2 shows that the highest fat content was found
in adding emulsifier corn lecithin and CMC to L3C3
treatment of 60%, which in L3C3 treatment used 30 g
Corn Lecithin independent variables and 30 g CMC. The
theory suggests that the higher the lecithin and CMC
emulsifier added, the higher the fat content. The increase
in fat content is due to the increasing concentration of
lecithin emulsifier, increasing the hydrophobic group,
which affects mayonnaise fat content. Lecithin is an
emulsifier that tends to be non-polar, which has a
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hydrophobic group as a fat-binding group and a
hydrophilic one as a water-binding group [18]. The fat
content of standard mayonnaise on the market is 80.73%
[19], whereas, in the research conducted by the author,
the L3C3 treatment found 60% results, which means that
itis still far below the standard to be marketed. However,
when compared with the quality requirements of
mayonnaise (SNI 01-4473-1998), which is at least 65%,
the results of this research are almost approaching SNI.

Based on the analysis of the fat content in
mayonnaise, the variable has an average value of 41.66
and a standard deviation of 13.95. The results showed
that the standard deviation value was smaller than the
value average.

Emulsion stability analysis on mayonnaise

Emulsification processes also improve the texture,
stability, and shelf-life of food products [20]. The
product that is expected from the use of Corn Lecithin is
good emulsion stability. Lecithin as an emulsifier can
stabilize oil and water, which is clear from its structure.
Emulsion stability is also influenced by particle size,
type, and quantity of emulsifier, the density difference
between the two phases, particle movement, and
viscosity of the external phase. Using an emulsifier other
than egg yolk can reduce overall fat content and increase
stability [9]. The emulsion stability value (%) in
mayonnaise is shown in Table 3.

Table 2. Fat content (%) in mayonnaise with the addition of corn lecithin emulsifier

Run Lecithin CMC Readable volume  Sample volume Fat level
(Code) () (8) (mL) (mL) (%)

LIC1 0 0 1 5 20
LI1C2 0 20 1.2 5 24
L1C3 0 30 1.3 5 26
L2C1 20 0 2 5 40
L2C2 20 20 1 2 50
L2C3 20 30 1 2 50
L3C1 30 0 1 2 50
L3C2 30 20 1.1 2 55
L3C3 30 30 1.2 2 60*
Average 41.66
SD 13.95

Note: (*) = The best result
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Table 3. Emulsion stability (%) in mayonnaise with the addition of an emulsifier corn lecithin

Run Lecithin CMC Separate volume  Sample volume  Emulsion

(Code) (g) (g) (mL) (mL) stability (%)
L1C1 0 0 9.9 10 1
L1C2 0 20 9.8 10 2
L1C3 0 30 9.75 10 2.5
L2C1 20 0 9.78 10 2.2
L2C2 20 20 9.77 10 2.3
L2C3 20 30 9.76 10 24
L3C1 30 0 9.68 10 32
L3C2 30 20 9.65 10 35
L3C3 30 30 9.6 10 4*
Average 2.56
SD 0.83

Note: (*) = The best result

Table 3 shows that there are differences in the
stability of using emulsifiers. In the table above, it shows
that the L3C3 treatment has a high level of stability of 4%
because the addition of 30 g lecithin causes the emulsion
to be more stable compared to the addition of other
lecithin’s, which is indicated by the less oil that separated
at the time of centrifuge. The higher the concentration of
the emulsifier lecithin and CMC added, it will be more
stable because the emulsifier can reduce the surface
tension so that the emulsion will coalesce. Adding an
emulsifier will make the bond between the fat and water
stronger. The emulsifier will be dispersed in water so that
the hydrophilic part will absorb water. Water previously
moving freely outside the grains will become bound. The
theory shows that it causes the emulsifier to be more
stable [18].

Based on the stability analysis of the mayonnaise
emulsion, this variable has an average value of 2.56 and a
standard deviation of 0.83. The results showed that the
standard deviation value was smaller than the value
average.

Viscosity analysis of mayonnaise

The difference in the viscosity of mayonnaise
corresponds to the increasing concentration of vegetable
oil and the emulsifier added. The difference in
viscosity/viscosity can also be caused by the type of
vegetable oil used, with the characteristics of each
vegetable oil being different. This theory is in line with the

opinion of Setyawardhani et al. that each type of
vegetable oil has different characteristics depending on
the fatty acid content contained in it besides vegetable
oil which acts as an internal phase that greatly affects the
different
concentrations it will make a difference to the viscosity

viscosity of mayonnaise so that at

of mayonnaise [21]. The viscosity (cP) value of
mayonnaise is shown in Table 4.

Table 4 shows a difference in the level of viscosity
or viscosity of the mayonnaise with the addition of corn
lecithin emulsifier. The table above shows that the L3C3
treatment has a greater viscosity level than the 2.1 cP.
Commercial lecithin is used as an emulsifier, and
lecithin effectively lowers the interfacial tension between
fat and water but can maintain the stability of the
emulsion in the dough. In addition, the lecithin
emulsifier can reduce friction on the sugar fat, thus
preventing the formation of solid lumps. Therefore, the
greater the concentration of lecithin added, the greater
the viscosity of mayonnaise. The standard mayonnaise
viscosity in the market is 3346.7 cP [22].

Meanwhile, in the research conducted by the
author, the best viscosity was 2.12 cP, which indicates
that it is still far from the viscosity of mayonnaise on the
market and still unable to be used commercially.
According to SNI (Indonesian National Standard), 01-
4473-1998, the mayonnaise viscosity standard is 2540 cP
(Indonesian National Standardization Agency, 1998).
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Table 4. Viscosity (CP) of mayonnaise with the addition of corn lecithin
Run Empty pycnometer Fill in the weight Pycnometer ~ Sample density Time Viscosity

(Code) weight (g) of the pycnometer (g) volume (mL) (g/mL) (second) (cP)
LIC1 26.91 50.91 25 0.96 1.7 1.63
L1C2 26.91 51.93 25 1.0008 1.7 1.701
L1C3 26.91 51.85 25 0.99 1.74 1.73
L2C1 26.91 51.05 25 0.96 1.8 1.73
L2C2 26.91 52.01 25 1.004 1.78 1.78
L2C3 26.91 53.54 25 1.06 1.71 1.82
L3C1 26.91 51.03 25 0.96 1.89 1.82
L3C2 26.91 53.59 25 1.06 1.9 2.02
L3C3 26.91 52.22 25 1.01 2.1 2.12*
Average 1.82
SD 0.14

Note: (*) = The best result

Based on research conducted, the author is still far from
the established SNI. Based on the viscosity analysis of
mayonnaise, the variable has an average value of 1.82 and
a standard deviation of 0.14. The results showed that the
standard deviation value was smaller than the value
average.

Surface Tension Analysis on Mayonnaise

The expected product from the use of corn lecithin
is to reduce surface tension. The surface-active agent, in
this case, lecithin as an emulsifier, is oriented at the
interface that will gradually decrease the surface tension
over time and the addition of the surface-active agent
until a constant value is reached [23]. The value of surface
tension (N/m) on mayonnaise is shown in Table 5.

Table 5 shows that the L3C3 treatment has a smaller
surface tension value than the others, equal to 0.001 N/m.
Crude lecithin is usually obtained from soybeans and egg
yolks. This lecithin is a mixture of lipids (phospholipids)
with phosphatidylcholine, ethanolamine, and inositol as
the main components. Commercially, phospholipids are
mainly obtained as a by-product in the production of
vegetable oils. Therefore, the more lecithin is added, the
decrease in surface tension will occur [16]. If one of the
liquid interfacial tension decreases, it will facilitate the
fluid phase to separate [24]. Emulsion stability with
surface tension has a negative or opposite correlation, in
that a high stabilizer concentration can cause the surface
tension to decrease until it reaches a constant interface

Table 5. Surface tension (N/m) on mayonnaise with the
addition of corn lecithin

Run  Sample density Sample height Surface tension
(Code) (g/mL) (cm) (x 10* N/m)
LIC1 0.96 0.02 3.36
Li1C2 1.0008 0.02 2.80
L1C3 0.99 0.02 2.79
L2C1 0.96 0.01 2.03
L2C2 1.004 0.01 1.69
L2C3 1.06 0.01 1.64
L3C1 0.96 0.01 1.62
L3C2 1.06 0.01 1.49
L3C3 1.01 0.01 1.42
Average 2.09
SD 0.71

Note: (*) = The best result

tension and the emulsion stability is maintained. Based
on the surface tension analysis on mayonnaise, the
variable has an average value of 2.09 £ 0.71 x 10~ N/m.
The results showed that the standard deviation value was
smaller than the value average.

Organoleptic Analysis

Organoleptic test on food panelists, namely
mayonnaise with the addition of corn lecithin. The tests
carried out included the color, taste, smell, and texture
of the mayonnaise.

Color
Organoleptic test results on color for mayonnaise
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with corn lecithin and CMC are shown in Table 6.

Color is a very important physical parameter of
food. The consumer’s preference for food products is also
determined by color because the product’s color is the
first attribute seen by consumers. Table 6 shows the color
aspect; run 9 got the highest average score among the
others, namely 4.4, followed by the notation “a” and also
the second-highest score was obtained by run 6 with an
average score of 4.3 and also followed by the notation “a”
which means both panelists prefer treatment with run 9
and 6. The theory shows that the higher the concentration
oflecithin emulsifier added, the lower the brightness level.
Meanwhile, the addition of a CMC emulsifier shows that
a CMC emulsifier also affects the increase in color
brightness [18]. The addition of the lecithin emulsifier has
a yellow color, which affects the color of the final

mayonnaise product.

Taste

Organoleptic test results on the taste for mayonnaise
with the addition of corn lecithin and CMC are shown in
Table 7.

Table 7 shows that in terms of taste, run 9 gets the
highest score among the others, namely 3.2, with the

« _»

following notation “a”, which means that the panelists
prefer the treatment on running 9. The theory suggests
that mayonnaise with the addition of lecithin emulsifier
has an unpleasant taste. It was derived from corn oil
extract, thus reducing the taste preferences of the
panelists, while the addition of a CMC emulsifier has an
increasing tendency. CMC is a cellulose derivative with a
sweetness level of 69% so that with the addition of the
CMC emulsifier, the panelists’ preference for taste
increases [18]. However, in terms of taste, the highest
score obtained does not get the maximum value. The
result shows that the resulting taste is not as strong as the
typical taste of mayonnaise in the market, so that the level
of preference for neutral consumers leads to somewhat
like it.
Smell

The results of the organoleptic test on smell for

mayonnaise with the addition of corn lecithin and CMC
are shown in Table 8.

Indones. J. Chem., 2021, 21 (6), 1408 - 1417

Table 8 shows that in terms of smell or aroma, run
9 gets the highest score among the others, namely 4 with
the following notation “a”, which means that the

panelists prefer the treatment on running 9. The theory

Table 6. Panelists average preferred level of mayonnaise
color with the addition of corn lecithin and CMC

Treatment Average color value Notation
Run 1 14 d
Run 2 2.3 c
Run 3 2.9 bc
Run 4 3.1 b
Run 5 3.4 b
Run 6 4.3 a
Run 7 2.9 bc
Run 8 3 b
Run 9 4.4*

Table 7. Average levels of panelists preference to
mayonnaise flavor with the addition of corn lecithin and
CMC

Treatment Average taste score Notation
Run 1 1.5 b
Run 2 1.6 b
Run 3 1.7 b
Run 4 1.7 b
Run 5 3 a
Run 6 3 a
Run 7 2.9 a
Run 8 2.9 a
Run 9 3.2* a

Table 8. The panelists average preferred level of
mayonnaise odor with the addition of corn lecithin and
CMC

Treatment Average smell value Notation
Run 1 1.6 d
Run 2 1.9 d
Run 3 1.9 d
Run 4 2.1 d
Run 5 2.2 cd
Run 6 3.1 b
Run 7 2.9 bc
Run 8 2.9 bc
Run 9 4* a
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suggests that the CMC is in powder form, white, odorless,
and tasteless so that it does not affect the product’s aroma,
while the lecithin emulsifier has a slightly unpleasant
aroma that can affect the aroma of mayonnaise [18]. This
study’s results follow the research which states that the
consumer has given a normal or neutral rating to the
unscented mayonnaise. The result shows that the aroma
of mayonnaise is not as strong as the aroma of
mayonnaise. The aroma shows sensory properties that
require sensitivity to taste and smell food, and also, the
aroma of food can form delicacy and is more related to the
sense of smell.

Texture

Organoleptic test results on texture for mayonnaise
with corn lecithin and CMC are shown in Table 9.

Table 9 shows that in terms of smell or aroma, run 9
gets the highest score among the others, which is 3.8 with
the following notation “a”, which means that the panelists
prefer the treatment on running 9. Also, CMC has a
higher value. It is higher compared to the addition of
lecithin emulsifier, although it is not too significant. The
texture that panelists prefer is the one that is easier to
smear [18]. Consumers who like the texture may feel that
the resulting texture is closer to the typical mayonnaise
texture, which is semi-solid. The texture of mayonnaise is
very thick and soft, which consumers prefer compared to
the watery texture [25]. The authors’ research supports
this, where run 9 has a thicker texture due to the addition
of corn lecithin and CMC.

Table 9. Panelists average preferred level of mayonnaise
texture with the addition of corn lecithin and CMC

Treatment  Texture valueaverage Notation
Run 1 14 e
Run 2 1.8 de
Run 3 2.1 cde
Run 4 2.2 cde
Run 5 2.4 bed
Run 6 2.8 bc
Run 7 3.1 ab
Run 8 2.9 bc
Run 9 3.8% a
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m CONCLUSION

Based on the results obtained, in the analysis of
corn lecithin emulsifier for GC-MS analysis, the largest
content of corn lecithin emulsifier was palmitic acid
(hexadecanoic acid), with its content 0f44.79%. In
contrast, FTIR analysis had almost the same absorbance
pattern in specific absorption areas for lecithin. The
L3C3 treatment was obtained in the mayonnaise
analysis, namely 60% fat content, 4% emulsion stability,
2.12 cP viscosity, and 0.00141736 N/m surface tension,
The results of the
organoleptic research showed that the panelists’

which were the best results.
preferred values of mayonnaise with L3C3 treatment
were color 4.4 (like), taste 3.2 (sufficient like), smell 4
(like), and texture 3.8 (like it).
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Abstract: The biotransformation and biodecolorization of methylene blue (MB) dye
using the bacterium Ralstonia pickettii was investigated. This experiment was conducted
in a nutrient broth (NB) medium after adding MB at 100 mg L™ concentration.
Approximately 98.11% of MB was decolorized after 18 h of incubation. In addition, the
metabolic products detected by LC-TOF/MS were Azure A (AA), thionine, leuco-MB, and
glucose-MB, which indicated the MB degradation through a reductase that attacked the
heterocyclic central chromophore group present in the structure. Moreover, azure A and
thionine fragments resulted from the N-demethylase enzyme that attacked the
auxochrome group. Thus, this research was assumed to be the first scientific report
suggesting the potential to use R. pickettii in the biodecolorization and biotransformation
of dye waste, particularly MB.

Keywords: decolorization; biotransformation; xenobiotic bacteria; Ralstonia pickettii;

methylene blue

= INTRODUCTION

Water pollution has become a major problem that
can negatively impact humans and the environment [1].
Synthetic dyes are typical water pollutants widely used in
the cosmetic, pharmaceuticals, textile, printing, and food
industries [2]. In addition, approximately 280,000 tons of
dye wastes are discharged into the environment,
especially water bodies, without any treatment [3-4].
These direct exposures negatively affect the ecosystem
following the interference with sunlight penetration,
lowered dissolved oxygen concentration, and disrupted
photosynthetic processes for some aquatic organisms [5].
Moreover, other hazardous effects are observed with
biomagnification, carcinogenicity, and mutagenicity
towards the environment and human health [6-7].
Methylene blue (MB) is one of the dyes used in leather,
cotton, cosmetic, plastic, and silk industries [8], especially
in the coloring process, where only 5% is absorbed, while
95% is released as waste to the aquatic environment [9].
The disposal of the MB directly contaminates humans and
causes diseases, including diarrhea, eye damage, vomiting,
gastric disorders, methemoglobinemia, headaches, and

dizziness, especially in pregnant women and babies [10-
11]. Furthermore, the death of some aquatic organisms
around the disposal area has also been reported [12-13].
This high contamination incidence indicates the need to
manage waste before discharge to minimize the negative
impacts properly.

Moreover, microbiological treatment approaches
using bacteria or fungi are less costly and more effective
in handling color substance waste than physical,
chemical, photocatalytic, and electrochemical methods
[10]. The biodecolorization or biodegradation of dyes
ensues through the reductive and oxidative activities
produced by various extracellular enzymes, observed at
the chromophore and auxochrome sites of the molecules
[11]. Specifically, decolorization is initiated by reducing
MB at the molecular level with NADPH-dependent
dehydrogenase quinone into a form of leuco-MB [14-15].
The attacks on chromophore groups instigate the opening
of aromatic rings within the heterocyclic center, which
first produces intermediate compounds estimated to
cleave the structures further [16]. Meanwhile, other
include oxidative

degradation mechanisms
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demethylation by demethylase enzymes, comprising
aminopyrine N-demethylase, assumed to interact with the
auxochrome group to produce fragmented metabolic
products of azure B (AB), azure A (AA), azure C (AC),
and thionine [17]. The microbiological approach towards
degradation requires various processes influenced by
numerous factors, including the reaction substrate type
and the wealth of microbial genetic strains [13]. Therefore,
different microbes act through various mechanisms
produce diverse results after waste treatment [18].
However, some species demonstrate the degradation
ability, including Daedalea dickinsii [16], Bacillus subtilis
strain MTCC 441 [19], Ralstonia eutropha [20], Alcaligenes
species [5], Alcaligenes faecalis [21], Aspergillus niger LAG
[22], and Rhodococcus strain UCC 0003 [23]. These
microbes potentially remove more than 85% MB and are
confirmed to affect degradation cases with other xenobiotic
wastes.

Ralstonia pickettii is a xenobiotic bacterial with the
capacity to biodegrade some organic pollutants. This
phenomenon is confirmed by numerous reports obtained
with various related wastes, resulting from the metabolic
complexity alongside the encoding genes for
biodegradation enzymes [24]. Furthermore, the toluene-
3-monooxygenase, phenol/cresol hydroxylase [25], and
meta-cleavage pathway enzymes are secreted to convert
catechol and methyl catechol tricarboxylic acid cycle
intermediates [26]. These intrinsic constituents promotes
the ability to decompose a variety of wastes, including
DDT [18], crude oil [27], phenol [28], chlorobenzene
[29], toluene and meta-cresol [30], BTEX (benzene,
[31] and 2.4,6-
trichlorophenol [30]. The application of R. pickettii as a

ethylbenzene, toluene, xylenes)
bioremediation agent was more advantageous than other
bacteria because of the non-detection as a phytopathogen
or pathogen of animals. In addition, reports have shown
significant resilience in low-nutrient environments [30],
and it is also considered a good choice for the
biodecolorization and biodegradation of MB as well as for
broader purposes such as degradation of xenobiotic
pollutants (toluene and trichloroethylene) [30], crude oil
[27] and pesticide [32]. Therefore, the biotransformation

and biodecolorization of MB dye using the bacterium R.
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pickettii were investigated in this study.

m EXPERIMENTAL SECTION
Materials

The bacterium R. pickettii NBRC 102503 (NITE
Biological Resources Center, Chiba, Japan) was collected
the Microbial
specimen was maintained as a culture on nutrient agar
(NA; Merck, Darmstadt, Germany), while methanol
(Merck, 99%), MB (Merck, C.I. 52015), and D-glucose
(Merck-Germany) were purchased from Sumber Ilmiah
Persada (SAP, Indonesia).

from Chemistry laboratory. This

Procedure

Biodecolorization of methylene blue by R. pickettii
A single R. pickettii culture was used to
biodecolorize MB, which involved inoculating 10% pre-
incubated bacteria into an Erlenmeyer flask containing
50 mL nutrient broth and then incubation at 30 °C for
30 h [33]. Non-inoculated flasks were prepared as
controls. Subsequently, the MB was added to attain a
final concentration of 100 mg L' before the cultures
were placed in a shaker incubator (VELP scientifica) for
18 h at 30 °C with a shaking speed of 120 rpm. The entire
process was monitored for 0, 3, 6, 9, 12, 15, and 18 h,
with biomass separation, was performed at each time
frame to obtain the supernatants, using 2000 G
centrifugation for 10 min [16]. Furthermore, absorbance
measurements were carried out with a UV-VIS
spectrophotometer at a 400-800 nm wavelength. In
addition, the control group contained a 100 mg L™
concentration mixture of NB and MB, while the
percentage of sample decolorized was evaluated using
the following Eq. (1).
Ao—At
Ao

% Decolorization = x100% (1)

whereas Ao was the absorbance of the control solution
while At was the absorbance of the treated sample.

Analysis of metabolic products

The metabolic products were analyzed by
evaluating the filtrates through LC-TOF/MS (AB SCIEX).
TM RSLC Acclaim 120 C18 column was also used with
a 2.1 x 100 mm dimension and set to 33 °C temperature
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[16]. In addition, ionizing electrospray (ESI) served as a
source of ionization within a mass range of 50-500, where
the sample elution flow rate was determined and graded
at 0.3 mL min™ for 4 min and 0.4 mL min™ for 6 min. The
methanol:water mixture (99:1 v/v) served as the mobile
phase within the first 3 min and followed by 61:39 v/v on
the remaining 7 min.

m  RESULTS AND DISCUSSION
Biodecolorization Study

This study expresses the R. pickettii ability to
degrade MB in a NB medium. In addition, each culture
was inoculated with 1 mL of pre-incubated bacterium
(1 mL bacterium was equivalent to 1.44 x 10" CFU), and
incubated at 30 °C for 18 h, with a biodecolorization
monitor time of 0, 3, 6,9, 12, 15, and 18. Fig. 1 showed the
absorbance profile versus wavelength in which 670 nm
was determined to be the optimum wavelength. The
absorbance pattern profiles at HO to H9 showed a small
decrease in intensity, although there was a significant
difference with the absorbance control MB. These
conditions indicated the inability R. pickettii during
incubation time at 0-9 h to show structural degradation
activities or transformation performance. However, H12-
H18 (incubation 12 and 18 h, respectively) demonstrated
a significant change in the absorbance pattern. In
addition, R. pickettii was
countering the MB at H18. The elevated cell biomass also

capable of thoroughly

contributes to further dye adsorption and reduced
absorbance [16].

The optimum decolorization of MB (100 mg L™") by
R. pickettii was observed at 18 h (up to 98.11%). This
process ensued from the inception of incubation, where
23.33% was reported. In addition, the t-test indicated
significant differences in decolorization between 0 to 12 h,
which was stationary from 12 to 18 h (Table 1). Thus, the
effects of R. pickettii were related to the extracellular
enzyme content during the incubation period [23].
Moreover, every microorganism demonstrates varying
decolorization strength, possibly attributed to the
discrepancies in microbe strains or species, incubation
time, dye concentration, and other performance-related
supporting factors [21,34].

Indones. J. Chem., 2021, 21 (6), 1418 - 1430
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Fig 1. Methylene blue (MB) decolorization absorbance

profiles of R. pickettii. Data are means (n = 3), where HO

=0h,H3=3h, H18 = 18 h incubation

Table 1. Biodecolorization of MB by R. pickettii in
nutrient broth during 18-day incubation period

Incubation time (h) Absorbance % Decolorization
Control 2.95+0.01 -

0 2.27+0.07* 23.33+0.68*

3 207+0.11° 29.94+0.42°

6 1.90 £ 0.02 ¢ 3564 £0.22°¢

9 1.25+0.21¢ 57.71+0.27¢

12 0.08 +£0.04 ¢ 97.21+0.43¢

15 0.07 £0.02¢ 97.70 £0.01 ¢

18 0.06 £ 0.03 ¢ 98.11 £0.22°¢

The decolorizing ability of R. pickettii was seamless
in contrast with other bacteria species, although some
bacteria showed satisfactory results, such as Alcaligenes
species, with maximum decolorization of 88.06% (100
mg L7, 40 d) [5]; Camamonas aquatica at 67% (50 mg L™,
96 h) [35]; B. subtilis strain MTCC 441 at 91.68% (20 mg
L™, 6 h) [19]; Bacillus thuringiensis 016 with 95% (25 mg
L™, 2 h) [36]; and Bacillus sp. strain MZS10 at 93.55%
(0.04 g L', 14 h) [14]; as well as Bacillus licheniformis
strain IFO 12200, Bacillus circulans strain IFO 13626,
and Bacillus pomilus strain IFO 12092, with a maximum
of 97.5%; 88.0%; 65.0%, respectively (1.1 x 10 mol L™,
24 h) [37]. In addition, some fungi also confer these
effects on MB, although longer incubation is time
These
chrysosporium, with maximum decolorization of 84.8%

required. fungi  were  Phanerochaete
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(0.4 gL', 22 d) [36]; D. dickinsii at 54% (50 mg L™, 14 d)
[16], while Phaseolus coccineus, Coriolus versicolor, Fomes
fomentarius, Trametes suaveolens, and Stereum ostrea
decolorized approximately 40% (100 mg L™, 20 d) [38].
The early interaction with MB ensues on the cell wall
surface, which is achieved through adsorption and ionic
interactions between the negative charge of the carboxylate
(-COOH) or hydroxyl (-OH) group and the positive MB
charge [19]. The reactions possibly occur via the reduction
of MB to leuco-MB. In addition, extracellular enzymes,
including NADH/NADPH-dependent reductase, are
widely reported to be responsible for the procedure, as
shown in Fig. 2, where colorless Leuco-MB was generated
[39]. This reaction also requires oxidative dehydrogenation
to yield products characterized by the potential to
produce hydrogen peroxide with functionalities through
other media or to be decomposed into O, and H,O
[40].
properties with MB, hence the tendency to use staining

molecules This reaction demonstrates redox
and cell density detection. In addition, color loss indicates
a substantial cell population implicated in surface
adsorption and reduction of MB [41].

The dye decolorization process ensued through a
different mechanism for various microorganisms[23,32],
where the carbon and nitrogen sources influence the cell's
ability to act effectively [14]. The procedure possibly
occurs through enzyme and non-enzyme (Fenton)
mechanisms, and the latter is adopted with brown-rot
fungi [16,42-43]. In addition, some other enzyme groups
exploited for dye decolorization include azoreductase
[44], lignin peroxidases [38], laccase [45], manganese
peroxidase [17], peroxidase and polyphenol oxidase [39],
and microperoxidase-11 [46]. The MB in this current
investigation was exposed to biotransformation and
biodegradation. In addition, the resulting metabolic
products were reduction and

generated through
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demethylation reactions on the structure. These
mechanisms ensure the support provided by the
extracellular enzymatic activities of R. pickettii in a
liquid NB medium [38].

Identification of Metabolic Products

The MB metabolic products generated after
biodegradation treatment with R. pickettii were
identified using LC-TOF/MS, as shown in Fig. 3.
the LC-TOF/MS
demonstrates 4 metabolic product peaks, where one

Furthermore, chromatogram
with a retention time of 5.57 min indicated MB molecule
at m/z = 284 [14,16]. Remarkably, the intensity was
lower than the control, further confirming the sample
transformation within the incubation period, following
the incidence of extracellular metabolic products
activities. Fig. 3 showed the 4 peaks, characterized by
retention times of 2.67, 5.01, 6.49, and 7.79 min, with
each possessing an m/z value of 256 (azure A) [14,17],
224 (thionine) [47], 285 (leuco-MB) [15], and 447
(glucose-MB) [14], respectively.

The yields from each microorganism comprised
different fragments of compounds, which applied
[5,16].
photocatalytic decomposition processes yield a variety

bacteria or fungi outputs In addition,
of smaller and large molecular fragments [47]. The
mechanisms mostly adopted currently involve the
working principle of microbes, photocatalytic, and a
combination of both mechanisms. Fig. 3 showed the LC-
TOF/MS chromatogram and further demonstrated R.
pickettii
products, including azure A, thionine, Leuco-MB, and

transforming MB into some metabolic
Glu-MB. Moreover, certain bacteria or fungi were
identified to yield similar output, although some of them
were also different. The Alcaligenes species yielded 4-

amino-1-benzylpiperidinium dichloride (C;,H;sCIN>) and

{H3CHoN S N(CH)»
10O 0]
N

Methylene Blus (Blue)
NADFIH

Ho0O Qp
\ / _ (HSC}ZN\QSD/N{CHS)Z
N / \ N
H
.

NAD(F) Levca-Methylzne Blue (Colarless)

Fig 2. Redox cycling of Methylene blue (MB)
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Fig 3. LC-MS chromatogram profile of MB transformation by R. pickettii

4,4’-diaminodiphenyl sulfide (Ci,H1,N.S) [5], while azure
B (m/z = 270); 3,7-bis
phenothiazin-5-one (m/z = 300), and 4-(dimethylamino)-

(dimethylamino)-4aH-

2-[m-(dimethylamino) phenyl sulfinyl] benzenamine
were observed with D. dickinsii (m/z = 303) [16]. Fig. 4
showed the
transformation pathway using 3 microbes.

summary for the proposed MB

The molecular fragments identified as products after
treatment with photocatalytic and natural oxidizing
agents were more diverse, despite the similarity between
some metabolic products of bacteria or fungi, including
azure A, azure B, and thionine [47]. The MB degradation
process using natural MnOx vyielded 7 metabolic

products, comprising azure B (m/z = 270), azure A (m/z
= 256), 2-methyl-2,3,4,5-tetrahydro-1,4-thiazin-1-ium
(m/z = 115), 7-amino-2,3-dimethylbenzo[b][1,4]thiazin-
1-ium (m/z = 186), benzene-1,4-diamine (m/z = 105),
benzo[b][1,4]thiazin-1-ium (m/z = 156), and aniline
98.5) [17]. Meanwhile, photocatalysis with
materials from sugarcane bagasse cellulose (SBC)-TiO,
generated fragments of CicH,1N3SO, CisHisNsS (azure
B), CsH1,N,SOs;, CsH/NO, and CsH;N [11]. The use of
ZnO:Eu nanoparticles under the sun rays produced a

(m/z =

similar outcome as observed with R. picketii, while
leuco-MB and azure B were identified with D. dickinsii
[48]. In addition, the microbes and material sources
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considerably influenced the variations between specific
produced. The
mechanisms adopted by each bacteria or fungi are

metabolic  products degradation
associated with the intrinsic enzyme complexity enzymes
[4,16,33], while photocatalysis is influenced by the energy
source and the material composition [47].

The microbial approach is entirely controlled by
extracellular enzyme activities [49]. Furthermore, the
effects on synthetic dyes are generally achieved through
varied mechanisms to attain a structural transformation.
These bacteria and fungi secrete extracellular enzymes
after induction in the media. Moreover, R. pickettii was
presumed to affect modifications to MB by involving the
reductase enzymes, including quinone dehydrogenase
(QD) dependent NADPH and demethylase. Mainly, QD
is an enzyme involved in xenobiotic metabolism processes
and confers protection from quinone free radical
derivatives [50]. The reductase enzyme, including azo
reductase, influences azo dye degradation, with a specitic
effect on the bond -N=N- [39].
involvements are based on the metabolic products
identified in the LC-MS analysis (see Fig. 3).

These enzymatic

(H3C)2N
Quinone dehydrogenase
Ribose— ADP
(Hsc)zN N(CHs)2
N
N
H
Leuco-MB

Glucose-MB
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Proposed Methylene Blue (MB) Transformation
Pathway

The identification for metabolic produced during
MB degradation, using LC-TOP/MS, and determined
based on the approximate pathway after transformation
by R. pickettii showed in Fig. 4. The proposed procedure
recognized the essential roles played by QD in the
decolorization process by the hydrogenation of MB to
form colorless Leuco-MB. The proposed procedure
recognized the essential roles played by QD in the
decolorization process by the hydrogenation of MB to
form colorless Leuco-MB. This output is more stable,
resulting from the Glucose-MB molecules formed by
dehydration between the hydroxyl group (-OH) from
glucose and the -NH present in MB [14]. Furthermore,
QD was produced and identified in some bacteria,
including the Bacillus sp. strain MZS10 and Bacillus sp.
strain LDO003, following the degradation of dye azure B
[50].

The biodecolorization process is generally attributed
to enzymatic oxidation or reduction activities. These are
some of the various extracellular types involved: H,O,

N(CHs)z

N

I

.
NH H3C)oN S NH
2 (H3C) _ 2
ADPH N
N

Azure A

N-demethylase l

+
S
2N\<:/L/ I>/NH2
NS
N

Thionine

Fig 4. Proposed methylene blue (MB) transformation pathway by R. pickettii
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independent oxidase, laccase, and azoreductase to
degrade the reactive yellow of 84A by Exiguobacterium sp.
RD3 [51]. Also, Pseudomonas aeruginosa BCH is known
to secrete tyrosinase, NADH-DCIP reductase, Veratryl
alcohol oxidase, and laccase are implicated in amaranth
azo dye decomposition [52].

Fig. 4 showed oxidative demethylation of MB as
another mechanism exploited to form azure A (AA) and
thionine molecules. Particularly, demethylation commonly
facilitates the conversion into azure B (AB), azure A (AA)
or sym-dimethylthionine, Azure C (AC), and thionine
[50]. Fig. 5 showed the degradation in potato dextrose
broth (PDB), using D. dickinsii to produce azure B
molecules. Conversely, oxidation with sulfur and reduction
at the C=N bond instigated the production of 3,7-
bis(dimethylamino)-4aH-phenothiazine-5-one and 4-
(dimethylamino)-2-[m-(dimethylamino)-phenylsulfinyl]
benzenamine [16]. Furthermore, the MB degradation
process involving Alcaligenes generated a derivative with
smaller BM. This effect was attributed to enzymes
secreted to perform total demethylation and C=N bond
reduction resulting in the 4,4-diaminodiphenyl sulfide
fragment [5]. In addition, other metabolic products

emanated from demethylation, deamination, and

0 {HyC)N /s" NH{CH,)
N{CH;); \@Nj:j/

Azure B

{H;C);N 5
L
N

3. 7-bis(dimethylaming)-
daH-phenothiazine 5-one

G
1]
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oxidation procedures, with characteristic fragments of
[5]. The
Lignin peroxidase (LiP) and horseradish peroxidase
(HRP) from P. chrysosporium instigated the
demethylation of MB and azure B. Based on HPLC
analysis, the HRP produced more derivatives (AB, AA,
AC) than the LiP, while individual activity depended on
H,O, concentration [53].

4-amino-1-benzylpiperidinium dichloride

Moreover, there are limited detailed reports on
demethylation reaction mechanisms involving microbes,
as most were based only on the modification approach
towards the groups present on the metabolic product.
Therefore, the biodegradation of dyes with R. pickettii
has not been substantially evaluated, and the
predominant enzymes involved are not currently
identified. Today, the enzymes identified in R. pickettii
involved in the degradation of xenobiotic pollutants are
oxygenase groups such as catechol-1,2-dioxygenase and
hydroxyquinol-1,2-dioxygenase [24,30].

Furthermore, there have been extensive studies on
demethylation, including the oxidative aminopyrine
approach, enzyme types, e.g.,
microsomal cytochrome P-450, HRP, metmyoglobin,

involving various

and protohemin [54]. The catalytic demethylation on dye
JoRe!
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Fig 5. Summary of the proposed methylene blue (MB) transformation pathway by R. pickettii (black line; this study),

Alcaligenes (blue line) [21], D. dickinsii (green line) [16]
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structure was reported to have occurred during
biodegradation through a similar mechanism, although
with aminopyrine N-demethylase (AND). This pathway
was confirmed during the bio-decomposition of Direct
Blue-6 by Pseudomonas desmolyticum strain NCIM 2112
[55] and methyl red by Brevibacillus laterosporus strain
MTCC 2298.

In addition, several enzyme types were also involved
in the structural biotransformation of methyl red,
including lignin peroxidase, laccase, NADH-DCIP
reductase, and malachite green reductase [10]. The AND
catalytic activity was also detected after the decolorization
of Red BLI by Pseudomonas sp. SUK1 [56]. Moreover, the
demethylation mechanisms exhibited with some dyes
involve the activity of various enzymes, encompassing
laccase at Brown 3REL [57], lignin peroxidation to
convert N,N,N',N',N",N"-hexamethylpararosaniline
(crystal violet) into N,N,N'N'N"-penta-, N,N,N',N"-
pararosaniline, and N,N',N"-
[58]. The demethylation at
crystal violet ensued in the intermediate compounds
Michler's Ketone by Shewanella sp. strain NTOU1 [59].

Furthermore, MB degradation through microbial

tetramethyl
trimethylpararosaniline

mechanisms is similar to the photocatalytic method, based
on generated metabolic products. The latter showed
decomposition or structural transformation by attacks on
the chromophores and auxochrome units. Particularly, R.
pickettii predominantly decomposed the dye at the
auxochrome to yield fragments of demethylation, including
azure A and thionine. In addition, similar pathway and
metabolic products were reported with D. dickinsii [16],
and Bacillus sp. strain MZS10 [14]. The decomposition
through a group of auxochrome with photocatalytic
techniques using P2ZABSA-modified TiO, nanocomposite
yielded more organized demethylation products,
comprising azure B, A, C, and thionine. However,
chemical agents, including manganese oxides, also
generate compounds between azure B and A [17]. The
chromophore pathway (a conjugation system of N-S on the
core aromatic ring) involving attacks by hydroxyl radical,
which instigate the opening of a center aromatic ring, is
implicated in the production of intermediate compounds.
These include 3-((3-(dimethylamino)-cyclo hexa-2,4-

1425

dien-1-yl)sulfinyl)-N,N’-dimethyl benzene-1,4-diamine
(Ci6H23N30S; m/z = 303) [47]. Meanwhile, compounds
related to C;sH2N3OS were also recognized during
biodegradation using D. dickinsii and combined with
photocatalytic-biodegradation [11,16].

These
approaches and the combination, initiated with the group

biological, chemical, photocatalytic
of chromophores, facilitate cleavage development at the
center aromatic ring of MB and generate monocyclic
fragments. Simultaneously, degradation observed on the
auxochrome group yields intermediate demethylation
products, including azure B, A, and C, and thionine,
before advanced decomposition into simpler
compounds. Table 2 shows the summary of MB
metabolic products after degradation through various
means. The intermediate compounds generated,
including 3-((3-(dimethylamino)cyclohexa-2,4-dien-1-
yl)sulfinyl)-N,N’-dimethyl benzene-1,4-diamine (CisHz3
N;OS; m/z = 303) were first identified after the
sulthydryl group (-C-$*=C) was oxidized. An electron
rearrangement process characterizes this into C-S(=0)-
C, which leads to the opening of a center aromatic ring
required before the intermediate compounds are
formed. The reaction mechanism involves photocatalysis
[47-48], Fenton [60], oxidizing agents [17], and
microbes [16], instigated by hydroxyl radical attacks.
Furthermore, advanced degradation is experienced
after cleavage at the heterocyclic center to yield a variety
of simple fragments, including 4-amino-1-
benzylpiperidinium dichloride (C;HisCIN;, m/z =
225.74) and 4,4’-diaminodiphenyl sulfide (Ci;Hi.N,S,
m/z = 216) [5]. The structure auxochrome of MB are
decomposed through oxidative demethylation to
produce azure B, A, C, and thionine molecules as
These

advanced metabolism for

intermediates. specimens are estimated to

encounter subsequent
conversion into simpler compounds. The ability for R.
pickettii to transform MB on a group of chromophores
and auxochrome indicates the potency for microbes to
prevent dye wastes. In addition, there are numerous
records on the capacity to degrade a variety of xenobiotic
wastes due to the genetic complexity used to encode

various degradation-related enzymes [24,27-28,30,42].
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Table 2. A comparison of different metabolic products for the treatment of MB

Microbial/Material Metabolic products m/z Analytical method Ref.
1 Azure B 270
) 3,7-bis(dimethylamino)-4aH-phenothiazin-5-one 300
D. dickinsii (Ci6H19N5S) LC-MS [16]
3 4-(dimethylamino)2-[m(dimethylamino) phenylsulfinyl] 303
benzenamine (C,sH,1N3SO)
Alcaligenes 1 4—a,mi.no—.l—berllzylpiperidinium dichloride (C;,H;sCIN,) 225.74 GC-MS (5]
2 4,4’-diaminodiphenyl sulfide (C,H2N,S) 216.3
Bacillus sp. Mzs1o - APre B (CuHNS) 270 ypLeMs [14]
2 Azure A (Ci4H14N;S) 256
1 Azure A (C,H;4N;S) 256
R. pickettii 2 Thionine (Ci,H;(N5S) 228 LC-MS This
3 Leuco-MB 285 study
4 Glucose-MB (Cy,H;3,N3S05) 447
1 Azure B 270.1
2 Azure A 256.1
3 7-amino-2,3-dimethylbenzo[b] [1,4]thiazin-1-ium 191.06
MnOx 4 Benzo[b] [1,4] thiazin-1-ium 148.02 HPLC-MS [17]
5 2-methyl-2,3,4,5-tetrahydro-1,4-thiazin-1-ium 116.05
6 Benzene-1,4-diamine 108.7
7 Aniline 93
) 3-((3-(dimethylamino) cyclohexa-2,4-dien-1-yl) sulfinyl)- 303.30
N,N’-dimethylbenzene-1,4-diamine
Photocatalysis- ) 3,7-bis (dimethylamino)-10,10a-dihydro-4aH- 30114
) i phenothiazine 5-oxide HPLC-MS [11]
Biodegradation . . . -
3 2-amino-5-(dimethylamino) benzenesulfonic acid 216.17
4 2-aminophenol 109.10
5 Aniline 93
1 Azure B 270
2 Azure A 256
3 Azure C 242
4 Thionine 228
P2ABSA-modified 5 Phenol 94
TiO, 6 3-((3-(dimethylamino) cyclohexa-2,4-dien-1-yl) sulfinyl)- 303.30 UHR-TOF-MS [47]
nanocomposite N,N’-dimethylbenzene-1,4-diamine
7 2-amino-5-(N-methylformamido) benzenesulfonic acid 230
g 2-amino-4-hydroxy-5-(methylamino) benzenesulfonic 218
acid
9 benzenesulfonic acid 158

m CONCLUSION

R. pickettii was able to decolorize and degrade the
molecular structure of MB. Approximately 98.11% of MB
was decolorized after 18 h of incubation. Based on the

analysis of metabolic products, R. pickettii was revealed
to have the ability of MB transformation into Azure A
(AA), thionine, leuco-MB, and glucose-MB, which
indicated the MB degradation through a reductase that
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attacks the heterocyclic central chromophore group
present in the structure. Moreover, azure A and thionine
fragments resulted from the attacks on the auxochrome
group by N-demethylase enzyme. This research provides
evidence for the potential to use R. pickettii in the
biodecolorization and biotransformation of dye waste,
particularly MB.
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protease has been considered a promising strategy because this enzyme is responsible for
the viral replication process. Among them, compound 5¢ shows an excellent binding
affinity with -7.71 kcal/mol free binding energy and an inhibition constant of 1.73 uM.
It also showed the binding orientation into the active site of WNV NS2B-NS3 protease on
Asn84, Tyrl161, Glyl151, and Gly1153.
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m INTRODUCTION in 1937 in the West Nile district of Uganda, WNV was
first isolated from the blood of a woman with mild

The flaviviral disease is an infectious disease ) )
febrile infection [4-5]. Since then, primary and sporadic

transmitted by mosquitoes. The members of the . _
outbreaks have been commonly recorded in Africa,

Middle East, and Europe in the 1960s [4-5]. Infections in
humans are typically asymptomatic or cause a moderate
flu-like disease called West Nile fever for a few days.
Recent WNV infections have been associated with much

Flavivirus genus include dengue virus (DENV), West Nile
virus (WNV), yellow fever virus (YFV), and Japanese
encephalitis (JEV) [1-3]. The number of cases increases
day by day worldwide [1-3]. Thus, there is a pressing need
to develop newer agents against these viruses. Discovered
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higher fatality rates, especially among the elderly [6-8].
WNV is transmitted to humans by the bites of
infected mosquitoes of several species, including Culex
sp., Aedes sp., and Anopheles sp. [9]. Symptomatic cases
cause headaches, fever, drowsiness, lethargy, dizziness,
nausea, and confusion, escalating to encephalitis,
convulsions, seizures, and eventually death. Among all
arthropod-borne Flaviviruses, WNV has the broadest
geographic distribution and the most diverse vector and
host variety, increasing its potential as a global health
threat [9]. In 2020, there were 315 human cases of WNV
infection in Mediterranean countries reported by the
European Centre for Disease Prevention and Control
(ECDC). Greece and Spain reported the highest cases with
143 and 77, respectively [10]. In WNV, an NS3 protease is
associated with NS2B, forming a complex enzymatic
NS2B-NS3, which is important for synthesizing the
polyprotein precursor in viral replication [11-12]. Hence,
NS2B-NS3 protease has been considered a favorable target
to prevent virus infection and lead to flaviviral death
[11,13-15]. Most of the research for flaviviral infections
focuses on the inhibition of the NS2B-NS3 protease. In
addition, the complexity of this enzyme is very challenging
due to its shallow and open pocket active site [16].
Previous studies reported considerable biological
activities of the dispiropyrrolidines on antimycobacterial
[17-20], antifungal [21], antimicrobial [22-25], antitumor
[26-28], anti-neoplastic [29], and antidiabetic activities
[30-31]. No reported data explained the activity and
interaction between dispiropyrrolidines and their roles as
WNV NS2B-NS3 protease inhibitors. Previously, we
reported the synthesis of new dibenzylidene-1-
phenylethylpiperidine-4-ones and new dispiropyrrolidines
to evaluate their application as antimycobacterial against
Mpycobacterium tuberculosis [17-19,32]. Based on our
previous achievement and our continuation on this
research domain, this manuscript focuses on synthesizing
new dispiropyrrolidines as a WNV NS2B-NS3 protease
inhibitor, which is the recent finding dibenzylidene-1-
phenylethylpiperidine-4-ones  are  employed  as
dipolarophiles in [3+2]-cycloaddition
ylide for the
The

reactions of

azomethine synthesis of new

dispiropyrrolidines. dispiropyrrolidines ~ were
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investigated as potential WNV NS2B-NS3 protease
inhibitors using a molecular docking approach. This
information is very useful for predicting the binding
behavior in the rational design of drugs and elucidating
the fundamentals of biochemical processes.

m EXPERIMENTAL SECTION
Materials

Unless otherwise noted, materials were purchased
from Sigma-Aldrich Co., Acros Organics, QReC, and
Merck Chemical Co., i.e., 1-phenylethyl-4-piperidone
98%, Benzaldehyde 99%, 4-Methoxybenzaldehyde 98%,
4-Methylbenzaldehyde 97%, 4-Methoxybenzaldehyde
97%, Isatin 98%, 5-Chloroisatin 95%, Sarcosine 98%,
Acetone, AR Grade, Ethanol, AR Grade, Methanol, AR
Grade, Hexane AR Grade and Methyl sulfoxide-ds-
deuteration degree for NMR. All chemicals and solvents
were of reagent grade and were used without further
purification. Column chromatography was performed
using Merck silica gel (40-63 pum).

Instrumentation

Thin-layer chromatography (TLC) was performed
on alumina plates pre-coated with silica gel (Merck silica
gel, 60 F254), which were visualized by the quenching of
UV fluorescence when applicable (Am.x = 254 nm and/or
366 nm) and/or by spraying with vanillin or anisaldehyde
in acidic ethanol followed by heating with a heat gun. It
was performed using a solvent system of benzene-
methanol (8:2) and toluene-ethyl formate-formic acid
(5:4:1) to check the reactions' completion. All reactions
were carried out in heat-dried glassware under a dry
nitrogen atmosphere unless otherwise stated. All liquids
transfer was conducted using standard syringe or
cannula techniques. All spectral data were obtained on
the following instruments: Infrared spectra were
recorded on a Perkin Elmer 2000 FTIR spectrometer at
wavenumber from 4000-600 cm™. 'H (500 MHz) and *C
(125 MHz) Nuclear magnetic resonance spectra were
obtained on Bruker AVN 500 MHz spectrometers
(Bruker Bioscience, Billerica, MA, USA) which were
reported in units of ppm on the § scale. NMR analyses
were done using solvent DMSO-ds and TMS as the
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internal standard. Data were analyzed via the TopSpin
software package. The chemical shift was internally
referenced to the solvent signals in DMSO-ds ("H § 2.50;
PC § 39.5). The coupling constants are given in Hz. The
mass spectra were measured using the Waters Xevo
QTOF MS system.

Procedure

Synthesis of (3E,5E)-3,5-bis(substitutedarylidene)-1-
phenethyl piperidin-4-one (1a-c)

The procedure of preparation of dibenzylidene-1-
phenylethylpiperidine-4-ones  la-c =~ was  reported
previously by our group [32]. 1-phenylethyl-4-piperidone
(1.0 equiv.) and appropriate aldehyde (2.0 equiv.) were
dissolved together in ethanol (10 mL) and 30% sodium
hydroxide (5 mL; prepared in ethanol). The reaction
mixture was stirred for 2-6 h at room temperature until
completion (TLC). The mixture was then poured into
crushed ice. The precipitated solid was filtered, washed
with water, and purified by recrystallization. The
spectroscopic data were compared with the literature [32].
(3E,5E)-3,5-dibenzylidene-1-phenylethyl-4-
piperidinone (1a). 1-Phenylethyl-4-piperidone (1.22 g,
6.0 mmol) and benzaldehyde (1.27 g, 12.0 mmol) were
dissolved together in ethanol (10 mL) and 30% sodium
hydroxide (5 mL; prepared in ethanol) according to the
general procedure above. The precipitated solid was
filtered,
recrystallization to give a bright yellow solid (2.12 g,
94.6%), M.p. 167-170 °C. FTIR (ATR, cm™): 3026 (w, C-
H), 1669 (s, C=0), 1608 (s, C=C), 1181 (m, C-N). 'H-
NMR (500 MHz, DMSO-ds): 8y, ppm 2.70 (2H, t, ] = 7.5
Hz, 8-CH,), 2.81 (2H, t, ] = 7.5 Hz, 7-CH.), 3.88 (4H, s, 2-
CH,, 6-CH,), 7.14-7.23 (5H, m, H-10, H-11, H-12, H-13,
H-14), 7.42-7.51 (10H, m, H-17, H-18, H-19, H-20, H-
21), 7.58 (2H, s, H-15). "C-NMR (125 MHz, DMSO-ds):
Oc, ppm 33.3, 54.5, 58.3, 126.3, 128.6, 129.0, 129.2, 129.7,
131.0,134.3,135.1, 135.3, 140.5, 187.4. HRMS (TOF-ES*):
m/z 380.2139 (MH" C;H,sNO™ requires 380.2009).
(3E,5E)-3,5-bis(4-methylbenzylidene)-1-phenylethyl-
4-piperidinone (1b). 1-Phenylethyl-4-piperidone (1.22 g,
6.0 mmol) and 4-methylbenzaldehyde (1.44 g, 12.0 mmol)
were dissolved together in ethanol (10 mL) and 30%

washed with water and purified by

sodium hydroxide (5 mL; prepared in ethanol) according
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to the general procedure above. The precipitated solid
was filtered, washed with water and purified by
recrystallization to give a yellow solid (2.19 g, 90.1%),
M.p. 118-121 °C. FTIR (ATR, cm™): 3024 (w, C-H),
1668 (s, C=0), 1606 (m, C=C), 1174 (m, C-N). 'H-NMR
(500 MHz, DMSO-de): 81, ppm 2.36 (6H, s, 22-CHy),
2.71 2H,t,J=7.5Hz, 8-CH,), 2.81 (2H, t, ] = 7.5 Hz, 7-
CH,), 3.86 (4H, s, 2-CH,, 6-CH,), 7.14-7.24 (5H, m, H-
10, H-11, H-12, H-13, H-14), 7.29 (4H, d, ] = 8.5 Hz, H-
18, H-20), 7.40 (4H, d, J = 8.50 Hz, H-17, H-21,), 7.58
(2H, s, H-15). *C-NMR (125 MHz, DMSO-d): 8¢, ppm
21.5, 33.3, 54.6, 58.4, 126.3, 128.7, 129.0, 129.9, 131.0,
132.4, 133.5, 135.2, 139.6, 140.5, 187.3. HRMS (TOF-
ES"): m/z408.2324 (MH" C5H3NO" requires 408.2322).
(3E,5E)-3,5-bis(4-methoxybenzylidene)-1-

phenylethyl-4-piperidinone (1c). 1-Phenylethyl-4-
(061 g 3.0
methoxybenzaldehyde (0.82 g, 6.0 mmol) were dissolved

piperidone mmol) and 4-
together in ethanol (5 mL) and 30% sodium hydroxide
(3 mL; prepared in ethanol) according to the general
procedure above. The precipitated solid was filtered,
washed with water and purified by recrystallization to
give a yellow solid (1.13 g, 85.4%), M.p. 143-146 °C, Lit.
M.p. 147 °C. FTIR (ATR, cm™): 3023 (w, C-H), 1667 (s,
C=0), 1596 (m, C=C), 1166 (m, C-N); 'H-NMR (500
MHz, DMSO-ds): 6u, ppm 2.73 (2H, t, ] = 7.5 Hz 8-
CH,,), 2.82 (2H, t, ] = 7.5 Hz, 7-CH,), 3.82 (6H, s, 22-
OCHS,), 3.84 (4H, s, 2-CH,, 6-CH,), 7.04 (4H, d, J = 8.5
Hz, 18-CH, 20-CH,), 7.15-7.25 (5H, m, 10-CH, 11-CH,
12-CH, 13-CH, 14-CH), 7.45 (4H, d, ] = 8.5 Hz, 17-CH,
21-CH), 7.56 (2H, s, H-15). "C-NMR (125 MHz,
DMSO-ds): 8¢, ppm 33.3, 54.7, 55.8, 58.5, 113.7, 114.8,
126.3, 127.7, 128.7, 129.0, 132.2, 132.9, 134.9, 140.6,
160.5, 187.1. HRMS (TOF-ES*): m/z 440.2399 (MH"*
CyH3NOs* requires 440.2226).

Synthesis of spiropyrrolidines 5 and 6
3,5-Bis(substitutedarylidene)-1-phenethylpiperidin-
4-one (1) (1.0 equiv.) was refluxed together with
appropriate isatins 3 or 4 (1.0 equiv.) and sarcosine (2)
(2.0 equiv.) in methanol (20 mL) for 4-7 h. After
completing the reaction, the excess solvent in the
mixture was removed under reduced pressure and
cooled before being poured onto crushed ice. The
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products were filtered, washed with water, and purified by
recrystallization.
1-Methyl-4(phenyl)pyrrolo-(spiro[2.3"]oxindole)-
spiro[3.3']-5'-(phenylmethylidene)-1'-phenylethyl-
4'-piperidinone (5a). 3,5-Bis(substitutedarylidene)-1-
phenethylpiperidin-4-one 1a (0.10 g, 0.26 mmol) was
refluxed together with appropriate isatin 3 (0.04 g, 0.26
mmol) and sarcosine (2) (0.05 g, 0.52 mmol) in methanol
(20 mL) according to the general procedure above.
Products obtained were filtered, washed with water and
purified by recrystallization to give pale yellow solid (Yield
=0.13 g (89.6%), M.p. 117-120 °C. FTIR (ATR, cm™): v
3346 (w, N-H), 3027 (w, C-H), 1697 (s, C=0), 1599 (m,
C=C), 1182 (m, C-N). 'H-NMR (500 MHz, DMSO-dg):
8w, ppm: 1.76 (1H, d, ] = 12.5 Hz, 7-CHay), 2.00 (s, 3H, N-
CH,), 2.34-2.45 (m, 4H, 2'-CH,, 6'-CH,), 3.06 (dd, 1H, ] =
2.4, 2.5 Hz, 5-CHz,), 3.20-3.25 (m, 2H, 7'-CHa,, 8'-CHz. ),
3.36 (*overlap signal, 1H, 5-CHy,), 3.82-3.86 (m, 1H, 8'-
CH.,.), 4.64-4.68 (m, 1H, H-4), 6.65-7.33 (19H, m, ArH),
10.46 (s, 1H, NH). "C-NMR (125 MHz, DMSO-ds) &c,
ppm: 32.0, 34.1, 45.2, 53.9, 56.2, 56.3, 59.1, 64.6, 75.2,
108.7,120.7,125.8, 126.75, 126.85, 126.91, 128.18, 128.20,
128.46, 128.47, 128.6, 128.9, 129.1, 129.1, 130.0, 132.9,
134.5, 136.6, 138.4, 140.0, 143.4, 176.6, 198.2. HRMS
(TOF-ES*): m/z 554.2899 (MH" Cs;;H3sN;O0," requires
554.2803).

1-Methyl-4(-4-methylphenyl)pyrrolo-
(spiro[2.3"]oxindole)-spiro[3.3']-5'-(4-
methylphenylmethylidene)-1'-phenylethyl-4'-
piperidinone (5b). 3,5-Bis(substitutedarylidene)-1-
phenethylpiperidin-4-one 1b (0.10 g, 0.26 mmol) was
refluxed together with appropriate isatin 3 (0.04 g, 0.26
mmol) and sarcosine (2) (0.05 g, 0.52 mmol) in methanol
(20 mL) according to the general procedure above.
Products obtained were filtered, washed with water and
purified by recrystallization to give pale yellow solid (Yield
=0.13 g (88.7%), M.p. 192-195 °C. FTIR (ATR, cm™): v
3397 (w, N-H), 3023 (w, C-H), 1694 (s, C=0, 1605 (m,
C=C), 1177 (m, C-N). 'H-NMR (500 MHz, DMSO-ds)
Su, ppm: 1.78 (d, 1H, J = 12.5 Hz, 7"-CH,.), 1.98 (s, 3H, N-
CH,), 2.27 (d, 6H, J = 5.8 Hz, 2xCH3), 2.33-2.46 (m, 4H,
2'-CH,, 6'-CH,), 3.05 (dd, 1H, ] = 2.4, 2.5 Hz, 5-CH,.),
3.17-3.22 (m, 2H, 7'-CHa, 8'-CH..), 3.26 (*overlap signal,

Indones. J. Chem., 2021, 21 (6), 1431 - 1442

1H, 5-CHy), 3.78-3.82 (m, 1H, 8’-CHy), 4.58 (dd, 1H, J
= 7.4, 7.5 Hz, H-4), 6.63-7.26 (18H, m, ArH), 10.36 (s,
1H, NH). *C-NMR (125 MHz, DMSO-ds) 8¢, ppm: 20.6,
20.9, 32.1, 34.1, 44.8, 54.0, 56.3, 56.4, 59.1, 64.5, 75.2,
108.6, 120.6, 125.8, 126.88, 126.93, 128.2, 128.5, 128.4,
128.8, 129.0, 129.1, 130.2, 131.7, 132.1, 135.3, 135.7,
136.6, 138.8, 140.1, 143.4, 176.6, 198.2. HRMS (TOF-
ES*): m/z 582.3081 (MH"' CsHyN;O," requires
582.3115, 604.2894 (MNa' C;H3N;NaO," requires
604.2935).

1-Methyl-4(-4-methoxyphenyl)pyrrolo-
(spiro[2.3"]oxindole)-spiro[3.3']-5'-(4-
methoxyphenylmethylidene)-1'-phenylethyl-4'-
piperidinone (5c). 3,5-Bis(substitutedarylidene)-1-
phenethylpiperidin-4-one 1c¢ (0.10 g, 0.26 mmol) was
refluxed together with appropriate isatin 3 (0.04 g,
0.26 mmol) and sarcosine (2) (0.05 g, 0.52 mmol) in
methanol (20 mL) according to the general procedure
above. Products obtained were filtered, washed with
water and purified by recrystallization to give pale yellow
solid (Yield = 0.13 g (88.9%), M.p. 130-133 °C. FTIR
(ATR, cm™): 3289 (w, N-H), 2934 (w, C-H), 1706 (s,
C=0), 1580 (m, C=C), 1247 (m, C-0), 1173 (m, C-N).
'H-NMR (500 MHz, DMSO-ds): 85, ppm 1.76 (1H, d, ]
=12.5 Hz, 7'-CHa,), 1.97 (3H, s, N-CH), 2.31-2.46 (4H,
m, 2'-CH,, 6'-CH,), 3.04 (1H, dd, J = 2.3, 2.4 Hz, 5-CH.,.),
3.16-3.19 (2H, m, 7’-CHa, 8’-CH,.), 3.40 (1H, *overlap
signal, 5-CHy), 3.72 (3H, s, OCHs), 3.76 (1H, *overlap
signal, 8'-CHy), 3.82 (3H, s, OCH3), 4.57 (1H, dd, J=7.5,
7.5 Hz, H-4), 6.64-7.26 (20H, m, ArH), 10.38 (1H, s,
NH). PC-NMR (125.8 MHz, DMSO-dg): 8¢, ppm 32.6,
34.5, 45.0, 54.7, 55.4, 55.7, 55.8, 56.7, 57.1, 59.8, 64.8,
75.9,109.1,121.1, 126.3, 127.4, 127.5, 127.6, 127.7, 128.7,
128.9, 129.0, 130.6, 130.8, 131.2, 132.2, 132.9, 132.9,
137.0, 140.6, 143.9, 177.2, 198.6. HRMS (TOF-ES*): m/z
614.3027 (MH"* C30H4N3O4" requires 614.3019).
1-Methyl-4(phenyl)pyrrolo-(spiro[2.3"]-5"-
chlorooxindole)-spiro[3.3']-5'-
(phenylmethylidene)-1'-phenylethyl-4'-
piperidinone (6a). 3,5-Bis(substitutedarylidene)-1-
phenethylpiperidin-4-one 1a (0.10 g, 0.26 mmol) was
refluxed together with appropriate 5-chloroisatin 4 (0.04
g, 0.26 mmol) and sarcosine (2) (0.05 g, 0.52 mmol) in
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methanol (20 mL) according to the general procedure
above. Products obtained were filtered, washed with water
and purified by recrystallization to give pale yellow solid
(Yield = 0.15 g (95.4%), M.p. 131-134 °C. FTIR (ATR,
cm™): v 3244 (w, N-H), 3027 (w, C-H), 1698 (s, C=0),
1615 (m, C=C), 1182 (m, C-N). 'H-NMR (500 MHz,
DMSO-ds) 6u, ppm: 1.74-1.77 (d, 1H, J = 12.6 Hz, 7'-
CH.,.), 2.02 (s, 3H, N-CH;), 2.37-2.44 (m, 4H, 2'-CH,, 6'-
CH,), 3.09-3.12 (dd, 1H, J = 2.4, 2.5, Hz, 5-CHa.), 3.22—
3.25 (m, 2H, 7'-CHa, 8'-CHa.), 3.37 (*overlap signal, 1H,
5-CHy), 3.80-3.84 (1H, m, 8'-CHy), 4.63-4.67 (m, 1H,
H-4), 6.66-6.83 (1H, m, ArH), 7.11-7.37 (19H, m, ArH),
10.57 (s, 1H, NH). "C-NMR (125 MHz, DMSO-ds) &c,
ppm: 32.0, 34.2, 45.1, 54.0, 56.3, 56.4, 59.1, 65.1, 75.2,
110.3, 125.0, 125.9, 126.8, 126.9, 128.27, 128.34, 128.5,
128.6, 128.7, 129.17, 129.23, 129.1, 130.1, 133.1, 134.3,
137.2,138.1, 140.0, 142.4, 176.3, 198.2. HRMS (TOF-ES*):
m/z 588.2390 (MH" C5;H35*CIN;O," requires 588.2413).
1-Methyl-4(-4-methylphenyl)pyrrolo-(spiro[2.3"]-
5"-chlorooxindole)-spiro[3.3']-5'-(4-
methylphenylmethylidene)-1'-phenylethyl-4'-
piperidinone (6b). 3,5-Bis(substitutedarylidene)-1-
phenethyl piperidin-4-one 1b (0.10 g, 0.26 mmol) was
refluxed together with appropriate 5-chloroisatin 4 (0.04 g,
0.26 mmol) and sarcosine (2) (0.05 g, 0.52 mmol) in
methanol (20 mL) according to the general procedure
above. Products obtained were filtered, washed with water
and purified by recrystallization to give pale yellow solid
(Yield=0.13 g (84.4%), M.p. 186-189 °C. FTIR (ATR, cm™
): v 3180 (w, N-H), 3025 (w, C-H), 1691 (s, C=0), 1607
(m, C=C), 1182 (m, C-N). 'H-NMR (500 MHz, DMSO-
dg) 8y, ppm: 1.75 (d, 1H, J = 12.5 Hz, 7'-CH..), 2.01 (s, 3H,
N-CHs;), 2.30 (d, 6H, J = 11.6 Hz, 2xCH3), 2.36 (s, 2H, 6'-
CH,), 2.42-2.46 (m, 2H, 2'-CH,), 3.08 (dd, 1H, J = 1.8, 1.9
Hz, 5-CH,.), 3.17-3.22 (m, 2H, 7'-CH,, 8-CHy), 3.39
(*overlap signal, 1H, 5-CHa), 3.76-3.80 (m, 1H, 8'-CH),
4.60 (dd, 1H, J = 7.4, 7.4 Hz, H-4), 6.64-7.40 (19H, m,
ArH), 10.54 (s, 1H, NH). "C-NMR (125 MHz, DMSO-ds)
dc, ppm: 20.6, 20.9, 32.0, 34.1, 44.6, 54.0, 56.3, 56.4, 59.0,
64.9, 75.2, 110.1, 124.8, 125.8, 126.8, 128.2, 128.3, 128.4,
128.8,128.9,129.1,129.2,130.1, 131.5, 132.2, 135.0, 135.8,
137.1,139.1, 139.9, 142.3, 176.2, 198.1. HRMS (TOF-ES*):
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m/z 616.2735 (MH" C5H3o”CIN;O," requires 616.2726),
638.2595 (MNa* C3yH33>CIN;O,Na* requires 638.2545).
1-Methyl-4(-4-methoxyphenyl)pyrrolo-
(spiro[2.3"]-5""-chlorooxindole)-spiro[3.3']-5'-(-4-
methoxyphenylmethylidene)-1'-phenylethyl-4'-
piperidinone (6c). 3,5-Bis(substitutedarylidene)-1-
phenethylpiperidin-4-one 1c¢ (0.10 g, 0.26 mmol) was
refluxed together with appropriate 5-chloroisatin 4 (0.04
g, 0.26 mmol) and sarcosine (2) (0.05 g, 0.52 mmol) in
methanol (20 mL) according to the general procedure
above. Products obtained were filtered, washed with
water and purified by recrystallization to give pale yellow
solid (Yield = 0.11 g (81.3%), M.p. 187-190 °C. IR (ATR,
cm™): 3297 (w, N-H), 2943 (w, C-H), 1709 (s, C=0),
1578 (m, C=C), 1250 (C-0), 1172 (C-N). '"H-NMR (500
MHz, DMSO-de): 8, ppm 1.76 (d, 1H, d, ] = 12.5 Hz, 7'-
CH.,.), 2.00 (s, 3H, N-CH3), 2.37-2.43 (m, 4H, 2'-CH,, 6'-
CH,), 3.10 (dd, 1H, J = 2.4, 2.5 Hz, 5-CH.,.), 3.16-3.21
(m, 2H, 7'-CHa, 8'-CHz.), 3.38 (*overlap signal, 1H, 5-
CHu), 3.73 (s, 3H, OCH3), 3.75 (*overlap, 1H, 8'-CHa),
3.78 (s, 3H, OCH.), 4.60 (dd, 1H, J = 7.65, 7.55 Hz, H-4),
6.65-7.27 (17H, m, ArH), 10.55 (s, 1H, NH). "C-NMR
(125.8 MHz, DMSO-d): 8¢, ppm 32.5, 34.6, 44.8, 54.7,
55.4,55.7,56.8, 57.2,59.7,65.2, 75.8, 110.5, 124.8, 125.3,
126.3, 128.3, 128.4, 128.7, 128.8, 128.9, 129.7, 130.5,
130.6, 131.3, 132.7, 135.1, 135.9, 137.5, 139.0, 140.5,
142.8, 176.8, 198.5. HRMS (TOF-ES*): m/z 670.2453
(MNa" C3H;33CIN3O4Na* requires 670.2449).

Molecular docking studies

Autodock 4.2 software was used to dock the ligands
to the catalytic triad of NS3-NS2B protease. The target
protein of West Nile virus (PDB: 2YOL) structure with a
resolution of 3.20 A was retrieved from the RCSB
Protein Data Bank. Water and chlorine atoms molecules
were removed from the crystal structure. The native
ligand, EBN in the 2YOL, was extracted and re-docked
with a grid box in a dimension of 40 A x 40 A x 40 A
along the x, v, z coordinates to investigate the root mean
square deviation (rmsd) between crystal geometry and
the docked pose. The low rmsd value of 1.50-1.82 A
indicated that the docking was able to reproduce the
native conformation.
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m RESULTS AND DISCUSSION
Chemistry

In the first step, we prepared the starting material of
a dipolarophile known as dibenzylidene-1-phenylethyl
piperidine-4-ones (1) via Claisen-Schmidt condensation
between 1-phenylethyl-4-piperidone with an appropriate
aromatic aldehyde in dilute ethanolic sodium hydroxide
at room temperature. The completion of the reaction was
checked using thin-layer chromatography (TLC) [32].
Next, we examined the three-component reaction of 1
and sarcosine (2) and isatin analogs (3 or 4) in methanol
under reflux conditions to give the spiropyrrolidines (5
and 6), according to the method developed in our
laboratory [19]. The reaction of spiropyrrolidine was
conducted using two different isatin types: isatin (3) and
5-chloroisatin (4). The compounds 5 and 6 described in
this study are shown in Scheme 1. The yield of synthesized
compounds was in a range between 81-95%.

The structures and regiochemistry of products 5-6
were characterized by IR, 1D- and 2D-NMR spectroscopy
data, and HRMS analysis. Compound 6b is taken as an
example to describe the result of analyses done. The FT-
IR spectrum of compound 6b manifests an absorption
band at 3180 cm™ attributed to the N-H bending
vibration, the aromatic band of C—H stretch at 3025 cm™,

Ar/\fjj/\m
o

1a-1c

Where Ar, @ = CgHs

CHAOH, reflux

N
H\)l\ 4-7h
7 OH _—
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and C-N stretching occur at 1182 cm™. In addition, the
aromatic C=C stretching band can be observed at
1606 cm™'. The strong corresponding out of the plane C-
H bending vibration band appears at 820 cm’,
indicating a para-disubstituted ring in compound 6b.
The structure of dispiropyrrolidine 6b is agreed with the
1D- and 2D-NMR spectroscopic data. The "H-NMR
spectrum of 6b displayed two singlets at 8y 2.01, and
10.54 was corresponding to the N-CH; and N-H, while
the doublet at 8 2.30 (J= 11.6 Hz) was corresponding to
29'-CH3; and 28'-CHj, respectively. The doublet at 8y 1.75
(J=12.5 Hz) and multiplet at 6y 2.42-2.46 were assigned
to 7'-CH,, and 2'-CH,, respectively. The proton signal of
5-CH,, and H-4 appeared as doublets of a doublet at 8y
3.08 (J=1.8,1.9 Hz) and 4.60 (] = 7.4, 7.4 Hz).

The 'H-"H-COSY spectrum of 6b revealed a cross
peak between two neighboring protons of H-7' and H-
8', while H-4 showed a cross peak with its neighboring
proton of 5-H,.. Two multiplets at 8y 3.17-3.22 and
3.76-3.80 were assigned to 7'-CH,,/8'-CH,;, and 8'-CHa,
respectively. The presence of pyrrolidine ring attached at
C-3' causes H-2' to become more shielded than H-6'.
Hence, the proton signal of H.-2' is located at more
upfield than Hy-6' in 6b. The multiplet proton signals
that appeared in the aromatic region at du 6.64-7.40 were

\i

b = 4-{CHAICaH,
© = 4-{0CHZ)CsHy

Ga-6e

Scheme 1. Reaction scheme of synthesis of spiropyrrolidines 5 and 6
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assigned to aromatic protons. The HSQC spectrum data
of 6b showed all direct correlations between protons with
their respective carbons in molecule 6b. The carbon
signals of N-CHs, C-2", C-4' and two methyl (-CHs)
substituent of C-28" and C-29’ were assigned in "C-NMR
at 8¢ 34.6, 176.7 and 198.6, respectively. Two methyl (-
CH;) substituent of CH;-28' and CH;-29' showed a
correlation with carbon signals at 8¢ 21.38 (C-28') and
21.12 (C-29"). The signal of H-29' showed correlation with
Oc 20.6 (C-29"), H-28" with d¢ 20.9 (C-28"), H-8" with ¢
32.0 (C-8'), H-4 with 8¢ 44.6 (C-4), Ho-2' and Hy-2'/H,-6'
with 8¢ 56.3 (C-2'), Hy-6' and Hy-2"/H,-6 with 8¢ 56.4 (C-
6'), and H-7' with 8¢ 59.0 (C-7'). The peak of C-4" in 6b
shifted slightly to downfield due to chlorine atom (-Cl)
attach at C-3". The carbon signal at ¢ 54.0 was assigned
to C-5 due to its correlation with two signals of proton H.-
5 and water signal. It was suggested Hy-5 overlapped with
the water signal at ¢ 3.39. Based on the DEPTI135
spectrum of 6b, two quaternary carbons at d¢c 75.2 and
64.9 were assigned due to the spiro carbons C-2 and C-3,
respectively. The carbon for the carbonyl group can be
observed at a downfield of "C-NMR. The signals at dc
176.7 and 198.6 were due to the carbonyl group and the
carbonyl group of oxindole, respectively.

The HMBC spectrum data (Fig. 1) showed
correlations of H-4 with C-3, C-2', C-4', and C-aromatic.
The proton of N-CH; with C-3, C-5, and C-4'. These
cross-correlations of proton and carbon further
confirming the position of C-4, C-5, and N-CH; and two
spiro carbon, C-2, and C-3, in the same pyrrolidine ring
of compound 6b. In addition, H-15"and H-28' correlation
with C-17'/ C-21" and C-18'/C-20’, while CH,-6 with C-15".
Similar correlations were observed between H-4" and H-
29" with C-23'/C-27" and C-24'/C-26'. These correlations
confirmed the presence of the aromatic rings. The H-15'
was correlated with C-5" and C-4', thus confirming the
location of the aromatic ring with piperidinone. The H-
2'/H-6' show correlation with C-2, C4, C-3/C-5', C-7/,
and C-15". The H-7' show correlation with C-2'/C-6', and
C-9'. The H-8' show correlation with C-7', C-9’, and C-
aromatic (C-10" and Cl11'). The H-aromatic show
correlation with C-9" and C-aromatic. These correlations
confirmed the aromatic ring with piperidinone ring of
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—_— H-TH-CosY

—> HMEBC

Fig 1. Selected '"H-'"H COSY and HMBC correlations of
6b

compound 6b. The elucidated structure of the
further

spectroscopy analysis. The spectral of compounds

compound was confirmed with mass
obtained agreed with the proposed structure.

A proposed reaction mechanism for the formation
of the spiro-pyrrolidine is shown in Scheme 2. The
mechanism involves the formation of azomethine ylides,
formed via decarboxylative condensation of isatin
analogs (3 or 4) and sarcosine (2), which then undergo
[2+3] cycloaddition to give the spiro-pyrrolidines 5 and
that
spiropyrrolidine reactions are chemoselective and

6, respectively. Previous studies showed
regioselective [26,33]. A dipole addition has occurred
only to the available C=C bond and not at the C=0
functional group of 1. The nucleophilic carbon of
azomethine ylide tends to attack the end of enone
fragment of the exocyclic dipolarophiles substrate 1 to
produce cycloadducts 5 and 6, respectively. This
reaction was conducted in methanol solvent. A previous
study reported that methanol solvent has a high
stabilization of polar transition state. Thus, it produces a
good yield of spiro-pyrrolidine in a shorter reaction time
[34]. The stereochemistry of spiropyrrolidines was
compared with literature and confirmed with x-ray
structure reported by Girgis et al. [28-29].

Molecular Docking Studies

The compounds 5 and 6 were constructed using
Chemdraw Professional 15.1 and were converted from
sdf to pdb format before starting the docking process.
The native ligand, EBN in the active site of WNV NS2B-
NS3 protease, was removed and re-dock (-8.20 kcal/mol)
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Where3 R =H
4R=Cl

/ Ar o
QN
= SAr [3+2]
HN cycloaadition
N B
R

Where 5R=H
6R=Cl
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Azomethine
ylide

Scheme 2. Proposed mechanism for the formation of spiropyrrolidines

with the synthesized compounds using Autodock 4.2.
From Table 1, it was found that all the synthesized
compounds docked well into the enzyme's active site. The
low binding energy indicates the formation of a favorable
stable enzyme-ligand complex with a low inhibitory
constant, K; value [35]. Hydrogen bonds were the primary
interaction between compounds 5 and 6 with catalytic
triad residue of WNV NS2B-NS3 serine protease (His51,
Asp75, and Ser135) [36]. Compound 5¢ was postulated
from the docking results to form four hydrogen bonds,
while the other compounds may have two or fewer
hydrogen bonds.

Based on this result, Compound 5¢ was deemed to
have a good binding affinity with the enzyme with the free
binding energy of -7.71 kcal/mol and estimated inhibition
constant, K; of 1.73 uM. Fig. 2 showed the binding
orientation of compound 5c into the active site of WNV

NS2B-NS3 protease (PDB: 2YOL) with two hydrogen
interactions (yellow dotted lines) formed between 5¢c and

Fig 2. Docking pose of compound 5c¢ in the active site of

WNV  NS2B-NS3 protease (PDB 2YOL).
Hydrogen bonds which are shown as yellow dotted lines

code:

were formed between 5c¢ and residues Asn84

Table 1. Binding energy and inhibitory constant of synthesized spiropyrrolidine compounds

Compd.  Ar Binding energy Estimated inhibition =~ RMSD (A)
(kcal/mol) constant, K; (um)

5a Phenyl -7.49 1.82 1.50

5b 4-Methylphenyl -7.54 1.76 1.76

5¢ 4-Methoxyphenyl -7.71 1.73 1.54

6a Phenyl -7.56 1.86 1.82

6b 4-Methylphenyl -7.83 1.71 1.60

6¢ 4-Methoxyphenyl -7.84 1.83 1.58
EBN - -8.20 0.98 -

Nadia Mohamed Yusoff et al.
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Fig 3. 2D interaction diagram of 5¢ with the residues within 2 A in the active pocket. Hydrogen bonding interactions

were represented by green dashed lines

Fig 4. Comparison of docking pose of the native ligand
(cyan) and 5¢ (magenta) in the active site of WNV N2B-
NS3 protease

residues Asn84 (2.139 A). The distance of hydrogen bond
interaction between hydrogen and heteroatom is within
the range of 2.5-3.5 A, with a bond angle at 109-110° [37].
n-1t interactions between the Tyr1161 and terminal
phenyl ring and two Van der Waals interactions with the
Gly1151 and Gly1153 residues were also observed. The
hydrogen bond formed between 5c¢ with the Asn84

through the C=0 and -NH of the oxindole ring (Fig. 3).
However, there was no interaction has been detected
between compound 5¢ with the catalytic triad of NS2B-
NS3. It was observed that the complexes are exhibiting a
similar type of interactions occupying the same active
site pocket compared to the reference compound of the
native ligand. Fig. 4 showed docking poses of native
ligand and 5c. The structure of synthesized compounds
was more complex and bulkier, thus hindering them
from embedding well into the enzyme's active site. As
this is a preliminary prediction, further experimental
studies are needed to validate the docking results.

m CONCLUSION

The facile one-pot, three components [3+2]-
cycloaddition protocol leading to the synthesis of new
spiro-pyrrolidines has been described. In docking studies,
compound 5c¢ shows a promising result as the inhibitor
for WNV with four hydrogen bonding occur with active
site residue, the free binding energy of -7.71 kcal/mol
and estimated inhibition constant, Ki of 1.73 um.
Although the series can be useful for developing anti-
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dengue agents, further study is required to understand the
interaction, improvise, and validate the result.
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Synthesis, Characterization and Theoretical Studies of New Organotellurium
Compounds Based on (4-(((1S,E)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-
ylidene)amino)phenyl)mercury(ll) Chloride

Nuha Hussain Al-Saadawy

Department of Chemistry, College of Science, University of Thi-Qar, Thi-Qar, Iraq

* Corresponding author: Abstract: The current study aimed to prepare new organomercury and organotellurium
compounds based on the condensation reaction of 1,7,7-trimethylbicyclo[2.2.1 ]heptan-2-

email: nuh.hussain@sci.utq.ed.i
Test one (camphor) and p-aminophenyl mercuric(Il) chloride. All the prepared compounds

Received: May 27, 2021 were characterized using different methods such as infrared spectroscopy, nuclear
Accepted: July 7, 2021 magnetic resonance, and CHN analysis. The analysis results concurred with the suggested
DOI: 10.22146/ijc.66143 chemical structures of the prepared compounds. Density functional theory has been

applied with the basis set of 3-21G to investigate the molecular structure of the prepared
organotellurium compounds. Geometrical structure, HOMO surfaces, LUMO surfaces,
and energy gap have been produced throughout the geometry optimization. The
molecular geometry and contours for organotellurium compounds have been investigated
throughout the geometrical optimization. Also, the donor and acceptor have been studied
by comparing the HOMO energies of the prepared organotellurium compounds. Finally,
the electronegativity, electrophilicity, ionization potential, electron affinity, and lower
case of organotellurium compounds have been calculated and discussed.

Keywords: organotellurium; HOMO and LUMO energies; camphor and Density
functional theory

m INTRODUCTION wave function contains all the information about the
Although the first organotellurium compound was studied system. Then,. the allowed energ?r sta.tes of the
prepared in 1840, this field of organic chemistry had not system can be determined. Some approximations must
been systematically studied until the middle of the present

century [1]. The first serious attempt to systematize

involve a solved problem, albeit tricky [12-13]. Density
functional theory (DFT) is referred by computational

. ‘ in th . .
organotellurium  chemistry was undertaken by codes in the Gaussian 09 program and can be used in

. . . . licati toi i th L, el ic,
Rheinboldt, a German chemist who introduced chemistry applications to investigate the structural, electronic, and

in Brazil in 1934 [1]. In the last ten years, considerable some physical properties of the molecules and materials,

development of organic tellurium chemistry has been such as the binding energies of the molecules in chemistry,

observed, and several review articles and books on the T hysics, and other areas [14-17]. Density functional theory

) . . deals with Gaussian orbitals, in which Gaussian function
subject have been published, focusing on the general ) .
changes exponentially with the square value of the
position [18-19]. One of the most popular 12 basis sets in

density functional theory is the hybrid functional BALYP

reactions used to prepare the organotellurium compounds
and the useful synthetic transformations promoted or

suffered by them [2-5]. Recently, emphasis has been given

to the recent contributions of the related laboratory where [20]. The purpose of the present study is to prepare

they explored old reactions trying to establish their organomercury - and  organotellurium - compounds

generality or make transformations into the derived from 1,7,7-trimethylbicyclo[2.2.1]heptan-2-one

(camphor) and p-aminophenyl mercuric(II) chloride

organotellurium compounds, which can lead to applicable ) o _ _
and their derivatives by a condensation reaction.

synthetic methodologies [4,6-11]. The quantum mechanical
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m EXPERIMENTAL SECTION
Materials

The chemicals used included Camphor, ethanol
absolute, glacial acetic acid, mercuric acetate, bromine,
chloroform, dioxin, sodium metal, potassium hydroxide,
toluene, hydrazine hydrate, methanol, petroleum ether
(60-80 °C) (Sigma-Aldrich), Aniline (Avantor), Lithium
chloride (VWR), Tellurium powder (Strem chemicals
Inc.), Hydrochloric acid (HGB), and Molecular sieves
(ACS). All were used without further purification.

Instrumentation

"H-NMR spectra were recorded on Bruker 500 MHz
spectrometers with TMS as an inner reference utilizing
soluble DMSO-ds. Elemental analysis for carbon, hydrogen,
and nitrogen was performed using a Euro vector EA 3000A
Elemental Analysis (Italy). Infrared spectra were recorded
with KBr circles utilizing an FT-IR spectrophotometer
Shimadzu model 8400 S in 4000-250 cm™.

Procedure

(E)-(4-((1,7,7-trimethylbicyclo[2.2.1]heptan-2-ylidene)
amino)phenyl)mercury(ll) chloride (A)

1,7,7-Trimethylbicyclo[2.2.1]heptan-2-one (0.04 mol,
6.08 g)was dissolved in 25 mL of hot ethanol. Then, 3
drops of glacial acetic acid were added and the mixture
was stirred for 15 min in a water bath (70 °C). The formed
solution of 0.04 mol (13.13 g) (4-aminophenyl) mercury(II)
chloride [21-22] was then added to 25 mL of ethanol and
the mixture was stirred for 16 h in a water bath (70 °C),
then filtrated and cooled at a room temperature. White
crystals were formed with a yield of 85% and a melting
point of 179-181 °C. CHN: theoretical %: C, 41.56; H,
4.36; N, 3.03; practical %: C, 41.40; H, 4.95; N, 3.45; FT-IR
using KBr: v (C-H) Aliphatic = 2337 cm™, v (C-H)
Aromatic = 3164 cm™, v (C =N) Aliphatic = 1612 cm™, v
(C-N) Aromatic = 1249 cm™, v (C=C) Aromatic = 1490
cm™; 'H-NMR (500 MHz, DMSO-ds) 6 10CHs, 1;CH; (6H,
s, 1.90); :CH; (3H, s, 2.33); ;CH,, sCH, (4H, m, 2.75-2.79);
sCH, (2H, t, 4.85); «CH (1H, s, 5.77); Ar-H (4H, m, 8.23-
9.20). As shown in Scheme 1, Table 1 and 2, Fig. 1.
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(E)-1,7,7-trimethyl-N-(4-(tribromo-I4-tellaneyl) phenyl)
bicyclo[2.2.1]heptan-2-imine (B)

A solution of (E)-(4-((1,7,7-trimethylbicyclo[2.2.1]
heptan-2-ylidene)amino)phenyl) mercury(Il) chloride
(0.008 mol., 3.69 g) and tellurium tetrabromide
(0.008 mol., 3.57 g) in dry dioxane 60 mL was refluxed for
14 h. The solution was filtered while hot. After cooling
to room temperature [23], the formed brown precipitate
was collected by filtration. Recrystallization by using
glacial acetic acid to give reddish-brown crystals, yield
65%, m.p. 165-166 °C, CHN: theoretical %: C, 32.37; H,
3.40; N, 2.36; practical %: C, 31.99; H, 3.23; N, 2.76; FT-
IR using KBr: v (C-H) Aliphatic = 2300 cm™, v (C-H)
Aromatic = 3170 cm™, v (C =N) Aliphatic = 1629 cm™,
L (C-N) Aromatic = 1224 cm™, v (C =C) Aromatic =
1402 cm™; '"H-NMR (500 MHz, DMSO-ds) & 10CHs,
uCHs; (6H, s, 1.91); ;CH; (3H, s, 1.35); ,CH,, sCH, (4H, s,
2.08); sCH, (2H, s, 5.95); CH (1H, s, 2.35); Ar-H (4H, m,
7.83-9.12). As shown in Scheme 1, Table 1 and 2, Fig. 2.

(E)-4-(dibromo(4-((1,7,7-trimethylbicyclo[2.2.1] heptan
-2-ylidene)amino)phenyl)-14-tellaneyl)aniline (C)

A solution of (E)-1,7,7-trimethyl-N-(4-(tribromo-
14-tellaneyl)phenyl)bicyclo[2.2.1]heptan-2-imine (0.0035
mol., 2.07 g) and (4-aminophenyl)mercury(II) chloride
(0.0035 mol., 1.14 g) in (25 mL) of dry dioxane was
refluxed for 4 h. The hot mixture was then filtered, and
the filtrate was cooled to room temperature, leading to
the precipitation of white plates of 2:1 complexes of
dioxane and mercuric bromochloride that were filtered
off. The filtrate was poured into 100 mL of cold distilled
water to form brown crystals [23], with a yield of 59%,
and a melting point of 143-145 °C, CHN: theoretical %:
C, 43.61; H, 4.33; N, 4.62; practical %: C, 43.34; H, 4.13;
N, 4.43; FT-1IR using KBr: v (C-H) Aliphatic = 2925 cm™,
v (C-H) Aromatic = 3068 cm™, v (C=N) Aliphatic =
1627 cm™!, v (C-N) Aromatic = 1280 cm™, v (C=C)
Aromatic = 1460 cm™; "TH-NMR (500 MHz, DMSO-ds)
6 1CH;, 10CH;, 1:CHs;, sCH, ,CH,, sCH, (13H, m, 1.80-
2.31); ¢CH (1H, s, 5.74); Ar-H (8H, m, 7.92-8.90); NH,
(2H, s, 4.19) as shown in Scheme 2., Table 1 and 2, Fig.
3.
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CHj

(o)
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1,7,7-trimethylbicyclo[2.2.1]heptan-2-one
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(4-aminophenyl)mercury(ll) chloride
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(E)-(4-((1,7,7-trimethylbicyclo[2.2.1]heptan-2-ylidene)amino)phenyl)mercury(ll) chloride
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H3C = \©\5
D
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(E)-1 ,7,7-trimethyl-N—(4—(tribromo—M—teIIaneyI)phenyl)bicyclo[2.2. 1]heptan-2-imine

Scheme 1. Preparation of organomercury and organyl tellurium tribromide compounds
CHj

N

HaC = .

s Br H,N HgCl
T¢

'/ SBr
B
lDry Dioxane

reflux (4 h)

CHs
Zoget
HaC Te/Br
Bl \©\
NH,

(E)-4-(dibromo(4-((1 ,7,7-lrimethylbicyclo[2.2.1]heptan-2-y|idene)amino)phenyl)-M-teIIaneyI)aniline

toluenel NzH4 Ho0 in Methanol

(E)-4-((4-((1,7,7-trimethylbicyclo[2.2.1]heptan-2-ylidene)amino)phenyl)tellanyl)aniline

Scheme 2. Preparation of organyl tellurium dibromide and diorganyl telluride

(E)-4-((4-((1,7,7-trimethylbicyclo[2.2.1]heptan-2-ylide
ne)amino)phenyl)tellanyl)aniline (D)
(E)-4-(dibromo(4-((1,7,7-trimethylbicyclo[2.2.1]hep
tan-2-ylidene)amino)phenyl)-14-tellaneyl)aniline (0.0032
mol.,, 1.94 g) was dissolved in toluene (30 mL). To the
refluxing solution, hydrazine hydrate (0.0032 mol, 0.16 g)
in methanol (30 mL) was added dropwise. The resulting
solution was poured into cold water (100 mL) and the
brown solid that had formed was recrystallized from

petroleum ether (60-80 °C) to give brown crystals [23],
with a yield of 53%, and a melting point of 81-82 °C;
CHN: theoretical %: C, 59.24; H, 5.88; N, 6.28; practical
%: C, 59.10; H, 5.31; N, 6.44; FT-IR using KBr: v (C-H)
Aliphatic = 2854 cm™, v (C-H) Aromatic = 3205 cm™,
L (C=N) Aliphatic = 1635 cm™, v (C-N) Aromatic =
1280 cm™, v (C=C) Aromatic = 1415 cm!; 'H-NMR
(500 MHz, DMSO-dj) 6 10CHs, nCH; (6H, s, 1.90); ,CH;
(3H, s, 2.06); ,CH,, sCH, (4H, s, 2.20); sCH, (2H, d, 2.33);
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Table 1. "H-NMR spectral data of selected compounds

Structure of the compound 'H-NMR (DMSO-ds); TMS = 0 ppm
A CL3 10CH;, 1nCH; (6H, s, 1.90); CH; (3H, s, 2.33);
‘ . 1H? ,CH,, sCH, (4H, m, 2.75-2.79); sCH, (2H, t,
c? N C 4.85); ¢CH (1H, s, 5.77); Ar-H (4H, m, 8.23-

M08 N Nt 9.20).
[Pt ‘
o9

G o Hg
H H 18
6 14
B ch, 1CH, uCH; (6H, s, 1.91); 1CH; (3H, 5, 1.35);
‘ 17 7CH2, 3CH2 (4H, S, 208), 5CH2 (ZH, S, 595), GCH
c2 N H (1H, s, 2.35); Ar-H (4H, m, 7.83-9.12).
Mh,c8¢”7 N N 'e
| X9 ‘ o
15
mchy\ /CH25 13HC\ € 4y B
6 14 | \Br
Br 20
21
C C:—I3 1CH;, 10CH3, 1:CH3, sCH, ,CH,, sCH, (13H, m,
‘ . 17 1.80-2.31); ¢CH (1H, s, 5.74); Ar-H (8H, m,
c2 N 3\ 25 NH, 27 7.92-8.90); NH, (2H, s, 4.19)
1 chB/ N Nyl 26
| o ‘
10H3C7\ Mg 1310 A C 13 2 23
ﬁ (HI 18 22
6 14 | \Br
Br 19
20
D C?‘|3 10CH3, 11CH3 (6H, S, 190), 1CH3 (3H, S, 206),
7CH,, sCH, (4H, s, 2.20); sCH, (2H, d, 2.33);
2 N#25  «CH (1H,t,5.77); Ar-H (8H, m, 8.02-9.02);
Mh,c8 Y \TV cH1® 24 NH, (2H, 5, 4.09)
"7 N )Q N
H H 13 20
6

«CH (1H, t, 5.77); Ar-H (8H, m, 8.02-9.02); NH, (2H, s,  and adding three drops of glacial acetic acid to obtain
4.09) as shown in Scheme 2, Table 1 and 2, Fig. 4. (E)-(4-((1,7,7-trimethyl bicyclo[2.2.1]heptan-2-ylidene)
amino)phenyl)mercury(Il) chloride. (E)-(4-((1,7,7-
trimethyl bicyclo[2.2.1]heptan-2-ylidene)amino)phenyl)

The present study involved the preparation of  mercury(I) chloride then reacted with tellurium
organomercury and organotellurium compounds derived  tetrabromide to give tellurium tribromide derivatives,
from 1,7,7-trimethylbicyclo[2.2.1]heptan-2-one (camphor)  starting materials for the remaining compounds
by reacting 1,7,7-trimethylbicyclo[2.2.1]heptan-2-one and  prepared in this research.

(4-aminophenyl)mercury(II) chloride in absolute ethanol 'H-NMR spectra [24, 25] of the compounds (A-D)

m RESULTS AND DISCUSSION
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Table 2. FT-IR spectral data of selected compounds
Compound Aliphatic C-H Aromatic C-H Aliphatic C=N  Aromatic C-N  Aromatic C=C

A 2337 3164 1612 1249 1490
B 2300 3170 1629 1224 1402
C 2925 3068 1627 1280 1460
D 2854 3205 1635 1280 1415
2
. g z
sznzzanslEesasans ximﬁ EEREERR
Q&DEHNH}_W!D@;EWHNHWT‘F'E: WHHNNN:I

T?

_IU_HJ l .JL_,JL
Y — V3 rE N
7ig3ss 8§ 3 REE
18 18 17T 16 15 14 13 12 o 8 8 7 6 5 4 3 2 1 0 -
G (ppm)
Fig 1. '"H-NMR spectrum of compound A
(=N =]
g8lEs
i (==
% % e w e % e e e SEEEEE
-ﬂ| \r——— e My
. |
g832 4 g
5 18 17 16 15 14 13 12 1 10 9 & 7 6 5 4 3 2 1 0 -
G (ppm)
Fig 2. "H-NMR spectrum of compound B
showed all the expected peaks. All the spectra in All prepared compounds' IR spectra displayed
deuterated DMSO are given in Table 1 and explained in ~ common features in specific regions and characteristic
Fig. (1-4). bands in the fingerprint and other regions. The suggested
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Fig 4. '"H-NMR spectrum of compound D

structure for the prepared compounds was confirmed
using the IR spectra [24-25], as shown in Table 2. The
aromatic C-H [24-25] appeared at 3068-3205 cm™" for
organomercury and organotellurium derivatives, whereas
the aliphatic C-H was obtained at 2925-2300 cm™ for the
prepared compounds. On the other hand, the aliphatic
C=N group displayed an apparent band at 1612-1635 cm™,
while the band at the range of 1224-1280 cm ™" [24-25] was

attributed to the aromatic C-N for organomercury and
organotellurium derivatives. The C=C aromatic bond
appeared at the range of 1402-1490 cm™ [24-25], as
shown in Table 2.

Computational Study

All the organotellurium compounds under study
were labeled as shown in Fig. 5-16. The accuracy of the
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2°0900

Carbon Hydrogen Mitrogen TeSurism Bromins

Fig 6. Sticks Molecular model of compound B

Fig 11. Molecular orbital (HOMO) of compound B Fig 12. Molecular orbital (LUMO) of compound B
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Fig 15. Molecular orbital (HOMO) of compound D

method was examined to describe the properties of the
compound in the gas phase. The geometric structures and
electronic properties were studied at all quantum
calculations with the density functional theory (DFT)
achieved at the hybrid functional B3LYP, which combines
Becke's exchange and Lee, Yang, and Parr's correlation
functional computational level [15,17]. This method
described all atoms using the 3-21G basis set with
Gaussian 09 program [19]. The reactivity and the stability
of the compounds were evaluated using DFT-based
descriptors that were calculated [26-27]:

" (g_f]jv(f),T W
2
" %{%Jv(f)ﬁ ¥
s :ﬁ 3)
2
m:i—n (4)

Where 1, 1, S, and w are the chemical potential, chemical

hardness, chemical softness, and electrophilicity,
respectively, while E, N, and V(¥) are the total electron
energy, number of electrons, and external potential,

respectively. Two different methods were used to

Fig 16. Molecular orbital (LUMO) of compound D

compute the above global quantities; the first is a finite
difference approximation, based on the differences of
total electronic energies when an electron is removed or
added following the neutral molecule, and the second is
Koopman's theorem, which is based on the differences
between the HOMO and LUMO energies of the
[26-28].
approximation, the global quantities can be given by
[26-28]:

molecule By wusing a finite difference

- (1P J; EA) 5)
. (IP—2 EA) ©)

Then, using Koopman's theorem, the above
equations are given by [28]:

E +E
X=( HOMO2 LUMO) 7)
E -E
:( HOMO2 LUMO) (8)

Electronic Properties

The equilibrium geometries for all the study
compounds were fully optimized at the DFT level of
theory using a B3LYP functional along with the standard
3-21G basis set in the gaseous phase, see Fig. 5-16.
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HOMO (High Occupied Molecular Orbital) and
LUMO (Low Unoccupied Molecular Orbital) energies are
the electronic states, referring to certain places of the
existence of the electrons with quantized energies, where
the molecular orbitals are in linear combination to the
atomic orbitals. The difference between HOMO gives
energy bandgap (E,) as the relation [7]. The energy gap is
a fundamental property in solids because it allows the
prediction of the material, whether it is a conductor or
insulator, or semiconductor. It stands for the energy
difference between the lower virtual energy level and the
higher full energy level [29], see Fig. (5-16) and Table 3.

Eg=E;umo —Enomo )

Electronegativity and electrophilicity

We can define electronegativity as the measure of
the tendency of an atom to attract a shared pair of
electrons (or electron density) towards itself. In contrast,
relative rate constants measure electrophilicity for
reactions of different electrophilic reagents towards a
common substrate (usually involving an attack at a
carbon atom). Electronegativity and electrophilicity can
be calculated from the relations 10 and 11 [15,20], see
Table 4.

+ — Eromo *Erumo (10)
2
< (11)
0="—
2n

lonization potential and electron affinity

Ionization potential measures the binding force
between the electron and the atom. It is equivalent to the
required energy to remove one electron from a neutral
atom in the gas state. Electron affinity can be defined as
the energy released when an atom gains an electron. It is
equivalent to the required energy that can remove an
electron from a negative ion. According to Koopman's
theory [15], as shown in Table 5.
LP=-Eyomo (12)
E.A=-E ;0 (13)

Hardness softness acid base (HSAB principle)

This principle describes the behavior of molecules
or atoms as the acids and bases in chemistry. First, it is
necessary to show that the soft and hard bases represent

1451
Table 3. Demonstrates electronic states of the
organotellurium compounds
Compound HOMO (eV) LUMO (eV) E,(eV)
B -6.0017 -5.6591 0.3426
C -5.1209 -4.6333 0.4876
D -5.1312 -4.8507 0.2805

Table 4. Electronegativity and electrophilicity of the
organotellurium compounds

Electronegativity (eV) Electrophilicity (eV)

Compound X) W)
B -5.8304 -99.2223
C -7.7923 -124.5281
D -4.9909 -88.8341

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

Tonization potential (eV) Electron affinity (eV)

Compound (LP) (EA)
B 6.0017 5.6591
C 5.1209 4.6333
D 5.1312 4.8507

donors, but soft and hard acids stand for acceptors. The
following equations [28,30-32] can express hardness and

softness:
ILP-EA
_ 14
5 (14)
1
c=—o (15)
2n

1 refers to chemical hardness, and o refers to chemical
softness. As explained in Table 6.

m CONCLUSION

The present work describes the efficient routes to
synthesis some novel unsymmetrical organotellurium
compounds by a simple and convenient method.
Compounds A, B, C, and D were obtained with a yield
of 53-85%. Findings from the present study on the CHN
elemental analysis, FT-IR, and '"H-NMR concur with
previous research, confirming the correctness of the
proposed structures for all the prepared compounds. As
for the theoretical study, it can be concluded that the
density functional theory used in this study is a powerful
method, and B3LYP functional is a suitable and efficient
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function for studying the electronic properties of these
structures. The geometrical parameters of 6-31G (d,p)
concurred with the experimental data. Therefore, the
density functional theory method has been used in this
work to study geometry optimization and the electronic
properties of naphthalene and di-amino naphthalene by
using B3LYP functional.

The geometric structures and total energies donor-
acceptor system show that this structure is highly stable.
Furthermore, the donor-acceptor system has large
average polarizability compared with donor and acceptor
and this system has higher reactivity than others. The
results obtained in this work help us to select a type of
bridge to interact with the donor and acceptor to calculate
the physical properties of the donor-bridge-acceptor.
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Abstract: Palm oil bottom ash utilization from mill boilers as CO; adsorbent has been
in use for few years. This study aims to examine adsorbent characteristics and capabilities
of bottom ash produced from boiler combustion in palm oil industry for CO; adsorption
before and after utilization, such as compound functional group using the Fourier
Transform Infra-Red (FT-IR) spectrophotometer, adsorbent morphology through
Scanning Electron Microscopy (SEM), and compound amount using Energy Dispersive

X-Ray Spectroscopy (EDX). The CO, adsorption was carried out in fixed-bed column.
Process variables consist of volumetric flow rate, contact time and bed height. Results
showed that SiO, compounds in the heterogeneous form with average particle size of
1073 nm, as supported by FT-IR spectrum finding indicating SiO; signal at wavelength of
958-954 cm™. Additionally, EDX analysis showed Silica and Oxygen content of 11.88%
and 36.90%, resulting 70% CO, adsorption capacity of 0.350 mg/g at discharge of 5 L/min,
contact time of 40 min, and bed height of 12 cm. Langmuir isotherm model was obtained
with R? of 0.998, q., of 1.588, and ki of 0.144. Meanwhile, the kinetic model followed a
simple first-order prototypical with R? of 0.952, C0, of 0.260, and k; of 0.006.

Keywords: adsorption; adsorbent; bottom ash; CO; gas; fixed-bed column

= INTRODUCTION

Global warming from climate change has been
considered a severe issue in the last decades. Several types
of research related to climate change show an increase in
the Earth’s temperature due to human activities [1].
Various human activities such as deforestation, industrial
waste smoke, vehicle smoke, and others have caused
greenhouse gas emissions to the atmosphere; hence, solar
radiation is trapped and increases the Earth’s average
temperature [2-3]. Numerous efforts have been developed
to absorb carbon dioxide (CO,) to decrease the
greenhouse gas effect [4]. The Indonesian government is
also aware of the issue and commits to reducing
greenhouse gas emissions [5]. In the Conference of Parties
(COP) 21 on United Nations Framework about Climate

Change (UNFCCC) in Paris, France, 30 November 2015,
President Joko Widodo stated Indonesia’s commitment
to reduce greenhouse gas emissions in the amount of
29% by nation effort and 41% through international
support until 2030.

Indonesia also has a national action plan to reduce
greenhouse gas emissions as in Presidential Decree No.
61 of 2011 on the National Action Plan on Greenhouse
Gas Emission and Presidential Decree No. 71 of 2011 on
implementing a National Greenhouse Gases Inventory.
The inventory shows that industrial activity is one of the
primary sources of greenhouse gas (GHG) emissions is
CO; [6-7]. More than 75% of GHG composition in the
atmosphere is CO,. Currently, CO, concentration has
risen from 280 ppm in the pre-industrial period to be
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400 ppm. Meanwhile, the recommended limit is 350 ppm.

Therefore if CO, contribution in diverse activities is

significantly reduced, then the global warming effect to

climate change can be suppressed [8].

Several methods to handle CO, gas emissions have
reported,

absorption,

been including physical and chemical

cryogenic, separation with membrane,
microalga bio-fixation, and adsorption [9-10]. Among the
mentioned methods, the most commonly applied method
is the absorption method using an amine functional group
compound, in which a gas component is separated from a
gas mixture by passing it through liquid [11-13].
However, there are drawbacks in this separation process
like amine mixture degradation due to impurities in the
gas phase at low temperature (below 50 °C), apparatus
the

solvent

corrosion, extensive energy requirement for

regeneration, quality degradation due to
impregnation with other products, and amine escape by
vaporization [14].

The adsorption method is preferable to the
absorption method due to adsorption is more economical,
able to remove organic materials, and no poisonous side
effects occur [15]. Furthermore, the adsorption method is
a promising alternative to adsorb CO,, considering its
relatively inexpensive, more straightforward process and
no liquid waste produced [4]. Many reports have
discussed several types of research on different adsorbents
for the adsorption CO; process, namely activated carbon,
zeolite, silica mesopores, alumina, double-layered
hydroxide, and metal oxide. A summary of the adsorption
capacity reported for employing various types of
adsorbents is presented in Table 1.

Biomass and waste-based adsorbent materials are
usually preferable for commercial purposes, namely solid

waste from palm oil plants, palm shells, and husk [16].
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Many plants utilize shell and husk as fuel to boiler
producing steam. Palm shell and husk burning liberate
ash left at the furnace as solid granules or crust, usually
called bottom ash. Bottom ash contains silica (SiO,) and
alumina (ALO;), which is the primary content of zeolite.
Zeolite has adsorption selectivity CO,/N, 5 to 10 times
higher than carbon-based adsorbent in fixed-bed
columns [3,12,17]. Bottom ash has the same content as
zeolite; hence it can absorb CO.,.

Studies on bottom ash-based adsorbents have been
done to adsorb heavy metals but are still limited for CO,
adsorption. Currently, the utilization of bottom ash is
not optimum and well managed yet. Bottom ash is an
issue in the palm oil industry since the storage occupies
a large area, increasing annually [18]. Laharto et al. [16]
used the synthesis of mesoporous silica from bottom ash
waste for CH, adsorption. The adsorption capacity at a
pressure of 1 atm and a temperature of 30 °C is
0.923 mmol/g. Lira-Zuiiga et al. [17] used biomass
combustion ashes on agricultural to CO, adsorption.
The bottom ash sample from the combustion of wheat
bran (agricultural biomass) and its pellets showed a
higher adsorption capacity for most of the temperatures
studied. The pelletized bottom ash reached the
maximum adsorption capacity (0.07 mmol CO,/g),
followed by the non-pelletized bottom ash (0.06 mmol

By considering the above concern, this research is
aimed to study the characteristics and capability of
bottom ash from the palm oil industry burning in the
boiler as adsorbent to adsorb CO,. Adsorption is
conducted at the fixed-bed column. Previous studies
using this absorbent to absorb CO, have been done
[5,8,14]. However, variation of the flow rate and bed
height has not been studied yet. Therefore, this research

Table 1. The adsorption capacity of diverse adsorbents

Adsorbent Temperature Pressure Adsorption capacity References
(°C) (atm) (mmol/g)

Activated Carbon 25 1 1.202 [13]

Activated Carbon 50 1 0.450 [14]

Activated Carbon 25 1 2.828 [15]

Zeolite 13 X 25 1 4245 [15]

Zeolite 4A 25 1 3.263 [15]

Novi Sylvia et al.



1456

focuses on various volumetric flow rates, contact times,
and bed heights. Adsorption equilibrium is generally
studied through the adsorption isotherm approach [19].
In this study, the Langmuir and Freundlich adsorption
equilibrium models were evaluated. The effectiveness of
the adsorption in a fixed-bed column using bottom ash as
adsorbent is then examined.

m EXPERIMENTAL SECTION
Materials

The raw material that was used in this research was
bottom ash from boiler burning of Palm Oil Plant PT.
Syaukad Sejahtera, Kuta Blang, Gerugok, North Aceh,
Indonesia and it was used as adsorbent. The supporting
raw material was tapioca flour (SMS Genigel 48 Modified)
and distilled water as a mixture for making tapioca glue.

Instrumentation

The adsorbent is applied at the acrylic pipe as an
adsorption column with a 6.4 cm diameter and 30 cm
length, as shown in Fig. 1, done at a single column.
Additional used apparatuses were oven (Memmert UN
30), valve (VG 16 DD), hot plate (Heidolph C-MAG MS
4), sieve mesh 20 mesh (AMB No 20), adsorbent mold
(tube mold stainless steel 1.5 x 1 ¢cm), furnace (FNC-2 B-
One Furnace), desiccator, spatula, beaker glass 500 mL,
measuring cup 100 mL, porcelain cup, CO, tube detector
from China (HT-2000 CO, meter), Scanning electron
microscope/energy-dispersive ~ X-ray  spectroscopy
(SEM/EDX, CARL ZEISS type EVO MA 10), X-Ray
Diffraction (XRD, Shimadzu XRD-6100), and Fourier
Transform Infra-Red spectrophotometer (FT-IR, IR
Prestige 21).

Procedure

The raw palm kernel shell was washed with
deionized water several times to remove all traces, such as
oil and dirt. Next, the material was dried in an oven with
a temperature of 100 °C. The preparation process was
initiated by sieving 100 g of bottom ash using a 20 mesh
sieve. Then 15 g of tapioca flour and 45 mL of distilled
water are heated until they become glue. Furthermore,
100 g of bottom ash and the glue are mixed and stirred

Indones. J. Chem., 2021, 21 (6), 1454 - 1462
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Fig 1. Single column adsorption column diagram of

experimental apparatus for fixed-bed adsorption: (1)
valve; (2) CO; gas cylinder; (3) flow meter CO; in; (4)
bottom column adsorption (5) fixed-bed adsorber; (6)
top column adsorption; (7) flowmeter CO, out; (8) valve;
(9) box detector gas (10) CO; analyzer; (11) stop valves

until evenly distributed. Next, the mixture was printed
using a 1.5 cm diameter mold with a thickness of 1 cm
then dry in the oven for 2 h using a temperature of
105 °C. After that, the mixture was calcinated with a
furnace at 600 °C for 120 min. The adsorbent is then
cooled using a desiccator to room temperature and
ready for the CO, absorption process.

The adsorption process was initiated by flowing
CO, (Cy) 500 ppm into an adsorption column. First, the
bottom ash adsorbent used was placed in a column of
30 cm and 6.4 cm in diameter, whereas the height of
adsorbent (Z) in a column was varied of 4 cm (14 g), 8
cm (28), and 12 cm (42 g). Next, CO, was flown into a
column with flow rates 10, 15, and 20 L/min and varied
contact times of 10, 20, 30, and 40 min, as shown in Fig.
1. After that, the efficiency and adsorption capacity of
CO, was calculated with the following Eq. (1) and (2)
[5,14]:

COZ Initial — COZ Final %x100% (1)

Efficiency = o
2 Initial
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Flowrate (CO; 1pitia —CO; Final)

)
Sample Mass

Adsorption Capacity =

m  RESULTS AND DISCUSSION

This activation is purposed to switch cations to be
H* and release Al, Fe, Mg, and other impurities
(containing alkaline/alkaline Earth) from the structural
grid. Impurities on the adsorbent surface covering active
sites of adsorbent can be removed by burning during
activation. As a result, the adsorbent structure has a
broader area and improves the active site, exposing covered
active sites and new active site occurrence. In addition, the
surface area specified pores improvement and the active
sites enable adsorption capability enhancement. The CO,
adsorption mechanism is shown in Fig. 2.

Adsorbent Characterization

FT-IR analysis
FT-IR measurement results in the form of the
spectrum before and after adsorption is shown in Fig. 3.
Peaks appeared identifies several functional groups. The
peak at wave number 3387-3010 cm ™, stretching vibration
from the OH group, showed water in the sample. The
peak affirms this interpretation at 1629-1504 cm™ from the
-OH group’s bending vibration. The peak at 958-954 cm™
showed the Si-O-Si group that identified silica in the
bottom ash. The other peaks are at 812 cm™, showing the
Al-O-Al group of alumina and at 505 cm™ for the Si-O-
Al adsorption band. Finally, CO, gas adsorption is shown
at 2337 cm™. This result is suitable to adsorbing peak
reported by other researchers who showed adsorbing
band of CO; in the range of 2500-2000 cm™ [16-19].

Process CO: adsorption L

Beiler power plant

process

Bottomn ash after
physically activated
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SEM/EDX analysis

SEM/EDX Analysis was to comprehend the
bottom ash adsorbent characteristic before and after
adsorption. SEM testing was applied to observe the
morphology or material surface description and EDX to
analyze the adsorbent’s material components or atomic
composition. The SEM analysis result can be seen in Fig.
3 and 4.

Fig. 4 shows bottom ash SEM results before
adsorption that had been physically activated with
activation temperature 600 °C, causing reduction of water
molecules and organic materials from pore channels,
increasing the number of pore volume and adsorbent
surface area. The average pore size is 767 nm.

Fig. 4 shows the adsorbent SEM after adsorption, it
can be seen that the pore diameter became varied, and
the pore hollows became tighter with an average diameter
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Fig 3. Bottom ash FT-IR result

=767 nm
COz

e

| ...,
i

" ’ |'::r b
W A H
s dr g dr 'P-'l 1
il
A L
.

i '\.".l'l.' 4

Bottom ash after
adsorption of CO:

Fig 2. Carbon dioxide adsorption mechanism
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Fig 4. Adsorbent SEM result (a) before and (b) after adsorption

after adsorption 564 nm. The pore diameter became
hollows because CO, gas was adsorbed so that adsorbent
pores were covered and bound. SEM analysis shows that
the adsorbent based on the bottom ash of the palm oil plant
had a pore size of more than 50 nm. According to the size,
the adsorbent is classified as macropores typed adsorbent
and suitable as reported by other literature stating that
POFA has three types; macropore (55 nm and > 55 nm),
mesopore (7 nm and 8 nm), and micropore (< 1 nm) [2].
The bottom ash EDX analysis result is shown in Fig.
5and Table 1. Table 1 shows that bottom ash components
are C, O, Mg, Al Si, P, S, K, Ca, and Fe elements. The
highest composition components were carbon, oxygen,
and silica, identifying that bottom ash has silica oxide
(Si0O,) as an adsorbent composing component. The EDX
analysis result fits with the XRD characteristics result and
demonstrates the same composing elements. SiO, is
proven to have good activity in the adsorption process.
Effect of flow rate on the breakthrough curve. The
breakthrough curve for a column was determined by
plotting the ratio of C/C, against time, as shown in Fig. 5.
The column was found to perform effectively at the lowest
rate of 5 L/min. Previously, breakthrough and exhaustion
were reached at a flow rate of 5 to 20 L/min. The column

Table 1. Adsorbent EDX analysis results before
adsorption and after adsorption

Atom (%)
No Element Bottom Before After
ash Adsorption  Adsorption

1 C 40.35 45.77 69.02
2 @) 36.29 36.90 23.63
3 Mg 1.21 1.01 0.90
4 Al 0.42 0.36 0.10
5 Si 7.68 11.88 1.84
6 0.63 0.55 0.31
7 S 0.56 - 0.19
8 K 0.39 1.88 1.79
9 Ca 7.47 1.36 1.63
10 Fe 0.44 0.28 0.07
11 Cl 0.42 - -

breakthrough time (C/C, = 0.05) was reduced from 150
min to 10 min by flow rate was increasing between 5 to
20 L/min. The decline of contact time has limited the
contact of CO, against bottom ash CO, did not have
sufficient time to diffuse into the pores of bottom ash at
a higher flow rate, and CO, was out of the column before
equilibrium. Similar results were found in the adsorption
of CO; of the fixed-bed system in the column [20].
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Fig 5. Breakthrough curves: the effect of flow rate on CO,
adsorption (Co = 500 mg/L and Z = 12 cm)

Effects of flow rate, contact time, and bed height to
CO; adsorption efficiency and adsorption capacity.
CO; flow rate and bed height have significant effects on
adsorption efficiency. Fig. 6 shows that a greater flow rate
yielded a lower adsorption efficiency. The highest
adsorption efficiency was at 10 L/min flow rate and bed
height 12 cm. As the flow rate of CO, is getting higher, the
contact time between CO, and adsorbent becomes
thus the less
percentage [20].

shorter, CO; adsorption efficiency
These results are proportional to
reported research from several works of literature that the
flow rate significantly affects the adsorption process [21].

Contact time and collision are essential factors in
adsorption. According to collision theory, the rate of
reaction is the number of collisions in the time unit. The
longer the contact time, the more collisions occur, hence
the faster chemical reaction to reach equilibrium. The
duration needed to achieve adsorption equilibrium are
different. The type of interaction between adsorbent and
adsorbate has influenced the result. The influence of
contact time on the efficiency of adsorbent adsorbs CO,
gas is shown in Fig. 7.

Fig. 7 shows the adsorption contact time started
from 10 to 40 min. The best contact time took place at
40 min alongside the highest adsorption efficiency of 70%
at 12 cm of bed height. The ability of the adsorbent declined
after the twentieth minute implied that the adsorbent was
saturated after that period because the adsorbent surface
has a certain number of active adsorption sites. The
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number of active sites is proportional to the adsorbent
surface area. The active site is the adsorbate attaching
media on the adsorbent surface. After some time, the
active site becomes saturated, and desorption occurs, the
detachment of adsorbed molecules on the surface. Thus,
after the twentieth-minute desorption happened in
which the adsorbed molecules were detached, the CO,
composition increased, or CO, adsorption efficiency
declined.

Effects of contact time and bed height to
adsorption capacity. Determination of adsorption
capacity was done to understand the bottom ash
capability in adsorbing CO,. The effects of contact time
and bed height on adsorption capacity are shown in Fig.
8.
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Fig. 8 shows that the adsorption capacity increases
as the bed height increases. The increment can be
correlated with adsorbent surface area and its active sites.
The higher bed height means the larger surface area of
adsorbent to more CO, adsorption capacity [22]. The
highest adsorption capacity was 0.350 mg/g was achieved
at a contact time of 40 min and bed height 4 cm. At the
beginning of contact time, the adsorption process took
place at a fast rate since the active site of the adsorbent was
still large so that the binding of adsorbate molecules
frequency became sufficiently high. As the contact time
increases, the amount of adsorbate adsorbed to the
adsorbent surface becomes higher until the equilibrium
point is reached. Excessive contact time between
adsorbent and adsorbate causes adsorbent to be saturated
and detached from adsorbate [23-25].

Isothermal Adsorption

Adsorption equilibrium, which is generally studied
through the adsorption isotherm approach, is an essential
foundation for understanding an adsorption process,
especially for finding out how many adsorbate molecules
can be adsorbed by a porous material. The adsorption
equilibrium model for pure components was based on
Langmuir’s [14-15] theory about monolayer adsorption
on an ideal surface. Langmuir and Freundlich’s models
are used to represent data adsorption balance. Langmuir’s
model assumes that the adsorbent surface is homogeneous
where the constant energy adsorption on the entire
surface of the adsorbent. This model also assumes that the

Indones. J. Chem., 2021, 21 (6), 1454 - 1462

adsorption is localized, and each location can only
accommodate one molecule or atom. Adsorption
isotherms Freundlich and Langmuir of CO, are shown
in Table 2. A suitable isotherm model for the equilibrium
curve must be determined to optimize the design of the
sorption system for the absorption of CO, in bottom ash.
In this study, the balance model that has been analyzed
is Langmuir and Freundlich. The predicted value of the
model and the experimental data was validated by
comparing the experimental adsorption capacity with
the adsorption capacity estimated by this model via a
coefficient of determination (R’ value close to or equal
to 1) [19-20], shown in Fig. 9.

Table 2. Parameter isotherm Langmuir and Freundlich
for adsorption CO; in bottom ash

Type Parameters Unit Equatl.on
non-Linear

Langmuir

Qm 1.588 mg/g _qnkCe

ke 0.144 - T 14Kk, C,

R? 0.998 -

Freundlich

ke 6.519 - 1

n -1.812 - q=k/Cp

R? 0.815 -

where: q is the amount of adsorbed CO: per unit weight of bottom
ash at equilibrium, and Ce is the unadsorbed CO: concentration in
effluent at equilibrium (mg/L). kv is the Langmuir equilibrium
constant, qm is the amount of CO: adsorbed with monolayer
coverage, ke is the Freundlich constant, and n is the Freundlich

exponent
0.16 4 .
0.144 ¢
L)

 0.10-

~o 0.08-

o
0.06 4
0.04 - —=— Freundlich

—a— | angmuir
0.02 o exp
0.00 T T T ]
0.0 0.1 0.3 04 0.5

0.2

Ce (mglL)
Fig. 9. Contact time to adsorption capacity relation
graphs at different bed height
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Table 3. Parameter kinetic models for adsorption CO, in bottom ash

Kinetic models Parameters Unit Equation non-Linear

Simple first-order

' 0.006 min~! C, = Coeklt

Co 0.260 mg/L

R? 0.952

Pseudo-second-order k,

k, 0.043 mg™' min™' dq 2
—=k(q.—q,)

Qe 0.055 mg/g dt

R? 0.903

Fig. 9 shows that the Langmuir model is very close
to the experimental data as seen from the R* constant,
which is 0.998. It can be explained that bottom ash is an
adsorbent that absorbs CO, in the monolayer at a pressure
of 1 atm and a temperature of 25 °C.

Kinetic Studies

An analysis of the kinetic adsorption process is a
helpful tool to estimate the time of residence for the
adsorption process to complete and determine adsorption
dynamics and its performance in the industrial scale of a
fixed bed or flow-through system. Thus, the simple first-
order and pseudo-second-order models were performed
in this study. The kinetic parameters of these models are
shown in Table 3. Comparing the values of determination
coefficients as stated in Table 3, the simple first-order
model gives a better fit than the pseudo-second-order,
with an R? value is 0.952 [20-23].

m CONCLUSION

A similar result was supported with FT-IR spectrum
at the wavelength 958-954 cm™', showing that the Si-O-
Si group and EDX analysis show silica and oxygen atomic
contents were 11.88% and 36.90%, respectively. The CO,
adsorption efficiency was 70%, while adsorption capacity
was 0.350 mg/g at 12 cm bed height operating condition.
The isotherm model obtained in this study was Langmuir,
while the kinetic model was simple first order. Therefore,
bottom ash can be used to capture CO, emissions.
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* Corresponding author: Abstract: A polyvinyl alcohol (PVOH)/lignin nanofiber was prepared by the

email: s.gea@usu.ac.id electrospinning method as a precursor for biodegradable and low-cost carbon fibers.

PVOH 15% was dissolved in water, and various concentration of lignin (5, 10, 15, 20, and

Received: June 14, 2021 25%) was added. The presence of lignin in PVOH solution increased the viscosity and
Accepted: September 2, 2021 conductivity. From SEM analysis, PVOH solution produced smooth fiber, whereas the
DOL: 10.22146/ijc.66606 addition of lignin produced fibers in bead forms. The presence of lignin above 20% in

PVOH did not produce spun-fiber. FTIR analysis confirmed that lignin was able to form
hydrogen bonds with PVOH. TGA analysis showed that PVOH/lignin nanofibers had the
highest residual mass, i.e., 40% at 600 °C. The morphology of the carbon fibers showed
flake forms with many pores and had 58.07% carbon content.

Keywords: lignin; carbon fiber; electrospinning; polyvinyl alcohol

m INTRODUCTION biodegradable, and low-cost precursors is the main topic

In the last few years, the demand for carbon fibers of current investigation to cope with large-scale

(CF), such as vapor grown carbon nanofibers (VGCNE),
multi-walled carbon nanotube (MWCNT), and single-
walled carbon nanotube (SWCNT) [1-2], has increased
significantly in various industrial applications. CF has

manufacturing constraints caused by PAN. These

polymers, as biobased, biodegradable, and low-cost,

include lignin [6], cellulose [7], and biomass resins [8].
Lignin, the most abundant non-cellulosic polymer

. . on earth, is complex aromatic (phenolic) macromolecules
superior properties compared to other carbonaceous

materials, which are high mechanical properties and present in the cell wall of plants. It comprises three main

. . . . henyl i : iferyl,
strength-to-weight ratio, fatigue resistance, and low cost phenylpropanoid monomers or precursors: conifery

[3]. The demand for CF was reported to have globally sinapyl, and p-coumaryl alcohol [9]. Lignin has been

increased almost twice every year [4]. However, the studied for its various applications, such as in the

growth rate of the CF industry has not been able to supply production of biomass from crude bio-oil as energy

to the fast-growing demand, especially due to the main generation [10], composite carbon nanofibers [11],

precursor for CF, ie, polyacrylonitrile (PAN) is compatibilizer [12], and carbon fibers [13]. The carbon

expensive and petroleum-based [5]. Hence, the search for content and chemical structures of lignin showed potential

. . . . for carbonized material production, especially carbonized
inexpensive CF alternatives based on biobased resources, p » €SP Y

lignin fibers [14]. Lignin was isolated from either

Amir Hamzah Siregar et al.



1464

hardwood or softwood, whose chemical structures
differed. It was also found as the major by-product in
paper industries.

Lignin could be extracted by several methods, such
as lignosulfonates, alkali lignin, kraft lignin, and
organosolv lignin. Each method produced a different
lignin character with different purity and lignin fraction
sizes. These properties influenced the fiber spinning
formation and the quality of CF products [3]. It was
estimated that the cost of lignin precursor was lower than
the PAN precursor. However, the manufacturing process
of lignin-based CF could be more expensive than PAN’s,
as the currently preferred method was melt-spinning. The
process involved complex and accurate control of the
lignin, spinning conditions, and treatment temperature.
Lignin required critical controlling at the melt-spinning
step because it naturally oxidized partially [5].

Electrospinning is a fiber spinning technology to
produce fibers from micro to nano-sized diameters.
Fibers are produced as nonwoven fiber mats, or they can
be in the shape of aligned fiber strings. In the
electrospinning process, an electrical field is injected into
the polymer solution. The solution jet is stretched and
elongated by electrical forces, while the viscoelastic forces
prevent it from breaking. Then, the thin solution jet dries
before reaching the ground surface, where fibers are
collected [15]. Pure lignin solution usually does not have
enough viscoelasticity for spinning. Therefore, it is
blended with another polymer known as binder solution,
such as electrospun poly (ethylene oxide) (PEO),
polyacrylonitrile (PAN), and poly (vinyl alcohol) (PVOH)
[14]. PVOH is a semicrystalline polymer with high carbon
amount (54.5%) and hydroxyl groups, making it easy to
use as a precursor to producing carbon materials [16]. In
this work, we presented a simple and straightforward
experimental method to get carbon nanofibers precursor
by the electrospinning of lignin solutions at room
temperature with the addition of polymer in a single step
and carbonization to produce carbon nanofibers.

m EXPERIMENTAL SECTION
Materials

Lignin alkali, partially soluble 13.4 wt.% loss on heating

Indones. J. Chem., 2021, 21 (6), 1463 - 1470

316 °C, pH: 6.5 (25 °C, 5% aqueous solution, d:
1.3 g/mL) was purchased from Sigma Aldrich, USA.
PVOH, fully hydrolyzed (Mw approx. 60,000) with
viscosity 20 °C (4%; water), degree of hydrolysis > 98.0%,
was purchased from the same supplier. No further
purification was carried out to lignin and PVOH used
for the aqueous solution for electrospinning.

Procedure

Polymer solution preparation

Preliminary experiment, PVOH 10% (w/v) was
prepared by dissolving 10 g of PVOH in 100 mL distilled
water for 4 h in aquatic reflux. This concentration was
used to prepare lignin/PVOH blend solution throughout
the experiment. PVOH powder was gradually added and
constantly stirred during the dissolving stage to avoid
agglomeration of particles at 110 °C and 600 rpm for 6 h
to dissolve the polymer completely. This process
resulted in a colorless and viscous PVOH solution. After
that, lignin was added to PVOH solution with different
concentration ratios PVOH to lignin of (10:0); (10:5);
(10:15); (10:20); and (10:25) v/w% by using an ultrasonic
for 6 h. The electrospun polymer solutions were
characterized for the conductivity and viscosity.

Electrospinning process
The fresh polymer solution was directly
electrospun by horizontal electrospinning (basic series
electrospinning unit Brand NLI, Nanolab Instruments
Sdn Bhd, Malaysia) at room temperature with the
following conditions: (i) a voltage of 15 kV; (ii) feed rate
of 0.1 mL/h; (iii) needle tip-to-collector distance of 15 cm;
(iv) disposable 18-G syringe; and (v) speed of collector
300 rpm. The collector was coated with aluminum foil
sheets to attach the fibers. Next, the electrospun mat was
dried at room temperature and stored for further

characterization.

Carbonization process

PVOH/lignin nanofiber was carbonized in a
furnace under a nitrogen atmosphere. Pre-carbonization
was carried out from 25 to 100 °C with a heating rate of
5 °C/min. At 100 °C, the process was isothermally held
for 30 min. The second step was carried out at a
temperature between 100 and 200 °C and a heating rate
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of 5 °C/min, then isothermally held for 30 min. Next, the
carbonization process was continued from 200 to 600 °C
with a heating rate of 5 °C/min and held isothermally for
1 h. The morphology of carbon fiber was investigated by
using SEM.

Characterization

Conductivity and viscosity. The conductivity and
viscosity of the electrospun polymer solution were
examined prior to the electrospinning process. A 10%
PVOH was added to several different concentrations of
lignin (0, 5, 10, 15, and 20%). The electrical conductivity
was examined by using Multiparameter Bench Meter Mi
180, Milwaukee, by immersing the probe into the solution
without having bubbles trapped inside the sleeves. The
conductivity value was displayed on the primary LCD.
Meanwhile, the viscosity was determined by using HAAKE
Viscotester 550. The homogenized sample solution was
put into the viscometer tank at room temperature in the
Kohlrausch flask below the viscometer. Both conductivity
and viscosity tests were repeated three times.

Scanning electron microscopy analysis. The surface
morphology of samples was observed using scanning
electron microscopy (SEM) Hitachi TM3030 (JEOL, Ltd.,
Tokyo, Japan) with accelerating voltage EHT of 20.00 kV,
probe = 101 Pa, and signal A = SE1. Samples were placed
on an adhesive-backed carbon tape and secured to the
specimen. After that, they were sputter-coated with a thin
layer of gold alloy (SC 500 Emscope) to reduce charging
during analysis.

Thermogravimetric  analysis.  The
characteristics of the materials used in this project were

mass-loss

characterized by using a thermogravimetric analyzer
(model TASC 414/4 NETZSCH). The specimen was
heated from 25 to 900 °C with a heating rate of 10 °C/min
under an argon atmosphere.

Differential scanning calorimetry analysis. The
thermal properties of the samples were studied by using
differential scanning calorimetry (DSC) X-DSC7000
(Hitachi medical system, Tokyo, Japan) in a range
temperature between 30 and 250 °C with a heating rate of
10 °C/min.
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m  RESULTS AND DISCUSSION

Morphological Characterization of Electrospun
PVOH/Lignin Nanofiber

The from SEM for PVOH and
PVOH/lignin electrospun nanofibers are shown in Fig.

images

1. Whereas the conductivity and viscosity are presented
in Fig. 2. Lignin/PVOH-based fiber mats were produced
by electrospinning technique, with the compositions of
lignin corresponding to PVOH varied from 0, 5, 10, 15,
20, and 25%. As shown in Fig. 1(a), PV A solution at 10%
concentration produced smooth, bead-free fibers with a
diameter of 124.8 nm. However, the addition of lignin
PVOH solution produced fibers in bead forms. This
might be due to the increase in viscosity of polymer
solution with the presence of lignin. The viscosity was
4.4 Nm/s? for PVOH 10%, and 7.8, 9.4, 10.5, 17.4, and
23.6 Nm/s* for PVOH/lignin solution ratio of 100:5,
100:10, 100:15, 100:20, and 100:25, respectively. The
increase in the concentration of polymer solution has
been reported to cause larger friction of fluid and hinder

Fig 1. SEM images of electrospun PVOH/lignin

nanofiber at different lignin concentrations: (a) 0%; (b)
5%; (c) 10%; (d) 15%; (e) 20%; and (f) 25% lignin, with
magnification of 3000x. Scale bar = 200 nm
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electrostatic forces in attracting droplets to Taylor cone
and polymer jets [17].

Moreover, SEM images (Fig. 1) revealed that the
average diameters of spun-fibers decreased with the
increase in the concentration of the lignin, such as from
63.38 nm at 5 wt.% lignin to 55.83, 52.90, 48.38, and
42.43 nm at 10 wt.%, 15 wt.%, 20 wt.%, and 25 wt.% lignin,
respectively. This happened as salts in lignin increased the
conductivity, as shown in Fig. 2. High conductivity
increases the electrostatic charge density of polymer
solution to produce thicker fiber. The same result was
reported by another author who reported that PVOH
solution could be readily electrospun, while bead-fibers
were created with the addition of lignin [18]. More fibers
with ribbon-shaped morphology were produced by
increasing the amount of lignin in spin dope. Spin dope
with high lignin amount had the tendency to form thin
and tube-like jet/filament during electrospinning, which
could further collapse with the rapid vaporization of
solvent [19]. In this study, the presence of lignin onto
PVOH with the concentration of 20% and 25% could not
undergo electrospinning because of the cohesiveness of
the solution. The viscosity of the polymer solution at these
concentrations limits the followability of the polymer
solution.

FTIR Analysis

The FTIR spectra for PVOH, commercial lignin,
PVOH nanofiber, and PVOH/lignin nanofiber are shown
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in Fig. 3. Regarding Fig. 3, several wavenumbers were
selected to identify the lignin. Firstly, absorption bands
between 3600 cm™ and 3000 cm™ attributed to hydroxyl
groups in aromatic and aliphatic structures. C-H
stretching of the aliphatic and aromatic structure was
observed at 2480 cm™. C=O stretching of carboxyl
groups was identified at 1705 cm™. The peaks at 1600
and 1611 cm™ attributed to the C-C stretching of the
aromatic skeleton and the vibrations of the aromatic
rings. Vibrations of C-H bonds in aromatic rings and
C-O(H) + C-O(Ar) stretching appeared at 1328 cm™'.
The vibrations of C-H bonds in aromatic rings were
observed at 834 cm™'. These absorption bands were also

——PVOH
—— Lignin
—— electrospun PVOH/lignin nanofiber
—— electrospun PVOH nanofiber
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Fig 3. FTIR spectra of PVOH, lignin, PVOH nanofiber,
and PVOH/lignin nanofiber
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Fig 2. (a) The conductivity and (b) the viscosity of 10 wt.% PVOH solution in distilled water at different lignin

concentrations 0%, 5%, 10%, 15%, 20% and 25%
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reported by other authors [4]. FTIR also confirmed the
chemical structures of PVOH nanofiber, showing
dominant absorption peaks at 3650, 2941, 1733, 1428,
1090, and 844 cm™', which attributed to OH, CH,, C=0,
CH-C-H, C-0, and C-C, respectively. The acetate group
in the PVOH was represented in the 1959 cm™ band [15].
Meanwhile, FTIR spectroscopy was used to
investigate the blending of PVOH and lignin. In the
hydroxyl-stretching region (3000-3700 cm™), the OH in
the PVOH was at 3650 cm™. This band shifted to lower
wavenumber (3323 cm™) after the blending with lignin
(OH) due to a new hydroxyl bond formed during the
blending process, either within the PVOH or between
lignin and PVOH. FTIR analysis confirmed that lignin
was able to form hydrogen bonds with PVOH. The
blending of PVOH/lignin film had formed a strong
hydrogen bond between the hydroxyl groups in PVOH
and lignin [20]. The interaction confirmed the excellent
mechanical strength of the nanofiber precursor [21].

Thermal Properties of Electrospun PVOH/Lignin
Nanofiber

The thermal properties of lignin, PVOH, PVOH
nanofiber, and PVOH/lignin nanofiber were studied
using TGA and DSC analysis with a heating rate of
10 °C/min under an argon gas atmosphere. Fig. 4 depicts
TGA traces for pristine lignin, PVOH, PVOH nanofiber,
and PVOH/lignin nanofiber. All TGA traces showed
three distinct regions. The first step was the elimination
of water and moisture from the samples. The second was
to remove some organic volatiles, and the last was to form
amorphous or semicrystalline carbon [22].

The TGA curve of lignin showed dehydration from
room temperature to 100 °C. At this stage, there was 3%
weight loss. Second, the thermal degradation of lignin
between 225 and 350 °C. Last, lignin with a residual mass
of approximately 35% at 600 °C provides lignin as a good
carbon fiber precursor.

The TGA traces for PVOH nanofiber and
PVOH/lignin nanofiber had the first weight loss observed
from room temperature to 100 °C. There was 5-10 wt.%
weight loss at this temperature. The same result was
observed in PVOH. Then, second weight loss occurred at
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Fig 4. TGA curve of lignin, PVOH, PVOH nanofiber,
and PVOH/lignin nanofiber with a heating rate of

10 °C/min
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Fig 5. DSC thermogram for lignin, PVOH, PVOH
nanofiber, and PVOH/lignin nanofiber with a heating
rate of 10 °C/min

300 °C to 450 °C for PVOH and PVOH nanofiber. This
region shifted to a lower temperature between 250 and
400 °C for PVOH/lignin nanofiber. At this stage, PVOH
and PVOH nanofiber had lost more than 50% of their
mass, while PVOH/lignin nanofiber lost only 30% of its
weight. This was mainly associated with the
decomposition of OH and acetate groups in PVOH and
lignin [23]. Lastly, the decomposition of PVOH backbone
structure for PVOH and PVOH nanofiber was observed

at below 450 °C, while it has a percent residue of 3%.
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Fig 6. SEM-EDS analysis of lignin/PVOH based nanofiber with a magnification of 100x (left) and 300x (right)

However, PVOH/lignin nanofiber had the highest
residual mass (40% at 600 °C).

Fig. 5 shows DSC curves of lignin, PVOH, PVOH
nanofiber, and PVOH/lignin nanofiber. PVOH/lignin
nanofiber had a peak at 70 °C, which was associated with
the dehydration of the sample. The melting temperature
(Tw) of PVOH and PVOH nanofiber was the same at
225 °C. In comparison, PVOH/lignin nanofiber has a T,
of 200 °C. This is due to a new hydroxyl bond being
formed during the blending process, either within the
PVOH or between lignin and PVOH, as shown in FTIR
spectra.

The Morphology of PVOH/Lignin Carbon Fiber

The morphology of the as-spun fiber after
carbonization is shown in Fig. 6. The sample was
carbonized at 600 °C with a heating rate of 5 °C/min. The
morphology of the carbon fiber was flake with many
pores. In addition, SEM-EDS analysis showed that the
carbon fiber had 58.07% carbon content, which was still
low compared to commercial carbon fibers. In addition,
fiber forms could not be observed after the pyrolysis,
possibly due to the low compatibility between lignin and
PVOH. Other authors reported that PVOH melted
during the isothermal treatment (250 °C), producing
higher curvature and fusing into the network structure
[24]. This study concluded that PVOH/lignin could be an
excellent precursor for carbon fibers. Another study
reported that the carbonized lignin had mesopores and an
amorphous graphitic structure [25].

m CONCLUSION

In this paper, electrospun PVOH/lignin nanofibers
as carbon fiber precursors have been successfully prepared.

The spun fibers show smooth and good morphology, but
it produces bead-fibers after the addition of lignin to
PVOH due to low compatibility with PVOH. Meanwhile,
lignin improves the viscosity and conductivity of the
polymer solution. The presence of lignin at up to 20% in
PVOH cannot produce spun-fiber. FTIR analysis
confirms that lignin is able to form hydrogen bonds with
PVOH. TGA analysis shows that PVOH/lignin
nanofibers have the highest residual mass, i.e., 40% at
600 °C. The morphology of the carbon fibers is flake with
many pores, and the carbon content is 58.07%.
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Abstract: Due to their toxicity, Cd(II) and Ni(II) ions in the environment are severe.
The hydroxyapatite composite was improved with magnetic MnFe;Oy to remove Cd(II)
and Ni(1I) ions from an aqueous solution. Hydroxyapatite was extracted from Snakehead
(Channa striata) fish bones via alkaline-heat treatment. The hydroxyapatite/MnFe;O,
composite performance was analyzed through XRD, FTIR, SEM-EDS, BET analysis, and
VSM, and the results reveal that the hydroxyapatite/MnFe,O, composite shows good
magnetic properties of 21.95 emu/g. The kinetics evaluation confirmed that the pseudo-
second-order kinetics model was more suitable to describe the adsorption of Cd(II) and
Ni(Il) ions by hydroxyapatite/MnFe;O, composite from the solution. The Langmuir
isotherm model was suitable to describe the adsorption process of the Cd(II) and Ni(Il)
ions, where the adsorption capacities for Cd(Il) and Ni(Il) are 54.3 and 47.4 mg/g,
respectively. Desorption of Cd(II) and Ni(Il) ions from hydroxyapatite/MnFe;O,
composite using NaCl as the eluent was more effective than EDTA. The findings of this
study indicate that hydroxyapatite/MnFe,O, can reduce Cd(Il) and Ni(Il) ions in
wastewater so that it can recover natural resources.

Keywords: hydroxyapatite/ MnFe;O, composite; adsorption; Cd(Il); Ni(II); desorption

m INTRODUCTION

the World Health Organization, the maximum thresholds
of Cd and Ni in drinking water are 0.003 mg/L and

Wastewater discharged from industrial activities is
one of the environmental issues; hence its treatment is a
paramount concern. Wastewater containing heavy metals
is a notable concern due to its toxicity and ease of
accumulating in the food chain. It is harmful to human
life and the environment as well [1-2]. Some industries
generate wastes containing heavy metals such as mining,
ceramics, pesticides, smelting, and steel [2-3]. Cadmium
poisoning causes a detrimental effect on kidneys, lungs,
hypertension, liver, in addition to the teratogenic impacts
[4]. Exposure to nickel can trigger kidney, lung, and
cardiovascular disorders [5]. It also causes headaches,
dermatitis, and respiratory disorders [6-7]. According to

0.07 mg/L, respectively.

Various methods have been developed to reduce
the concentration of heavy metals in water, such as
adsorption [3], membrane processes [8], bioremediation
[9], reverse osmosis [10], and ion exchange [11]. Among
these methods, adsorption is the most commonly used
due to ease of operation, flexible design, and non-toxic
properties [1-2]. In addition, using low-cost adsorbents
makes the adsorption method even economical. These
low-cost adsorbents can be obtained from various
sources such as calcium alginate/spent coffee grounds
beads [3],

composite expanded perlite [12],
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hydroxyapatite [14], and
succinylated hay [15].
Hydroxyapatite (Cao(PO4)s(OH),) is widely used as

catalyst, fertilizer, and adsorbent in wastewater treatment,

[13], green logan hull

chromatography, bone, and dental implants [16-17].
Hydroxyapatite had been used to adsorb various metal
Cd(II), Pb(Il), and Ni(II) [13].
Hydroxyapatite prepared from different precursors was

cations such as

also reported for Pb(II) [18-19]. Some natural materials
containing calcium, such as fishbone, can be used for
making hydroxyapatite. It is estimated that 30-40% of
total fish production leaves solid waste [20]. Using
fishbones as a source of hydroxyapatite provide
advantages due to its cheapness, abundance in nature, and
its capability of reducing solid waste. Several types of fish
as a source of hydroxyapatite include Gray triggerfish skin
and Black scabbardfish [21], Scomberomorus commerson
and Chirocentrus nudus [22], and Snakehead fish [23].
Indonesia's people widely consume snakehead fish.
Therefore, snakehead fish bones availability provides a
potential source of hydroxyapatite. Hydroxyapatite from
snakehead fish bones reported possess antibacterial activity
against Escherichia coli and Staphylococcus aureus [24].

Several authors  developed  hydroxyapatite
combined materials to increase the effectiveness of
adsorption in the form of hydroxyapatite-rice husk [17],
hydroxyapatite-magnetite [25], hydroxyapatite-Fe;O4-p-
cyclodextrin [26], and hydroxyapatite-chitosan [27].
Adsorbents with magnetic properties recently have been
developed. After the adsorption process, the adsorbent
can be separated rapidly and effectively using an external
magnet without the filtration process [28]. Activated
carbon-MnFe,O, showed a large adsorption capacity to
the removal of As(II) and As(V) [29]. On the other hand,
graphite modified with MnFe,O, is effective in the
removal of Pb(II) and Ni(II) [30].

In this study, hydroxyapatite was extracted from
snakehead fish bones by alkaline-heat treatment. The
resulting materials were incorporated with MnFe,O, by
using the co-precipitation method. MnFe,O; is a ferrite
compound with a large surface area, large magnetic
properties, and excellent chemical stability [28]. The
composite was used to remove Cd(II) and Ni(II) ions. The

Indones. J. Chem., 2021, 21 (6), 1471 - 1483

adsorption process is carried out in batch mode.
Desorption and regeneration were also carried out to
evaluate economic interest.

m EXPERIMENTAL SECTION
Materials

The chemicals used were HCl, NaOH, MnCl,-4H.O,
FCC13‘6H20, CdClz, NiClz'6H20, KNOs, NaCl, EDTA
(C10H14N2Na,042H,0), all purchased from Merck,
Germany and used without further purification.
Snakehead fishbone was obtained from the local market
in the city of Palembang, South Sumatra, Indonesia.

Instrumentation

The diffractogram pattern was measured using X-
ray diffraction (XRD Shimadzu XD-610) with Cu-Ka
radiation of 1.54 A, and the intensity was scanned at 20
angle from 10° to 80° to observe the crystalline structure.
The functional groups were determined using a Fourier
transform infrared spectroscopy (FTIR Thermo Fisher
Scientific) at 400-4000 cm™. Surface area calculated
according to data recorded by ASAP 2020 analyzer. A
vibrating sample magnetometer (VSM Lakeshore
74004) was used to measure saturation magnetization,
while a scanning electron microscope/energy-dispersive
X-ray spectroscopy (SEM-EDX Shimadzu AA-700)
aimed to observe surface morphology and determine the
Cd(II) and Ni(II)
concentration using atomic absorption spectroscopy
(AAS Shimadzu AA 7000).

elemental composition. ions

Procedure

Extraction of hydroxyapatite

The extraction of hydroxyapatite was conducted
using alkali-heat treatment. Snakehead fish bones prior
extraction process were screened from impurities and
washed using distilled water. A hundred grams of the
bones were placed in the oven for 60 min at 105 °C. The
bones were crushed by fast milling tool to obtain 200
mesh particle size. The powder was then washed using
0.1 N HCI to remove the protein, followed by distilled
water several times. Next, 100 mL NaOH 50% was added
to the powder, heated at 60 °C, and stirred with a magnetic
stirrer for 5 h. The powder was washed using distilled
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water several times until reaching its neutral condition.
The product was finally calcined at 750 °C for 3 h.

Preparation of hydroxyapatite/MnFe>04 composite
The  synthesis of  hydroxyapatite/MnFe,O,
composite was carried out by the co-precipitation
method. The mass ratio of hydroxyapatite and MnFe,O,
was 1:1. Hydroxyapatite of 11.53 g was added to a 200 mL
solution of 0.05 mol manganese(II) chloride and 0.1 mol
iron(III) chloride at room temperature. The mixture was
stirred and added by 3 M NaOH solution gradually until
reaching a pH of 11. The product was washed with
distilled water until reaching a neutral pH and then
calcined at 600 °C for 1 h at 10 °C/min heating rate.

Determination of pHpzc

The pH change at the point of zero charges (pHpzc)
025 g of
hydroxyapatite/MnFe,O, composite into 50 mL of 0.1 M

was  determined by  adding
KNO:; solution. Sequentially, a pH ranging from 2 to 10
was set up using 1 M HCl and 1 M NaOH solutions. Next,
each of the solutions obtained was stirred at 120 rpm for
24 h at room temperature. The final pH values were
measured using a pH meter.

Batch adsorption study

The adsorption of Cd(II) and Ni(II) ions was
processed in a batch experiment under the effects of pH
solution, initial concentration, and contact time. The pH
solution effect was observed in 250 mL conical flasks
containing 0.1 g of the composite and 100 mL of Cd(II)
and Ni(II) ions solution with a concentration of 10 mg/L.
Variations in pH of solutions made from 2 to 8 were
adjusted by adding HCl 1 M and NaOH 1 M solutions.
The solutions were stirred using a shaker at 200 rpm for
60 min. After the adsorption, the concentration of Cd(II)
and Ni(II) ions in each solution was determined by AAS.
The effect of the initial concentration was evaluated on
the concentration variations of 10-80 mg/L. Meanwhile,
the contact time was evaluated from 10 to 150 min. All
experiments were carried out in triplicate, and the mean
values were used for data analysis.

Desorption process
In the Dbatch method, the

hydroxyapatite/MnFe,O, composite was reused to adsorb

desorption
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Cd(II) and Ni(II) ions. Desorption of Cd(II) and Ni(II)
ions from hydroxyapatite/MnFe,O, composite was
studied using 1 M NaCl solution and 0.1 M EDTA [1]. A
total of 100 mL of the desorbing eluent was poured into
a 250 mL Erlenmeyer containing 0.1 g of the composite,
which had absorbed Cd(II) and Ni(II) ions with an
initial concentration of 60 mg/L. The desorption process
was carried out using a shaker for 3 h at room
temperature. The Cd(II) and Ni(II) ions desorbed
concentrations were determined using AAS.

m RESULTS AND DISCUSSION

Characteristic of
Composite

Hydroxyapatite/MnFe,04

XRD pattern was used to identify the purity and
crystallinity of the adsorbent. The XRD patterns of
hydroxyapatite and hydroxyapatite/MnFe,O, composite
The figure shows that the
diffractogram of hydroxyapatite/MnFe,O, is more

are shown in Fig. 1.

amorphous than hydroxyapatite because MnFe,Oy is
more amorphous than hydroxyapatite. The characteristics
of the snakehead fish bone-based hydroxyapatite peaks
are per JCPDS No. 09-0432. The peaks appear at 20 =
25.78° 31.72° 32.06°, 32.40°, 46.02°, and 49.48° in
accordance with 20 of JCPDS, namely at 25.879° (002),
31.773° (211), 32.196° (112), 32.902° (300), 46.711°
(222), and 49.648° (213). Therefore, hydroxyapatite has
The peaks of
hydroxyapatite/MnFe,O, composite were overlapping

a hexagonal crystal structure.

Intensity {a.u.)

10 20 30 40 S0 80 70 80
28 (deqg)
Fig 1. XRD patterns for the (a) hydroxyapatite and (b)

hydroxyapatite/MnFe,O, composite
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hydroxyapatite and MnFe,O,, the latter of which appeared
at 20 = 18.72°, 29.54°, 35.0°, 43.12°, 53.74°, 56.22°, and
64.54°, indicating the hkl plane, namely (111), (220),
(311), (400), (422), (511), and (440), following JCPDS 74-
2403. Based on these peaks, it can be confirmed that
MnFe,O; has a face-centered cubic structure with a lattice
constant of 8.470 A.

Fig. 2 shows the FTIR spectra of hydroxyapatite and
hydroxyapatite/MnFe,O, composite. The wavenumbers
at 3418 and 1626 cm™ appear on hydroxyapatite are O-H
stretching vibrations and indicating the adsorption of
water molecules. Wavenumbers at 3416 and 1628 cm™ also
appear in hydroxyapatite/MnFe,O4 composite. Stretching
vibrations of P-O bonds are shown at wavenumbers of
567, 602, 964, and 1036 cm™ in hydroxyapatite, and at
565, 601.7, 962, and 1038 cm™ in hydroxyapatite/MnFe,O4
composite. The wavenumber corresponds to the tetrahedral
PO’ vibration [31]. The CO;*" groups can be identified
at wavenumbers of around 870 and 1402-1460 cm™ [32].
In hydroxyapatite, the COs*" group appears at 876 and
1414 cm™, whereas hydroxyapatite/MnFe,O, composite is
at 870 and 1404 cm™. These groups come from fish bones
that remain in the extraction process. The presence of CO,
in hydroxyapatite and hydroxyapatite/MnFe,O, composite
comes from the air can be identified at wavenumbers 2365
and 2369 cm™'. The main peak in wavenumbers below
1000 cm™ in the hydroxyapatite/MnFe,O, composite
indicates the presence of ferrites [29]. Stretching vibrations
at 471 and 604 cm™ show the formation of the spinel
ferrite structure. The absorption band at wavenumber 565
cm' reflects manganese ferrite's intrinsic vibration, which
peak overlaps with stretching P-O vibrations.

Indones. J. Chem., 2021, 21 (6), 1471 - 1483

FTIR spectra of hydroxyapatite/MnFe,O,
composite after adsorbing Ni(II) and Cd(II) showed a
shift in wavenumbers. The shifted wavenumbers are
3416, 1628, 1404, 1038, 962, and 565 cm™. After Ni(II)
adsorption, they shifted to 3412, 1584, 1433, 990, 920,
561, and 525 cm™', while after Cd(II) adsorption, they
were observed at 3385, 1603, 1435, 1013, 930, 570, and
534 cm™. The peak shifts to the lower frequencies indicate
that the formation of composite bonds with Ni(II) and
Cd(II) requires less energy for vibration [33].

Fig. 3
hydroxyapatite and hydroxyapatite/MnFe,O, composite.

shows the surface morphology of
No significant change in the surface morphology of
hydroxyapatite after the composite was formed

occurred, but the composite surface appeared to be more

(d}

Transmittance (a.u.)

4000 3500 3200 2300 2400 2000 1800 1200 200 400
Wavenumber (cm-1)

Fig 2. FTIR spectra of (a) hydroxyapatite and (b)
hydroxyapatite/MnFe,O, composite (c) hydroxyapatite/
MnFe,O; composite after Ni(II) adsorption and (d)
hydroxyapatite/MnFe,O, Cd(II)
adsorption

composite  after
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compact than hydroxyapatite. MnFe,O, is deposited
randomly on the hydroxyapatite surface. Table 1 shows
the composition of the hydroxyapatite and
hydroxyapatite/MnFe,O, composite due to EDX analysis.
In this research, the Ca/P molar ratio of hydroxyapatite
was 1.65, close to the theoretical value, i.e., 1.67. The
presence of Mn in the composite shows that the process
of forming the composite succeed.

The

MnFe,Os composite were determined by using VSM at

magnetic properties of hydroxyapatite/
room temperature. Hysteresis curves show the magnetic
behavior of a material. Fig. 4 shows the saturation
magnetization of hydroxyapatite/MnFe,Os composite,
which is super magnetic with a saturation magnetization
of 21.95 emu/g. Another study reported that the
synthesize of MnFe,O,-activated carbon composite had a
saturation magnetization of 17.91 emu/g [34]. Thus, the
saturation magnetization value of the MnFe,O,-activated
carbon composite is smaller than the pure MnFe;Os,.

Table 2 presents the BET surface area, mean pore
diameter, and pore volume of the samples. It was found
that the surface area of hydroxyapatite/MnFe,O,
composite is more diminutive than hydroxyapatite. The
presence of MnFe,O, partially fills the pores of
hydroxyapatite; hence the surface area is reduced. The
hydroxyapatite/MnFe,O, composite has a mean pore
diameter larger than hydroxyapatite. MnFe,O, particles
possibly underwent agglomeration and are positioned on
the surface of the hydroxyapatite, which causes an
increase in the mean pore diameter [35]. The same
phenomenon was reported in MnFe;Oy-activated carbon
composites [29]. The presence of ferrite compounds
causes the surface area to decrease, and the mean pore
diameter increases.

The pH value at the zero charge (pHpzc) is one of the
adsorbent characteristics affecting adsorption capacity.

1475

The pHpzc value provides information about the nature
of the hydroxyapatite/MnFe,O, composite surface
charge. Under the condition of pH solution < pHpzc, the
composite surface is positively charged, and conversely,
it is negatively charged if the pH of the solution > pHpzc
[36]. In this study, the pHpzc of hydroxyapatite/MnFe,O,
composite was 5.8 (Fig. 5).

Batch Sorption

The batch adsorption method was used to study
the adsorption properties of hydroxyapatite/MnFe,O4
composite against Cd(II) and Ni(II) ions. This research

23 1

Magnetic moment (emuig)
L
]
)
o
o
-2

-15,
0

_oc,
Field (tesla)

Fig 4. Magnetic saturation of hydroxyapatite/MnFe,O,
composite

Table 1. Element composition of hydroxyapatite and
hydroxyapatite/MnFe,O, composite

Percentage (%)

Element . ;
Hydroxyapatite Composite
P 18.72 9.12
O 41.35 36.42
Ca 39.93 19.20
Mn - 11.06
Fe - 24.20

Table 2. Characteristic of hydroxyapatite and hydroxyapatite/MnFe,O, composite using the BET method

Characteristic Hydroxyapatite Hydroxyapatite/MnFe,O, composite
BET surface area (m?/g) 110.5 97.8

Average pore diameter (nm) 7.92 10.52

Pore volume (cm?/g) 0.41 0.32
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Initial pH
Fig 5. pHpzc of hydroxyapatite/MnFe,O4 composite

studied the influence of pH, contact time, and initial

concentration on the adsorption capacity of
hydroxyapatite/MnFe,O, composites. pH is one of the
essential variables in the adsorption process. The
adsorption mechanism depends on the pH of the solution,
which affects the degree of ionization, the adsorbent
surface charge, and the adsorbate speciation [1].
Adsorption of Cd(II) and Ni(Il)
hydroxyapatite/MnFe,O, composites was carried out in
the pH range of 2-8 (Fig. 6). The concentration of Cd(II)
and Ni(II) ions was 10 mg/L in 100 mL, the amount of
hydroxyapatite/MnFe,O, composites was 0.1 g.
Therefore, the optimum pH was 6 for Cd(II) and Ni(II)
ions. Under the condition of pH < pHpz, the

hydroxyapatite/MnFe,O,

ions by

composite was negatively

charged, so competition occurred between H* ions and

=

Adsorption {mgig)
2 = P L e LR R - B0 W o

—e— Cd(ll) —— Ni(ll)

1 2 3 4.5 & 7 B 9
p
Fig 6. Effect of pH solution on the adsorption of Cd(II)

and Ni(II) ions by hydroxyapatite/MnFe,O4 composite

[=]

Indones. J. Chem., 2021, 21 (6), 1471 - 1483

metal ions. Consequently, the adsorption capacity
decreased. Under the condition of pH > pHpzc, the
hydroxyapatite/MnFe,O, composite has a negative
charge resulting in electrostatic attraction with
positively charged Cd(II) and Ni(II) ions, thus
increasing the adsorption capacity. Another author
reported the same results that the optimum pH of the
of Cu(Il) and Cd(II)
Fe;O4/hydroxyapatite/B-cyclodextrin composite is 6,
where the pHpzc adsorbent was 5 [26]. At pH above 7,
Cd(II) and Ni(II) ions bind to hydroxide and form
precipitate [14].

The effects of the initial concentration of Cd(II)
and Ni(II) ions on the adsorption capacity of

adsorption ions using

hydroxyapatite/MnFe,O, composites are depicted in
Fig. 7. The adsorption process was carried out with
adsorbent weight 0.1 g, solution volume of 100 mL, pH
6, and contact time of 60 min. As the concentration of
Cd(II) and Ni(II) ions increases, the more significant
number of Cd(II) and Ni(II) ions is being adsorbed by
hydroxyapatite/MnFe,O,  composite.  Interactions
between metal ions and hydroxyapatite/MnFe,O,
composite occurred due to electrostatic interactions and

ion exchange. The Ca(II) ions in hydroxyapatite can be

replaced by metal ions(M) according to the following
reaction [20,25].
Cayg (PO, )6 (OH), +xM?*" — Cajg M, (PO,)s(OH), ()

+xCa?*

&0 4

[ o= £n
[=] [=] [=]

Adsorption [mg/g)
o
=

o )
L=

—e— Cd(ll) —— Nill)

O 10 20 30 40 S0 60 70 80 90
Initial concentration (mgJL)

Fig 7. Effect of initial concentration on the adsorption of

Cd(II) and Ni(II) ions by hydroxyapatite/MnFe,O4

composite
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The contact time effect was evaluated under
experiment conditions as follows: 0.1 g of
hydroxyapatite/MnFe,O, composite, 100 mL of Cd(II)
and Ni(II) ions with a concentration of 60 mg/L, solution
pH of 6, room temperature with a contact time of 10-
150 min. Fig. 8 shows that the amount of Cd(II) and Ni(II)
ions adsorbed is proportional to the contact time until
equilibrium is achieved. Optimum contact times for
Cd(II) and Ni(II) ions were obtained at 90 and 100 min,
respectively.

Adsorption Kinetics

Adsorption kinetics study provides information
about optimum conditions, mechanism of sorption, and
possible rate-controlling step. In this study, the kinetics of
Cd(II) and Ni(II) adsorption by hydroxyapatite/ MnFe,O4
were evaluated based on two models, namely the pseudo-
first-order and pseudo-second-order models. The model
uses equations as follows [30]:

K

log(q, —q;)=logq, - 2.31)3 )
t 1t

RIS 3)
9t k2qe 9e

where q. (mg/g) is the adsorption capacity at equilibrium,
q: (mg/g) is the adsorption capacity at time t (min), and k;
(1/min) and k; (g/mg/min) are the pseudo-first-order and
pseudo-second-order constants, respectively.

Fig. 9 shows the graphs of the pseudo-first-order
and pseudo-second-order adsorption kinetics of Cd(II)
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and Ni(II) ions by hydroxyapatite/MnFe,O, composite.
The correlation coefficient (R*) value of the pseudo-first-
order is lower than the pseudo-second-order for both
Cd(II) and Ni(II) ions. However, R* for the pseudo-
second-order is closer to 1 (R* > 0.995), indicating that
the adsorption kinetics that is suitable for describing the
of Cd(I) and Ni(II) by
hydroxyapatite/MnFe,O, composite is the pseudo-

adsorption ions
second-order.

Table 3 shows the kinetics parameters of the
of Cd(I) and Ni(II) by
hydroxyapatite/MnFe,O, composite. The values of k;
and k, for Cd(II) ions were lower than those of Ni(II)
ions, indicating that Cd(II) ions were adsorbed more

adsorption ions

80 1

Adsorption (mglg)
[
L]

20 |
09 —a— Cd(ll} —s— Ni[ll
0
D 20 40 60 80 100 120 140 160

Contact time (min}
Fig 8. Effect of contact time on the adsorption of Cd(II)
and Ni(II) ions by hydroxyapatite/MnFe,O4 composite
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Fig 9. Pseudo- (a) first-order and (b) second-order kinetics

hydroxyapatite/MnFe,O, composite

of adsorption of Cd(II) and Ni(II) ions by
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Table 3. Parameters of kinetics for adsorption of Cd(II)
and Ni(II) ions by hydroxyapatite/MnFe,O4 composite

Parameters Metal ions
Cd(1n) Ni(II)

Pseudo-first order

R? 0.9121 0.9312

ki (1/min) 0.00351 0.00304

q. (mg/g) 3.841 3.838

Pseudo-second order

R? 0.9984 0.9970

k; (g/mg min) 8.1x10° 13.7x107°

qe (mg/g) 105263  98.038

quickly by hydroxyapatite/MnFe,Os composite than
Ni(II) ions. Furthermore, the q.value of Cd(II) ions is
higher than that of Ni(II) ions in the pseudo-first-order
and pseudo-second-order. studies
reported the adsorption of heavy metal ions followed
pseudo-second-order, i.e., Cd(II) and Ni(II) ions studied
using expanded perlite [12] and succinylated hay [15].

However, other

Isotherm of Adsorption

Two models of adsorption isotherm often used are
Langmuir and Freundlich's isotherm models. The
Langmuir isotherm model assumes monolayer
adsorption, in which the adsorption occurs in a limited
number and the active sites are localized and identical.
Meanwhile, the Freundlich isotherm model describes a
multilayer isotherm model with a heterogeneous surface

and non-uniform heat distribution. Furthermore, the

Indones. J. Chem., 2021, 21 (6), 1471 - 1483

adsorption energy decreases exponentially after the
adsorption process [3]. The equation that describes both
the Langmuir and Freundlich isotherm models is as
follows:

Ce_ 1 | Ce (4)
9e KLqmax Imax

loqq, =logK¢ +i10gCe (5)

where C. (mg/L) is the concentration of metal ions at
equilibrium, q. (mg/g) is the amount of metal ions
adsorbed at equilibrium, qm. (mg/g) is the maximum
number of metal ions absorbed per mass of adsorbent,
and K. (L/g) is the adsorption equilibrium constant. K¢
(mg/g(mg/L)" is the constant fo Freundlich and % is the
adsorption intensity.

Fig. 10 shows the Langmuir and Freundlich
isotherm adsorption models of Cd(II) and Ni(II) ions by
hydroxyapatite/MnFe,O, composite. The adsorption
parameters are presented in Table 4. The adsorption of
Cd(II) and Ni(II) ions follows the Langmuir isotherm
model. The correlation coefficient (R?) of the Langmuir
isotherm model was more significant than the
Freundlich isotherm model. The Langmuir isotherm
also indicates that there is no interaction between
adsorbates [26].

Ry is defined as a separation factor, and an essential
parameter in the Langmuir isotherm used to determine
the favorableness of the adsorption processes. If the
value of R, > 1, then the adsorption process is unfavorable,

0.7 (a) 245
-
081 181
0.5
y =0.0181x + 0.1258 1.6 y = 0.5495x + 08726
Re = 0.8963 Re = 0.8553 s
o 041 2
5 1.4
1
o5 1.2 4
' y = 0.0184x + 0.051 o Cal ¥ =0.5418x + 0.8343 s Cd(ll)
0.1 R L9 i L5 B Rz = 0.9571 * Nill
2 « Millly - !
0 T y y d T ' 0.8 - - ]
0 5 10 15 20 25 30 0 0.5 1 15

Ce

log C-

Fig 10. (a) Langmuir dan (b) Freundlich isotherm models adsorption of Cd(II) and Ni(II) ions by

hydroxyapatite/MnFe,O, composite
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Table 4. Parameters of isotherm for adsorption of Cd(II)
and Ni(II) ions by hydroxyapatite/MnFe,O, composite

Parameters Metal ions
cd(1n) Ni(II)

Langmuir isotherm

R? 0.9996 0.9963

K. (L/g) 0.3608 0.1677

Qmax (Mg/g) 54.348 47.393

Freundlich isotherm

R? 0.9553 0.9751

K¢ (mg/g(mg/L)"™ 9.36 8.02

n 1.819 1.678

Qexp (Mg/g) 52.810 47.330

while if Ry, < 1, then the process is favorable. The value R,
is determined based on the following equation:
1
Rj=—
14K Gy )

Co (mg/L) is the initial concentration. The results

(6)

show that the R, values for various initial concentrations
are between 0 < Ry <1. These findings indicate that the
adsorption processes are favorable. These results were
also confirmed by the values of n, which were n > 1,
indicating that the adsorption process is favorable. The n
values for the adsorption of Cd(II) and Ni(II) ions are
1.819 and 1.678, respectively.

The adsorption capacity data results showed that the
calculated adsorption capacity (qmax) Was greater than that
of the experiment (Qep) for both metal ions. The

1479

maximum adsorption capacity of
hydroxyapatite/MnFe,O, composite for Cd(II) ions is
54.3 mg/g greater than Ni(II) ions, 47.3 mg/g. The
effectivity of adsorption depends on the size of the ions
in solution, ionic radius, and atomic mass [37]. The ionic
radius of Cd(II) (109 pm) is greater than Ni(II) (83 pm),
so it is reasonable that the adsorption capacity of
hydroxyapatite/MnFe,O, composite for Cd(II) ions is
The other research reported that the
selectivity of metal ions against calcium alginate is Pb >
Cu > Cd > Ni > Zn > Co, based on equilibrium constant
(K). Kca value (172 kg L/mol?) is greater than Ky; (30.8 kg
L/mol*) [38]. Table 5 shows the adsorption capacities of
several adsorbents against Cd(II) and Ni(II) ions. The

adsorption

greater [1].

capacity of hydroxyapatite/MnFe,O4

composites is greater than other adsorbents.
Desorption

In this study, hydroxyapatite/MnFe,O4 composite
regeneration was carried out using two eluents, namely
NaCl (inorganic eluent) and EDTA (organic eluent)
Cd(I) and  Ni(II) ions
hydroxyapatite/MnFe,O, composite desorbed easier
when using NaCl compared to EDTA (Fig. 11). The
NaCl
electrostatic attraction or ion exchange, whereas when

solutions. from

desorption mechanism  using involved

desorption is using EDTA, it occurs due to the chemical
bond formed by the chelating agent [1].

Table 5. The adsorption capacity of several adsorbents against Cd(II) and Ni(II) ions at room temperature

Adsorption capacity (mg/g)

Sorbent pH Ca NI Reference
Expanded perlite 6 1.791 2.24 [13]
Chitosan-Methylmethacrylic acid 5 2.42 1.13 [1]
Bottlebrush seeds 6 39.525 - [39]
Ag-MnFe,O4-bentonite 6 48.31 - [2]

Green longan hull 5 4.19 3.96 [14]
Calcium alginate beads (CA) 6 38.049 14.668 [3]

Spent coffee ground (SCGs) 6 10.671 5.608 [3]
CA-SCGs 6 25.495 12.320 [3]
Graphite decorated manganese oxide 5 0.110 [30]
Callinectes sapidus biomass 6 29.23 29.15 [40]
Sludge 5 1.53 - [41]
Hydroxyapatite/MnFe,O4 composite 6 54.348 47.393 In this study
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60 1 (b)

Cd Ni

8 Adsorption Ni-1
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Fig 11. Adsorption-desorption of Cd(II) and Ni(II) ions using eluents (a) NaCl and (b) EDTA

Other studies on the desorption of Cd(II) and Pb(II)
ions from MnFe,O,-graphene showed that desorption
occurred electrostatically using HCl as an eluent [42]. The
percentage of desorption depends on the type of metal
ions and eluents used [25]. Desorption of Cu(II), Pb(II),
and Cd(II) ions adsorbed by spent-coffee-grounds shows
different results, i.e., citric acid is effective for desorption
of Cu(II) ions, calcium chloride is effective for desorption
of Pb(II) ions, and HNO; can properly desorb these three
metal ions.

m CONCLUSION

Hydroxyapatite/MnFe,O,  composite ~ having
magnetic properties was successfully synthesized to
adsorb Cd(II) and Ni(II) ions from solutions. The
optimum adsorption process for Cd(II) ions occurs at pH
of 6, initial concentration of 60 mg/L, and contact time of
90 min, while Ni(II) ions adsorbed optimally at a pH of 6,
initial concentration of 60 mg/L, and contact time of
100 min. The pseudo-second-order adsorption kinetics
best suit for describing the adsorption kinetics of Cd(II)
and Ni(II) ions by hydroxyapatite/MnFe,O, composite.
The adsorption capacity of hydroxyapatite/MnFe,O,
composite for Cd(II) ion (54.348 mg/g) is more

significant than Ni(II) ion (47.393 mg/g). The Cd(II) and

Ni(II) desorbed
hydroxyapatite/MnFe,O, composite using NaCl and
EDTA, provided that NaCl is a better eluent than EDTA.
It can be suggested that hydroxyapatite/MnFe,O4

ions can be from

composite can reduce pollutants, primarily metal ions,
in solutions. Hydroxyapatite/MnFe,O, composite has
magnetic properties; hence the adsorbent can be
separated simply by using an external magnet.

m ACKNOWLEDGMENTS

The author greatly thanks the Ministry of
Research, Technology and Higher Education of
Indonesia, who supports funding under the Hibah
Penelitian Dasar Unggulan Perguruan Tinggi 2020 (No.
0125.02/UN9/SB3.LP2M.PT/2020).

m AUTHOR CONTRIBUTIONS

Poedji Loekitowati Hariani, Muhammad Said,
Addy Rachmat, and Salni carried out the experiment.
Poedji Loekitowati Hariani and Muhammad Said
contributed to the synthesis and characterization of
materials, Addy Rachmat and Salni contributed to
adsorption and desorption data interpretation. Finally,
all the authors discuss and contribute to the final
manuscript.

Poedji Loekitowati Hariani et al.



Indones. J. Chem., 2021, 21 (6), 1471 - 1483

m REFERENCES

[1] Heidari, A., Younesi, H., Mehraban, Z. and
Heikkinen, H., 2013, Selective adsorption of Pb(II),
Cd(II), and Ni(II) ions from aqueous solution using
chitosan-MAA nanoparticles, Int. ]. Biol. Macromol.,
61, 251-263.

[2] Li, Q. Zhao, Y., Qu, D., Wang, H., Chen, J., and
Zhou, R., 2018, Preparation of Ag-MnFe,O,-
bentonite magnetic composite for Pb(II)/Cd(II)
adsorption removal and bacterial inactivation in
wastewater, Chem. Res. Chin. Univ., 34 (5), 808-816.

[3] Torres-Caban, R., Vega-Olivencia, C.A., and Mina-
Camilde, N., 2019, Adsorption of Ni** and Cd** from
water by calcium alginate/spent coffee grounds
composite beads, Appl. Sci., 9 (21), 4531.

[4] Liao, V.H.C,, Chien, M.T., Tseng, Y.Y., and Qu, K.L.,
2006, Assessment of heavy metal bioavailability in
contaminated sediments and soils green fluorescent
protein-based bacterial biosensors, Environ. Pollut.,
142 (1), 17-23.

[5] Soylak, M., Kars, A., and Narin, I., 2008, Coprecitation
of Ni**, Cd** and Pb** for preconcentration in
environmental samples prior to flame atomic
absorption spectrometric determination, J. Hazard.
Mater., 159 (2-3), 435-439.

[6] Kasprzak, K.S., Sunderman Jr., FW., and Salnikow,
K., 2003, Nickel -carcinogenesis, Mutat. Res.,
Fundam. Mol. Mech. Mutagen., 533 (1-2), 67-97.

[7] Sobhanardakani, S., and Zandipak, R., 2015,
Adsorption of Ni(II) and Cd(II) from aqueous
solutions using modified rice husk, Iran. J. Health
Sci., 3 (1), 1-9.

[8] Qdais, H.A., and Moussa, H., 2004, Removal of heavy
metals from wastewater by membrane processes: A
comparative study, Desalination, 164 (2), 105-110.

[9] Igiri, B.E., Okoduwa, S.L.R., Idoko, G.O., Akabuogu,
E.P., Adeyi, A.O., and Ejiogu, L.K., 2018, Toxicity and
bioremediation of heavy metals contaminated
ecosystem from tannery wastewater: A review, ]
Toxicol., 2018, 2568038.

[10] Thagi, B.S., and Gashi, S.T., 2019, Reverse osmosis
removal of heavy metals from wastewater effluents
using biowaste materials pretreatment, Pol. J. Environ.

1481

Stud., 28 (1), 337-341.

[11] Zewail, T.M., and Yousef, N.S., 2015, Kinetic study
of heavy metal ions removal by ion exchange in
batch conical air spouted bed, Alexandria Eng. J., 54
(1), 83-90.

[12] Torab-Mostaedi, M., Ghassabzadeh, H., Ghannadi-
Maragheh, M., Ahmadi, S.J., and Taheri, H., 2010,
Removal of cadmium and nickel from aqueous
solution using expanded perlite, Braz. J. Chem.
Eng., 27 (2), 299-308.

[13] Wijesinghe, W.P.S.L., Mantilaka, M.M.M.G.P.G,,
Peiris, T.A.N., Rajapakse, RM.G., Wijayantha,
K.G.U.,, Pitawala, HM.T.G.A., Premachandra,
T.N., Herath, HM.T.U., and Rajapakse, R.P.V],,
2018,
mesoporous hydroxyapatite with non cytotoxicity

Preparation and characterization of
and heavy metal adsorption capacity, New J. Chem.,
42 (12), 10271-10278.

[14] Guo, X., Tang, S., Song, Y., and Nan, J., 2018,
Adsorptive removal of Ni** and Cd** from
wastewater using a green longan hull adsorbent,
Adsorpt. Sci. Technol., 36 (1-2), 762-773.

[15] Lin, P., Wu, J., Ahn, J., and Lee, J., 2019, Adsorption
characteristic of Cd(II) and Ni(II) from aqueous
solution using succinylated hay, Int. J. Miner.
Metall. Mater., 26 (10), 1239-1246.

[16] Roy, S., and Das, P., 2016, Thermodynamic and
kinetics study of de-fluoridation in wastewater

(Hap) as
optimization using response surface methodology,
Front. Nanosci. Nanotechnol., 2 (3), 121-128.

[17] Hamzah, S., Yatim, N.I., Alias, M., Ali, A., Rasit, N,
and Abuhabib, A., 2019.
hydroxyapatite from fish scales and its integration

using  hydroxyapatite adsorbent:

Extraction of

with rice husk for ammonia removal in aquaculture
wastewater, Indones. J. Chem.,19 (4), 1019-1030.

[18] Iconaru, S.L., Heino, M.M., Guegan, R., Beuran, M.,
Costecu, A., and Predoi, D., 2018, Adsorption of
Pb(II) ions onto hydroxyapatite nanopowders in
aqueous solution, Materials, 11 (11), 2204.

[19] Le, D.T.,Le, T.P.T., Do, H.T., Vo, H.T., Pham, N.T\,
Nguyen, T.T., Cao, H.T., Nguyen, P.T., Dinh,
T.M.T., Le, H.V., and Tran, D.L., 2019, Fabrication

Poedji Loekitowati Hariani et al.



1482

of porous hydroxyapatite granules as an effective
adsorbent for the removal of aqueous Pb(I) ions, J.
Chem., 2019, 8620181.

[20] Dabiri, S.M.H., Rezaie, A.A., Moghimi, M., and
Rezaie, H., 2018, Extraction of hydroxyapatite from
fishbone and its application, BioNanoScience, 8 (3),
823-834.

[21] Idea, P., Degli Esposti, L., Miguel, C.C., Adamiano,
A, Tafisco, M., and Castilho, P.C., 2021, Extraction
and characterization of hydroxyapatite-based
materials from grey triggerfish skin and black
scabbardfish bones, Int. J. Appl. Ceram. Technol., 18
(1), 235-243.

[22] Zairin, D.A., and Phang, S.W., 2018, Calcination
time and temperature effect on natural
hydroxyapatite obtained from fish bones for bone
tissue engineering, Int. J. Eng. Sci. Technol., Special
issue August, 39-51.

[23] Hariani, P.L., Muryati, M., and Said, M., 2019,
Kinetic and thermodynamic adsorption of nickel(II)
onto hydroxyapatite prepared from Snakehead
(Channa striata) fish bone, Mediterr. J. Chem., 9 (2),
85-94.

[24] Hariani, P.L., Muryati, M., Said, M., and Salni, S.,
2020, Synthesis of nano-hydroxyapatite from
Snakehead (Channa striata) fish bone and its
antibacterial properties, Key Eng. Mater., 840, 293-
299.

[25] Dong, L., Zhu, Z., Qiu, Y., and Zhao, Z., 2010,
Removal of lead from aqueous solution by
hydroxyapatite/magnetite ~composite adsorbent,
Chem. Eng. ]., 165 (3), 827-834.

[26] Ansari, A., Vahedi. S., Tavakoli, O., Khoobi, M., and
Faramarzi, M.A., 2018, Novel Fe;O./hydroxyapatite/
B-cyclodextrin nanocomposite adsorbent: synthesis
and application in heavy metal removal from
aqueous solution, Appl. Organomet. Chem., 33 (1),
e4634.

[27] Ragab, A., Ahmed, I., and Bader, D., 2019, The
removal of brilliant green dye from aqueous solution
using hydroxyapatite/chitosan composite as sorbent,

Molecules, 24 (5), 847.

Indones. J. Chem., 2021, 21 (6), 1471 - 1483

(28] Shao, L., Ren, Z., Zhang, G., and Chen, L., 2012,
Facile synthesis, characterization of a MnFe,O./
activated carbon magnetic composite and its
effectiveness in tetracycline removal, Mater. Chem.
Phys., 135 (1), 16-24.

[29] Podder, M.S., and Majumder, C.B., 2016, Studies on
the removal of As(III) and As(V) through their
adsorption onto granular activated carbon/
MnFe,Os composite: Isotherm studies and error
analysis, Compos. Interfaces, 23 (4), 327-372.

[30] Do, Q.C., Choi, S., Kim, H., and Kang, S., 2019,
Adsorption of lead and nickel on to expanded
graphite decorated with manganese oxide
nanoparticles, Appl. Sci., 9 (24), 5375.

[31] Soejoko, D.S., and Tjia, M.O., 2002, Infrared
spectroscopy and X-ray diffraction study on the
morphological variations of carbonate and phosphate
compounds in giant prawn (Macrobrachium
rosenbergii) skeletons during its moulting period, J.
Mater. Sci., 38 (9), 2087-2093.

[32] Wang, P., Li, C., Gong, H., Jiang, X., Wang, H., and
Li, K., 2013, Effects of synthesis conditions on the
morphology of hydroxyapatite
produced by wet chemical process, Powder
Technol., 203 (2), 315-321.

[33] Yari Moghaddam, N., Lorestani, B., Cheraghi, M.,
and Jamebozorgi, S, 2019, Adsorption of Cd and Ni
from water by graphene oxide and graphene oxide-

nanoparticles

almond shell composite, Water Environ. Res., 91
(6), 475-482.

[34] Riyanti, F., Hariani, P.L., Purwaningrum, W., Elfita,
E., Damarril, S.S., and Amelia, 1., 2018, The
synthesis of MnFe,O;-activated carbon composite
for removal of methyl red from aqueous solution,
Molekul, 13 (2), 123-132.

[35] Danmaliki, G.I., and Saleh, T.A., 2016, Influence of
conversion parameters of waste tires to activated
carbon on adsorption of dibenzothiophene from
models fuels, J. Cleaner Prod., 117, 50-55.

[36] Kausar, A., Naeem, K., Hussain, T., Nazli, Z.1.H.,
Bhatti, H.N., Jubeen, F., Nazir, A., and Igbal, M.,
2019,

Preparation and characterization of

Poedji Loekitowati Hariani et al.



Indones. J. Chem., 2021, 21 (6), 1471 - 1483

chitosan/clay composite for direct rose FRN dye
removal from aqueous media: Comparison of linear
and non-linear regression methods, J. Mater. Res.
Technol., 8 (1), 1161-1174.

[37] Hossain, M.A., Ngo, H.H., Guo, W.S., Nghiem, L.D.,
Hai, F.I, Vigneswaran, S., and Nguyen, T.V., 2014,
Competitive adsorption of metals on cabbage waste
from multi-metal solutions, Bioresour. Technol., 160,
79-88.

[38] Jodra, Y., and Mijangos, F., 2001, Ion exchange
selectivities of calcium alginate gels for heavy metals,
Water Sci. Technol., 43 (2), 237-244.

[39] Rao, R.A.K., and Kashifuddin, M., 2014, Kinetics and
isotherm studies of Cd(II) adsorption from aqueous
solution utilizing seeds of bottlebrush plant
(Callistemon chisholmii), Appl. Water Sci., 4 (4), 371-
383.

[40] Foroutan, R., Mohammadji, R., Farjadfard, S., Esmaeili,

1483

H., Saberi, M., Sahebi, S., Dobaradaran, S., and
2019,
performance of Cd, Ini, and Pb bio-adsorption

Ramavandi, B., Characteristic  and
using Callinectes sapidus biomass: Real wastewater
treatment, Environ. Sci. Pollut. Res. Int., 26, 6336—
6347.

[41] Du, X., Cui, S., Fang, X., Wang, Q., and Liu, G,
2020, Adsorption of Cd(II), Cu(Il), and Zn(II) by
granules prepared using sludge from a drinking
water purification plant, J. Environ. Chem. Eng., 8
(6), 104530.

[42] Chella, S., Kollu, P., Komarala, E.V.P.R., Doshi, S.,

Felix, S.,

Saravanan, P., Koneru, V.L., Venugopal, V., Jeong,

S.K., and Grace, A.N,, 2015, Solvothermal synthesis

of MnFe,O4-graphene composite—Investigation of

Saranya, M., Ramachandran, R,

its adsorption and antimicrobial properties, Appl.
Surf. Sci., 327, 27-36.

Poedji Loekitowati Hariani et al.



1484

Indones. J. Chem., 2021, 21 (6), 1484 - 1490

Adsorption of Toxic Heavy Metal Methylmercury (MeHg) on Germanene in Aqueous

Environment: A First-Principles Study

Muhammad Rifqi Al Fauzan', Trias Prima Satya', Galih Setyawan’, Imam Fahrurrozi', Fitri

Puspasari', Juliasih Partini? and Sholihun Sholihun*

'Department of Electrical Engineering and Informatics, Vocational College, Universitas Gadjah Mada,

Sekip Unit III, Yogyakarta 55281, Indonesia

“Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas Gadjah Mada,

Sekip Utara BLS 21, Yogyakarta 55281, Indonesia

* Corresponding author:

email: sholihun@ugm.ac.id

Abstract: We perform first-principles calculations to investigate the adsorption process
of methyl mercury (MeHg) on germanene with the presence of water molecules. We

calculate the formation energy and density of states to determine the effect of the
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adsorption of MeHg on the structural and electronic properties of germanene. Our results
show that MeHyg is chemisorbed on germanene through a spontaneous reaction. The
calculated formation energy of the system is -1.61 eV. We also carry out charge

distribution and charge transfer calculations based on the Mulliken model to understand

the adsorption mechanism of MeHg.
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m INTRODUCTION

Mercury (Hg) poses a severe danger to humans and
the environment, e.g., Hg exposure causes a wide range of
health problems. This element can affect the lungs, brain,
and skin and cause permanent damage to the nervous
[1-2]. Anthropogenic and natural sources
contribute to the accumulation of Hg in soil. With

system
intervention from microbial methylation reaction,
inorganic Hg in the soil can be transformed into
methylmercury (MeHg), one of the most toxic forms of
organic Hg [3]. The MeHg molecule penetrates from soil
to aquatic systems through runoff. It can bioaccumulate
and biomagnify up the aquatic food chain. Therefore,
MeHg is a major hazard to humans [4].

Remediation techniques are needed to control
MeHg contamination in aquatic systems. Wang et al.
reported several techniques that are needed to counter the
MeHg pollution [5]. They explained the commonly used
and emerging remediation techniques such as stabilization
(solidification), nanotechnology, phytoextraction, etc. This
study uses the adsorption mechanism by using
germanene, as a host material. Germanene is a two-

dimensional germanium-based material analog of
graphene [6] and has been successfully grown on various
substrates such as Au(111) [7], Pt(111) [8], and AI(111)
[9]. Germanene exhibits strong sensitivity to chemical
and environmental changes. Previous studies showed
that germanene successfully adsorbs 3d transitional
metal atoms (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn)
[10], alkali metal atoms (Li, Na, and K) [11-12] and
various gas molecules [13]. From the calculated
adsorption energy, germanene more easily adsorbs small
gas molecules than silicene [14-15]. Therefore, the study
of molecule adsorption on germanene, particularly that
of a toxic molecule such as MeHg is necessary.

In the present work, we perform first-principles
(DFT)
investigate the capability of germanene to adsorb the

density-functional-theory calculations  to
heavy metal MeHg in aqueous conditions. Supercell
with 32 atomic sites is involved, and all atoms are relaxed
to find the optimized geometry. We calculate the
formation energy (Em), the density of states (DOS), and
charge transfer to study the adsorption mechanism of
MeHg in germanene.
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m COMPUTATIONAL METHODS

The DFT calculations are performed using OpenMX
(Open-source package for Material eXplorer) code [16-
18] based on pseudo-atomic localized basis functions. In
this code, the norm-conserving pseudopotential is used
[19], and the wave functions are expanded by a linear
combination of multiple pseudo-atomic orbitals [17-18].
The exchange-correlation functional is evaluated using
the generalized gradient approximation with the Perdew-
Burke-Ernzerhof method [20]. A 25-point grid is applied
in the Brillouin zone integration. The energy convergence
of the self-consistent calculations is adjusted at 10 Ha.

In this study, we use a supercell model in which the
germanene surface lies on the x-y plane (Fig. 1). The
supercell is generated by using a two-atoms unit cell with
the optimized lattice constant. Lattice parameter
optimization is carried out using the Murnaghan
equation of states as follows [21-26]:

1-B,
E(V)=E,+ByV, ;[VLJ +L{V1J— ,1 (1)
By (Bo 1)L Vo By\ Vo) By-1

where Eo, Vi, By, and Bj are the fitting parameters

calculated at the constant volume. E, is total energy, and
V is lattice volume while B, and B, are bulk modulus and
its first derivative, respectively.

A 20 A vacuum parameter, which is large enough to
prevent interactions between adjacent layers, is applied
perpendicularly to the germanene surface (Fig. 1(b)). A
4x4x1 supercell containing 32 atoms is used as the host

(a)
Fig 1. Pristine germanene supercell: (a) front-view overlaying the x—y plane and (b) side-view showing the vacuum
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material. To model the aqueous environment, we
introduce water molecules on the surface of germanene.
We then calculate the formation energy Eg,m and charge
transfer. The Efm is defined by using the following
equation [27-31]:

Eform = Esubs/host - (Esubs + Ehost) (2)
where Equbs, Enosts and Equpomost are the total energies of the
isolated substrate, clean host material, and adsorption
system, respectively. The same size of the unit cell is used
for the system of interest. Using this definition, a
negative value of Esrm indicates spontaneous adsorption,
and a positive value refers to non-spontaneous
adsorption where the adsorbed state has more positive
energy than the isolated one. Thus, external energy is
needed to carry out the adsorption process. Meanwhile,
the charge density difference was obtained by
subtracting the total charge of the adsorption system
from the individual charges of the isolated substrate and
the host material [14,31], as follows:

AP = PMeHg/Ge _(pMeHg + pGe) (3)
where puyerg Pce and puengce are the charge density of
MeHg with water molecules, germanene, and the
adsorption system, respectively.

m  RESULTS AND DISCUSSION
Germanene in an Aqueous Environment

We perform first-principles calculations of the
germanene supercell with the presence of water
molecules and MeHg molecule. We first optimize the

104

104

(b)

parameter in the z-direction. The purple balls denote germanium atoms
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germanene unit cell. The lattice constant of 4.06 A is
calculated using Eq. (1). This result agrees with the
previous calculations [6,25]. The lattice constant of
germanene is higher than that of silicene (3.86 A) [32]. As
for the bond lengths, the calculated Ge-Ge bond (d) is
2.46 A, which is slightly higher than that of the Si-Si bond
in silicene (2.24 A) [33]. This result is in agreement with
the results of previous theoretical [25,34] and
experimental studies [7].

We next calculate the formation energy Efm using
Eq. (2) and found that the system of germanene with
water molecules (H,Os/G) has Egm of +0.05 eV. The
positive value of Egm implies the endothermicity of the
adsorption process. Therefore, the adsorption only occurs
in the presence of external energy.

We calculate the DOS to determine the electronic
120 [ (&)
100 }

gl r

7]

gﬁﬂ'

50}

20F 4

Indones. J. Chem., 2021, 21 (6), 1484 - 1490

properties of the systems. Our results show that the
presence of water molecules on the surface of germanene
causes no change in the electronic state near the Fermi
level, i.e., the shape of the DOS is the same, and there is
no gap created. As shown in Fig. 2(a), the electronic state
of pristine germanene is a semimetal with a zero
bandgap at Dirac point. With the presence of water, the
electronic state remains the same as in the pristine
germanene (Fig. 2(b)). The difference in magnitude of
the DOS at some energy ranges, e.g., at about -5 eV and
+8 eV, is due to water molecules in the system.

Adsorption of MeHg on germanene

We introduce the MeHg molecule on germanene
with water molecules, that is, MeHg/G. Fig. 3 shows the
stable structure of this system. The calculated Efm of

1210 (b}
104

&0

£r
Yy
I=1

| |
|“ | “wl
| & | 0| [
\ .m. ﬂ%*ﬂ Jﬁ1 |
| P -TJ I

0
E—E= (eV)

o 10

Fig 2. The density of states (DOS) of (a) pristine germanene and (b) germanene with water molecules. The Fermi level

is set to zero
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Fig 3. Stable structure of MeHg adsorption on germanene
in aqueous condition. The black, yellow, green, red, and
purple balls denote mercury, carbon, hydrogen, oxygen,
and germanium atoms, respectively

MeHg/G is -1.61 eV. In contrast to the H,Os/G system,
the interaction between MeHg and germanene indicates a
spontaneous reaction (negative Eqm). Therefore, the
adsorption of MeHg on germanene easily occurs without
external energy.

Calculations for electronic properties showed that
the DOS of germanene changes after adsorbing MeHg
(Fig. 4). The MeHg adsorption opens a narrow bandgap,
making germanene a semiconductor with a 0.20 eV
bandgap. Ye et al. reported a similar result: germanene has
a narrow bandgap ranging from 0.02 eV to 0.31 eV after
adsorbing several alkali metal atoms [12].

The adsorption mechanism can be investigated by
considering charge transfer between atoms in MeHg and
calculate the difference

germanium. We charge

120
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distribution Ap as expressed in Eq. (3) to investigate the
presence of charge transfer between two materials. Fig. 5
shows the isosurface of the charge and indicates the
charge transfer between germanene and MeHg in an
aqueous environment.

We then employ the Mulliken charge analysis to
evaluate the net charge transfer between the materials.
We observe that germanene loses its electron charge by
about 0.25 e. On the other hand, heavy metal MeHg in
an aqueous environment receives electron charge from
germanene. This result agrees with the charge difference
distribution as plotted in Fig. 5, where the depletion and
accumulation of charges are observed between MeHg
and Ge atoms of germanene.

Fig 5. Charge difference distribution of the MeHg/G
system. Red and blue areas illustrate the accumulation

and loss of charge, respectively. Electron charges move
from blue to red areas
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Fig 4. DOS of MeHg/G system with magnification around the Fermi level
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Atomic Path

At the initial geometry, the Hg atom is placed on the
center of the honeycomb structure of germanene with a
vertical distance of 2.5 A to the surface of germanene (Fig.
6). During relaxation, the Hg atom diffuses to the Gel atom
and creates a covalent bond. The calculated bond length
of Hg-Gel is 2.84 A in the transition geometry, whereas
the bond length shortens to 2.70 A in the final geometry.
The presence of MeHg affects the position of its adjacent
atoms particularly Gel-Gel3. As a result, the atoms
undergo vertical distortions in various magnitudes, as
listed in Table 1.

In the final geometry, the formation of MeHg
remains as that of its molecular form with the Hg-C and
C-H bond lengths of 2.19 and 1.11 A, respectively. Given
that MeHg is symmetric under C; (rotation by 2m) and
symmetric under the vertical mirror o, it shows a Cs,
symmetry. Meanwhile, the water has a C,, molecule with
the O-H bond length of 0.99 A.

m CONCLUSION

We perform DFT calculations to investigate the
adsorption mechanism of MeHg on germanene with the
presence of water molecules. MeHg is chemisorbed on
germanene with a Eqm of -1.61 eV. To determine the
mechanism of interaction, we carry out charge difference

Energy (eV)
b
[ )
[}

-5.80

-8.16

aTransition geometry

e
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distribution and charge transfer calculations. Our results
show that germanene distributes an electron charge of
0.25 e to MeHg under aqueous conditions.
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Table 1. Magnitudes of vertical distortion of MeHg
neighboring atoms. The values are obtained by
subtracting the initial state coordinates from the final
state coordinates. Positive and negative values indicate
that the Ge atom is moving away and moving closer to

MeHg in the z-direction, respectively

Atom  Magnitude (A) Atom Magnitude (A)

Gel 0.23 Ge8 0.22
Ge2 0.40 Ge9 0.17
Ge3 0.52 GelO -0.03
Ge4 0.60 Gell 0.11
Ge5 0.98 Gel2 0.15
Geb 0.72 Gel3 0.59
Ge7 0.45

-.-::.:-.-.-;-»

Final geometry

Geometry change coordinates
Fig 6. Atomic path of MeHg/G system, the initial, transition, and final geometries are shown. The areas inside the

dashed rectangular are also illustrated in the top view for clarity. The zero level is referenced to that the energy of initial

geometry
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Accepted: August 26, 2021 ionophores in the presently fabricated electrodes A and B. Thus it was possible to build
DOI: 10.22146/ijc.66938 these electrodes that have attractive properties and expected behavior, namely, low

detection limits: 2.32 x 107 and 1.14 x 10 M Cu(Il), Nernstian slope of 29.13 and 30.85
mV/decade Cu(Il), broad concentration ranges from 3.98 x 107-1.00 x 1072 and 1.52 x
107°-1.00 x 107 M for sensors A and B, respectively, as well as short response time (ca. 3-
5 s) with distinct selectivity toward Cu(II) over the other cations and applicability over
the pH range 1.5-5.5 for miscellaneous samples: aqueous solutions, urine, and blood
serum. Thus, these sensors surpass many others towards fulfilling the intended function
of Cu(1l) determination in various applications.
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= INTRODUCTION element, exposure to high levels of copper is associated

Copper is one of the trace metals essential to all with gastrointestinal disturbances, Wilson disease

. . . . f h ion, iti .
organisms. Plants and animals need it even in small symptoms of hypertension, and - dermatitis  [7]

amounts for the proper function of the body. For Compounds of - copper are utilized in - various

example, in an average 70 kg human, the mass of copper applications such as fungicides, insecticides, and wood

element is 72 mg and plays several crucially important preservatives [8], which make liability for exposure for
biological roles: electron transfer systems in blue copper

proteins; O; storage and transport in hemocyanin and Cu

many people.
Advanced analytical methods requiring expensive

transport proteins ceruloplasmin [1]. Copper is mainly instrumentation are reported to determine copper(II)

obtained from food such as liver and nuts and whole grain (Cu(l) in various matrices at trace levels. These

products [2]. The Institute of Medicine recommended 10 methods are neutron activation analysis [9], X-ray
mg per day as an upper intake [3-5]. Copper deficiency

results in health problems such as anemia, growth

fluorescence [10], pulse polarography [11], inductively
coupled plasma emission spectrophotometry (ICP-ES)
[12], graphite furnace atomic absorption

retardation, heart failure, and  gastrointestinal
spectrophotometry (GF-AAS) [13], and flame atomic

disturbances [6]. Despite being a moderately toxic
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(FAAS) [14-16]. These
analytical techniques are highly sensitive and selective,

absorption  spectrometry
but they are quite expensive for developing countries.
Also, they require well-qualified laboratory personnel and
superior laboratory equipment. In addition, many of the
reported methods have some shortcomings, such as the
availability of sophisticated instruments, time-consuming
operation, tedious work, multi-step processes for pre-
concentration of the analyte, and low selectivity with
more serious interference problems [17].

The potentiometric analysis is the most often used
analytical procedure for analysis for it is simple, many
ligands have been used to determine Cu(II) [18-22].
However, these procedures have various limitations, such
as a high limit of detection, a narrow range, or
interferences from many ions. Modified carbon paste
(MCPE)
properties. Being chemically inert, robust, easy to prepare

electrodes have attractive characteristic
and use, having a renewable surface, low ohmic resistance,
and no need for an internal solution give a stable response
and are thus considered suitable for various applications
[23-25]. Educated selection of constituents and their
relative composition followed by relevant experiments to
spot the combination that gives the best response will
show up in the fabrication of new electrodes proven
helpful for implementation in the intended chemical
analysis. In this context, there are some reports on the
determination of Cu(II) ions using carbon paste electrodes
[18,26-28] that utilize different types of modifiers.

Schiff base ligands are readily prepared by
condensation of aldehydes and primary amines. These
ligands can coordinate many different metals and stabilize
them in various oxidation states [29]. Multidentate Schiff
bases have been widely used as ligands because they form
highly stable coordination compounds with metal ions.
These compounds have been found helpful as ionophores
in metal sensors [30]. Tridentate ligands with N, N, and O
donor atoms are considered hard Lewis bases. Cu(II) is
considered a hard Lewis acid. Hard Lewis acids and bases
have a preference in combination to form complexes.
Metal complexes of tridentate ligands such as N-, N- and
O-chelating ligands have received considerable attention

Indones. J. Chem., 2021, 21 (6), 1491 - 1504

for their attractive physicochemical properties. Cu(II) is
notable for more flexible bonding to many ligands,
especially non-symmetric polydentate ones.

In this contribution, two novel Cu(II)-selective
carbon paste electrodes based on tridentate Schiff base
ligands that strongly bind its ions were fabricated and
characterized. These electrodes have attractive properties
of low detection limits, wide linear concentration ranges,
fast response, selectivity, accuracy, and reproducibility
proven in applications for Cu(II) determination in
water, blood, and biological samples.

m EXPERIMENTAL SECTION
Materials

Chemicals of analytical grade were used and
obtained from commercially available sources. 2-
aminophenol, 2-aminobenzoic acid, and furfural-
dehyde were from Merck; salicylaldehyde from Riedel de
Haen. Reagent grade graphite powder and the
plasticizers: bis(2-ethylhexyl) adipate (DOA), dioctyl
phthalate (DOP), dibutyl phthalate (DBP), tris(2-
ethylhexyl) phosphate (DOPh), dioctyl sebacate (DOS),
paraftin oils (P.O.), and all-metal salts such as chlorides,
nitrates, and sulfates were from Aldrich. All materials
were used with no further purification.

Instrumentation

Electromotive force (EMF) measurements were
made using the following assembly:

Hg, Hg,Cly(s), KCl(sat.) || sample solution | carbon paste
electrode.

A digital millivoltmeter (SR-MUL-3800) was
utilized for potential measurements, a digital pH meter
(HANNA pH 211) for pH measurements, and a
saturated calomel electrode was used as a reference
electrode to complete the electrochemical cell
containing ion-selective electrodes. Elemental Analyzer
EA 1110-CHNS CE Instrument was used in the analysis
for carbon, hydrogen, and nitrogen. A PerkinElmer
FTIR spectrophotometer using a KBr disk was used to
record the infrared spectra of the materials in the range

4000-400 cm ™.
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Procedure

Synthesis of ligands

2-((2-Hydroxybenzylidene)amino)benzoic acid, as
shown in Fig. 1, was prepared as described in the literature
[31] by the reaction of equimolar amounts of 2-
aminobenzoic acid and salicylaldehyde in hot alcoholic
solutions. Similarly, 2-(furan-2-ylmethyleneamino)phenol
(Fig. 2) was prepared from furfuraldehyde and 2-
aminophenol [32]. The mixtures were allowed to stand
and cool. The red-orange solids that separated were
filtered off, washed with little amounts of the solvent, and
dried. The product ligands were confirmed by the infrared
and NMR spectra of both compounds. IR spectrum of 2-
((2-hydroxybenzylidene)amino)benzoic acid: 3233 cm™
(br, OH str), 1616 cm™ (C=N str). NMR spectrum: 6.49—
7.89 ppm (aromatic protons, 8.86 ppm (azomethine
protons), 10.27 ppm (OH), 10.71 ppm (COOH). IR
spectrum of 2-(furan-2-ylmethyleneamino)phenol: 3405
cm™ (br, OH str), 1643 cm™! for v(C=N), 1018 cm™ (s, C-
O str). NMR spectrum: 5.0 ppm (s, OH), 6.1-7.7 ppm (m,
aromatic) 8.45 ppm (s, CH imine).

Preparation of modified carbon paste electrode

A previously reported method [33] was followed to
prepare the modified carbon paste electrode. First,
weighed amounts of the ionophore, high purity graphite,
and plasticizers, as shown in Table 1, were thoroughly
mixed in plastic Petri dishes to make a uniformly wet

|
: b,
NI OH

H

Fig 1. The chemical structure of ligand 1 [2-((2-
hydroxybenzylidene)amino)benzoic acid]

D

HO
Fig 2. The chemical structure of ligand 2 [2-(furan-2-
ylmethyleneamino)phenol]
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paste used in constructing the sensors. Next, a 1 mL
polypropylene syringe (3 mm i.d.) was used as the
electrode body, and its tip was cut off. The paste was
packed in, and a copper wire was used for electrical
contact with the carbon paste. The paste was squeezed to
expel some of it out. The expelled amount was scraped
to expose a fresh mass at the tip of the electrode. The tip
was polished on smooth paper to make a shiny surface.
The plunger of the syringe was forced in to expel the
paste at the tip. The expelled amount was scraped to
expose a fresh mass there. Finally, the paste was polished
on smooth paper to make a shiny surface. The electrode
was then used directly for potentiometric measurements
without pre-conditioning.

Selectivity of the electrode

The separate solution method (SSM) [23] and the
modified separate solution method (MSSM) [34] were
applied to check the potentiometric selectivity factors of
the electrode. The SSM involves measuring the potential
of a cell comprising a working electrode and a reference
electrode in two separate solutions, one of the Cu(II)
ions and the other of the interfering ion (J), measured
separately. The selectivity coefficient was calculated
from the following equation:

E
I_E 2+ Z 2+
pot _ Cu __Cu
lozchCuz+12+ = S +(1 Z] JlogaCuz+

where E; is the measured potential of the interfering ion,

S is the slope of the calibration graph, Zz+ is the charge
on copper ion, and Z; is the charge of the interfering
species respectively.

The modified separate solution method (MSSM)
involves measuring the potentiometric calibration
curves of the primary (I) and interfering ions (J) and
plotting the measured potential vs. the concentration of
ionic species, the Cu(II) ion or the interfering ion. The
potential corresponding to 1.0 M concentration is
obtained by extrapolation to zero potential. The
selectivity coefficients for the studied electrode are
calculated from the equation below:

E} —E(é

2+

pot _ u

logK =
Og Cu2+]Z+ S

2
Cu**
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Table 1. The paste compositions and the electrode characteristics of electrode A and electrode B

Composition (%)

No.

L g p S D.R. (M) LOD (M) R.S.D R(s)
Electrode A
Ligand 1
1 0.2 50.4 49.4 (P.O.) 30.89 7.45%107-1.00x107> 5.64x1077 0.87 4
2 0.5 50.3 49.2 (P.O.) 29.13 3.98x1077-1.00x1072 2.32x1077 0.75 3
3 1.0 50.0 49.0 (P.O.) 29.27 1.00x107°-1.00x107* 7.21x1077 0.81 3
4 2.0 49.5 48.5 (P.O.) 28.79 1.18x107°-1.00x10* 1.10x107¢ 1.24 4
5 3.0 490 48.0 (P.O.) 28.09 1.31x107°-1.00x10* 1.27x10°¢ 1.38 5
6 4.0 48.5 475 (P.O.) 28.86 2.00x1076-1.00x102 1.38x10°¢ 1.54 5
7 5.0 .480 47.0 (P.O.) 30.34 3.25x107°-1.00x1072 2.00x107¢ 1.43 5
8 10.0 45.5 445 (P.O.) 32.81 4.00x107°-1.00x107* 2.00x107¢ 1.57 5
Effect of plasticizers
9 0.5 50.3 49.2 (P.O.) 29.13 3.98x107-1.00x107> 2.32x1077 0.75 3
10 0.5 50.3 49.2 (DOP) 28.54 3.81x107°-1.00x1072 1.25x10°¢ 1.22 5
11 0.5 50.3 49.2 (DBP) 34.73 7.53%x107%-1.00x1072 4.84x10°¢ 1.35 5
12 0.5 50.3 49.2 (DOPh) 34.49 1.67x107-1.00x10* 1.18x107 1.77 4
13 0.5 50.3 49.2 (DOS) 35.18 4.13x107°-1.00x102 2.13x107¢ 0.98 5
14 0.5 50.3 49.2 (DOA) 29.91 3.87x107°-1.00x1072 2.86x107¢ 1.62 5
Electrode B
Ligand 2
15 0.2 51.1 48.7 (P.O.) 28.27 1.65x107°-5.00x10* 1.16x107¢ 0.87 5
16 0.5 50.5 49.0 (P.O.) 30.85 1.52x107°-1.00x107* 1.14x10°¢ 1.21 3
17 1.0 50.2 488 (P.O.) 30.00 1.59%107°-1.00x107* 1.37x10°¢ 1.33 3
18 2.0 49.7 48.3 (P.O.) 30.47 1.85x107°-1.00x10* 1.52x107¢ 1.17 4
19 3.0 492 478 (P.O.) 29.16 1.53x107°-1.00x10* 1.19x107¢ 0.98 4
20 4.0 478 47.3 (P.O.) 28.63 4.00x1076-1.00x102 3.21x107¢ 0.63 5
21 5.0 482 468 (P.O.) 30.06 2.74x107°-1.00x107* 1.55x10°¢ 0.63 5
22 10.0 45.7 443 (P.O.) 31.75 1.28x107°-1.00x107* 1.19x10°¢ 0.63 5
Effect of plasticizers
23 0.5 50.5 48.5 (P.O.) .3085 1.52x107°-1.00x10* 1.14x10°¢ 1.21 3
24 0.5 50.5 49.0 (DOP) 31.14 2.37%107°-1.00x107* 1.25x10°¢ 1.72 4
25 0.5 50.5 49.0 (DBP) 31.43 2.91x107°-1.00x107* 1.49x10°¢ 1.67 5
26 0.5 50.5 49.0 (DOPh) 31.69 2.67x107°-1.00x102 1.38x10~° 1.13 4
27 0.5 50.5 49.0 (DOS) 30.63 3.32x107°-1.00x10> 1.59x10°¢ 1.14 5
28 0.5 50.5 49.0 (DOA) 29.95 3.94x107°-1.00x10> 2.32x107¢ 1.93 5

L, Ligand; g, graphite; p, plasticizer S, slope (mV/decade); D.R., Dynamic range (M); LOD, low of detection (M); R, response time (s)

where log K‘éfltH o+ selectivity coefficient; Ef and EQ .+ are

values from the extrapolated to log(a) = 0 calibration
curves for every interfering species and copper ion, and
Scuz+ is slope of the copper electrode.

Determination of Cu(II) ion in water and biological
samples
Potentiometric titration method. Practically, a 25.0 mL

sample of 1.0 x 107 M Cu(Il) solutions was
potentiometrically titrated with 1.0 x 10> M EDTA.
Plots of the potential versus concentration were
constructed to get the curves representing the titrations
performed. The endpoints were taken at the sharpest
change in the slope of each titration curve.

Each titration was represented graphically by a plot
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of the measured potentials versus the corresponding
concentrations to obtain the titration curve of that
titration process. The endpoint is taken as the point that
marks the sharpest change in the slope of that curve. This
procedure is repeated for each titration.

Calibration graph method. This method involves the
addition of known different amounts of copper ion
ranging from 2.0 x 107-1.0 x 10> M to 50.0 mL of
distilled water and measuring the resulting potential using
the present sensors. The measured potentials were plotted
versus the logarithms of the Cu(II) activity at these points
representing the titration process to make the calibration
curve or the calibration line. This line was used to
determine the concentration of a copper ion in various
sample solutions by matching the measured potential
resulting from a particular sample to the concentration
corresponding to it on the line.

The measured potentials were plotted versus the
logarithms of the Cu(II) activity to build the calibration
curve. The determination is made by matching the
measured potential resulting from a particular sample to
the corresponding concentration on the line.

Analysis of Cu(ll) ion in biological fluids. Solutions of
1.96 x 107, 7.14 x 107%, and 1.66 x 10* M Cu(II) made by
spiking urine and copper samples ranging from 1.0 mL
down to 0.1 mL with proper amounts of Cu(II), stirring
for 5 min, transferred to 50.0 mL volumetric flasks,
diluted to volume and shaken to make homogeneous. The
resulting solutions were analyzed for Cu(II) by the
calibration curve method.

Analysis of water samples for Cu(II) ion. There is no
need for pretreatment of drinking water samples before
analyzing Cu(II) using the present sensors. Therefore,
50.0 mL samples of water were analyzed following spiking
of the samples with Cu(II) ranging from 5.0 x 107-5.0 x
10 M CuCl.

Potentiometric titration method. Titration of 20.0 mL
samples of copper solutions versus 0.1 M solution of
EDTA was performed by measuring the potential against
the volume of the titrant being added in small amounts.
Then, the potential was plotted against the volume of the
titrant. Finally, the endpoint was taken at the steepest
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change of the slope of the plot of the measured potential
vs. volume of volume added EDTA solution.

m  RESULTS AND DISCUSSION

Ion-selective  electrodes (ISEs) are sensors
commonly used to detect and determine certain ionic
species. The ISEs behave as ion-exchangers where the
analyte partitions into and out of the membrane or paste
material, but the counter ion does not. The ion-
exchanger site is confined to its phase in the paste and
does not partition into the sample solution. Charge
separation and a phase boundary develop, leading to a
local equilibration at this interface. The electrical
potential difference across the sample-membrane phase
boundary depends on the analyte concentrations at
these sites. Efforts toward the construction of selective
and sensitive sensors mainly depend on using effective
ionophores or ligands for binding the intended ion.
Logically, a ligand should selectively and strongly bind
the intended ion, which stems from its structure and
consequent properties, toward which extended research
was made over the years to design suitable electrodes for
various analytical purposes. Fabrication of new efficient
electrodes for some objectives follows these guidelines

[23-25].
Characteristics of the Electrode

A sensor is characterized by determining its
sensitivity as well as its linear working range and
selectivity coefficients. Essential features of a carbon
paste electrode depend on its constituents, namely the
properties of each component and its relative amount.
To be specific: graphite, ligands, the plasticizer
significantly affect the sensitivity and selectivity of the
Sensor.

Response of the present electrodes to Cu(ll) ions
Ionophore-based ISEs are lipophilic host
molecules with adequate polar functional groups for ion
recognition at sites covalently anchored onto the
backbone. They allow one to achieve a selectivity pattern
following the thermodynamically stable but kinetically
labile complexes with the analyte ion that forms in the
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membrane [35]. The selectivity depends on the structure
of the ligands and their relative amount in the paste. Most
ionophores are neutral and are highly lipophilic to be
with and retained by the
hydrophobic membrane phase resulting in operational

compatible strongly
sensor lifetimes ranging from weeks to years.

Lewis bases, also called ligands, are electron-pair
donors that form coordinate bonds to metal ions. Two
ligands were used in this work, namely: 2-((2-
hydroxybenzylidene)amino)benzoic acid (L1) and 2-
(L2),
shown in Fig. 1 and Fig. 2, respectively. They are

(furan-2-ylmethyleneamino)phenol which are
tridentate ligands that form two stable chelate rings on
complexation to a metal ion. However, the product
complexes have slightly different stabilities due to
differences in the size of the rings and the strength in
electron donation of the donor pendant atoms in these
ligands. For example, complexes of metal ions with L1
incorporate two 6-membered chelate rings, but those with
L2 incorporate the slightly more stable 5-membered rings.
However, the furan moiety in ligand 2 is a hard Lewis base
which is a strong donor, but L1 has the COOH moiety,
which is a weaker donor and both ligands have the phenol
moiety.

The potentiometric response of the present
electrodes A and B were tested for different cations such

200+

—e—Cu(ll)
180 1 —e— ()
160 Nadh)

NH4(1)
140 1 —a—Ba(ll)
120 o— Mg(lly

—— —e—2Zn(ll)

E —e—Nill)
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80 —e— Li(l)
&0 —e— Cadll)
—a—Pb(ll)
40
—s— Al
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p(M)
Fig 3. Potential response of various metal ions for sensor

A
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as Na(I), K(I), NH4(I), Li(I), Ca(Il), Zn(II), Ni(II),
Mg(1I), Ba(II), Mn(II), Cu(II), Co(II), Pb(II), and AI(III)
ions. The results of these tests are presented in Fig. 3 and
Fig. 4. These figures show that the responses of the
sensors are non-Nernstian for most of the tested cations.
The results are shown in Fig. 3 and Fig. 4 for electrode 1
electrode 2, respectively. It can be seen from these figures
that the responses of the sensors are non-Nernstian for
most of the tested cations.

Notably, Cu(II) has the closest Nernstian response
over a wide concentration range with a low detection
limit, indicating that these ligands may be used as
ionophores of copper(II) sensors.

Cu(II) is has a d’ electron configuration and adopts
a tetragonally distorted structure in its octahedral
complexes owing to the extra stability attained on this
lowering the symmetry. This ion exemplifies such
distortion. Moreover, this expected behavior can bond
many ligands more strongly over other cations under the
same conditions. This behavior amounts to selectivity to
Cu(II) over other ions encountered in the solution.
Cu(II) is considered a Lewis acid with intermediate
strength that prefers to bind ligands of similar strength
which means that copper(II) complex with L1 is more
stable than L2. Thus, it is a case of two competing factors
affecting the behavior of these ligands.

s —s— Cu(ll)

180 4 —e—K(l)
—o—NH4()
—=—Nall)
—e—Li(l)
——Ba(ll)
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Fig 4. Potential response of various metal ions for sensor
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First, we evaluated the net effect, which is the slightly
better sensor characteristics fabricated using L1. The
influence of the ligands L1 and L2 in the membrane
composition as the ionophore for Cu(II) on the
constructed electrodes' potential response was studied.
The corresponding results are summarized in Table 1.

Electrodes comprising different percentages of each
ionophore were prepared: 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0,
and 10% (w/w). The following electrode characteristics:
slopes, concentration ranges, detection limits, and
response times of the calibration curves of the above
electrodes were measured and shown in Table 1.
Inspection of the results showed that the electrodes
comprising 0.5% of the ligands: L1 and L2 indicate the
best response, closest to Nernstian behavior with
remarkable selectivity for Cu(II), are electrodes #2 and
#16 in Table 1. Increasing the relative percent of L1
resulted in a notable deterioration in the detection limit,
the slope, and the linear range of the electrode. This
behavior is most probably due to some inhomogeneities
and possible saturation of the paste [36]. Therefore,
electrode #2 was adopted in further applications. Similar
behavior was noted on L2, where electrode #16
comprising 0.5% as the ligand attained the lowest
detection limit. However, further additions of L2 from
1.0-10% displayed somewhat similar sensitivity, slope,
and linear range. Electrode #16 of this ligand comprises
the smallest amount of the ligand and gives the best
response, so it was also adopted in further applications.

Influence of the plasticizer

When making carbon paste, one must keep in mind
the mechanical stability of the paste and its active surface
[37]. This function is supposed to be carried by the
plasticizer, i.e., it is the main role of the plasticizer used in
the preparation of the paste. In addition, it should provide
high lipophilicity, a low tendency for exudation from the
paste matrix, and the capacity to dissolve the substrate
and other additives included in the paste. Good
knowledge of the properties of a plasticizer is necessary
for a suitable choice of one or more compatible with those
of other components of the paste, especially the
ionophore responsible for the primary function of the
electrode [38]. Thus, a suitable plasticizer improves the
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response of the electrode. Based on the structure-
function relationship, the properties of a plasticizer stem
from its chemical structure. It is possible to make the
anticipation of a suitable plasticizer effectively improve
the function of a certain ionophore. Plasticizers
normally have low polarity based on their low dielectric
constants. Choosing a plasticizer is based on the
empirical basis where several plasticizers are tested and
the one that best improves the electrode response is
selected for further work, and applications of the
electrode being fabricated. In this work six plasticizers
were tested and listed below with the values of dielectric
constants in parentheses, namely, DOS (er = 4.2), DOP
(er = 5.1), DBP (er = 6.4), DOPh (er = 4.8), DOA (er =
3.9) and P.O. (er = 2.2) and the results obtained are
shown in Table 1. Paraffin oil P.O. was found the most
effective among these plasticizers. As the present
ligands, L1 and L2 used as the ionophores, have
characteristically low polarity, it is expected that a
plasticizer with as low polarity as possible will work best
with these ligands. This expectation was experimentally
proven, as mentioned above.

Effect of graphite/plasticizer (g/p) ratio

Graphite and plasticizers are vital components of
an ISE as their sensitivity and selectivity depend on the
graphite to plasticizer ratio g/p. Therefore, electrodes
comprising the following g/p ratios: 0.75, 0.90, 1.00, 1.02,
1.05, 1.20, and 1.35 were tested to spot the one that
marks the best response. Tests showed that pastes with
g/p more than 1.35 are "crumbly”, indicating too much
graphite, and those with ratios smaller than 0.75
resemble "peanut butter”, i.e., contain more than enough
of the plasticizer that makes the paste not workable. The
electrode A
comprising G/P = 1.02 and electrode B comprising G/P
= 1.03, which reached the lowest detection limit and the
closest Nernstian slope. This mixture contains a little

best responses were attained with

more graphite necessary for efficient conductivity of the
paste and enough plasticizer (paraffin oil) to provide the
needed flexibility and workability and be sufficient to
dissolve the constituents of the paste. The optimum
physical properties of the paste were reached based on
enabling high enough mobilities of all of its components.
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Therefore, this ratio was adopted in further developments
of the present electrodes. Inspection of the results,
collected in Table 1 indicates that electrodes #2 composed
of 0.5% L1, 51.0% graphite, and 48.5% P.O. and #16 with
the same composition but using L2 instead of L1 gave the
best results and were adopted in more experiments
toward the complete characterization of these electrodes.

pH dependence

The influence of the pH of the analyte solution on
the potential of the present electrodes should be
determined. It was studied for 1.0 x 10 and 1.0 x 10° M
CuCl; solutions. The pH of the analyte solution affects the
potential of the present electrodes. Therefore, this effect
should be determined. Practically, it was studied in 1.0 x
107° and 1.0 x 10 M CuCl, solutions. The solution's
acidity was adjusted by adding small amounts of (1 M)
HCl or NaOH, and the resulting potentials were
measured. The results obtained using the two electrodes
are practically linear over the pH range 1.5-5.5, as seen
from the representative plot in Fig. 5 for electrode A
which that both
satisfactorily behave over this range. Testing the

collectively indicates electrodes
electrodes in a solution with a pH lower than 1.5 was not
performed as it is unlikely that Cu(II) analysis is requested
in such strongly acidic solutions. In solutions having pH
above 5.5, copper hydroxide precipitate as it has a
relatively low solubility product. More copper hydroxide
precipitates in solutions with higher pH, leaving lower
and concentrations

amounts of copper ion and

correspondingly lower measure potential.

Response time, homogeneity, surface-renewal, and
reproducibility

The response time of an electrode depends on the
membrane type and the interferents. Therefore, all
relevant measurements must be made under the same
experimental conditions when addressing this issue. It
indicates how fast the unstirrable layer of sample adhering
to the ISE membrane can be exchanged for a new layer
noting that routine potentiometric measurements are
associated with responses involving ion movements over
nanometers at the phase boundary of the sample and the
ion-selective membrane [39].
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In the present work, the response time was
measured by varying Cu(II) concentration over the
range 4.0 X 107-4.0 x 107> M for electrode A and from
4.0 x 107°-4.0 x 107 M for electrode B. It was found that
electrode A reached equilibrium in about 3 s, as shown in
Fig. 6 for electrode A and was slightly longer (about 5 sec)
for electrode B. The modified carbon paste electrodes are
famous for their attractive possibility of renewal of the
electrode surface whenever needed. The renewal is
achieved by squeezing a little carbon paste out of the tube
to expose a new amount which can be smoothed on a piece
of weighing paper to a shiny surface [40]. The procedure
requires making about 1.0 g of a paste with optimum
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composition by intimately mixing its ingredients. This
amount was suitable for use for over a month to get a
stable response without any deterioration. However,
more prolonged periods cause slight deterioration in the
measured potentials, likely due to the evaporation of some
of the incorporated plasticizers.

Homogeneity of the present electrodes was tested by
applying the electrodes for measurementina 1.0 x 10* M
Cu(II) solution which was repeated seven times on a
freshly exposed paste for each measurement as explained
above. The average relative standard deviation (R.S.D.)
for the proposed electrodes was ~0.91, which are
reasonable values. However, after five times of use, it was
noticed that the slope of the calibration graphs measured
using electrode 1 decreased slightly from 29.13-26.95
mV/decade, and the slopes measured using electrode 2
decreased from 30.85-26.73 mV/decade.

However, it was noticed that the slope of the
calibration graphs measured using electrode 1 decreased
slightly from 29.13-26.95 mV/decade after five times of
use. Similarly, the slopes measured using electrode 2
decreased from 30.85-26.73 mV/decade. This decrease is
likely due to surface contamination and memory effects
and makes polishing the electrode necessary to expose a
new fresh layer ready for use after each calibration. The
standard deviation of five replicate measurements of the
electromotive force (emf) is 1.23, 1.13 for electrodes A and
B in 1.0 x 107° M solution, and 0.98, 1.08 in 1.0 X 10° M
solution, respectively. These results indicate excellent
repeatability of the potential response of the electrodes.

Effect of temperature

The thermal stability of an electrode must be
checked and determined being one of its characteristics.
Practically, this is done by constructing the calibration
graphs of the electrodes in test solutions at different
temperatures covering the range of 20-50 °C. No
appreciable change was found in the calibration
characteristics of both electrodes over the temperature
range covered. These observations indicate the high
thermal stability of these electrodes.

Effect of other ions
Selectivity is a salient feature of an ion-selective
(ISE) and is primary

electrode considered its
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characteristic as it is constructed to do [41]. The
selectivity of an ISE is quantitatively related to equilibria
at the interface between the sample and the electrode.
The response of an electrode is generally affected by the
presence of other ions in solution, and the Nernst
equation should be modified to the simplified Nicolsky-
Eisenman equation [42].

Selectivity  coefficients depend upon the
composition of the paste and may take values ranging
from zero (indicating no interference) to greater than
unity (where the electrode responds to the interferent
more strongly than to the primary species). The
selectivities determined by the Eisenman equation are
of different

significantly contribute to the emf. Besides, Ky has

incorrect when two ions charges
different dimensions for different charges of the
interfering ion J**. If the charges are different, an
separate

method, is used to determine the selectivity [42]. The

alternative approach, modified solution
electrodes’ response towards different cations was tested
and measured as described in the experimental section.
For example, Ky = 1.0 for two ions with equivalent
responses. lons with low Ky values have less impact and
a lower interfering effect on the measured potential.
When Kj values are greater than 1, the ISE is more
responsive to the interfering ion. The resulting values,
presented in Table 2, show that these sensors display
significantly high selectivity for Cu(IlI) over many
common inorganic ions. It is noteworthy that the results
obtained from the two methods are different. The MSSM
produced much better values than those obtained by the
SSM, following expectations that the MSSM produces
unbiased, thermodynamic selectivity coefficients.

Recovery and Determination of Copper lons in
Urine and Serum Samples

Physiological concentrations of copper in human
blood 1.1-24 x 10° M.
Ceruloplasmin is an enzyme synthesized in the liver and

serum range from
is the main carrier of copper ions in the human blood.
Wilson's disease (WD) results from serum deficiency of
ceruloplasmin. The progression of this disease leads to a
significant increase of free copper ions circulating in the

bloodstream and accumulation of copper ions in organs
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Table 2. Selectivity coefficient for electrode A and electrode B

. . Electrode A Electrode B
Interfering species
SSM MSSM SSM MSSM

K() 4.14x1076 1.12x107¢ 5.46x107° 2.15x107°
NH,(I) 3.51x10°° 1.28x107¢ 7.33x107°° 1.48x107¢
Na(I) 4.72x1076 1.41x10°¢ 6.78x107° 2.74x10°°
Li(I) 3.25x107°° 1.77x1076 3.96x10°° 3.46x10°°
Ca(II) 5.41x10°° 1.98x107¢ 7.55%x107° 3.42x107°°
Ba(1II) 4.78x107° 2.13x10°° 8.89x10°° 4.26x107°
Zn(II) 6.33x107°° 4.15x10°° 9.11x10°° 6.32x107°
Ni(II) 3.78x10°° 2.42x107°° 8.63x10°° 5.93x10°°
Co(II) 5.19x10°° 2.38x10°° 7.76x107° 4.11x107°
Pb(II) 4.73x107¢ 3.22x107°° 6.19x107° 4.27x107°
Mg(II) 5.22x107° 3.17x10°° 6.13x107° 4.66x107°
Mn(1II) 5.31x10°° 3.77x107°° 7.36x107° 5.47x107°
AI(IIT) 3.31x10°° 1.88x107¢ 5.41x10°° 2.93x107°

Table 3. Analysis of Cu(II) in tap water and biological fluids samples using calibration curve method

Sample Taken (M) Found M) X% R.S.D.%

Electrode A

Serum 1.96x 10~ 1.91x 107 97.44 1.98
7.14x 107 6.93x 107 97.06 2.31
1.66x 10~ 1.61x 10™* 97.00 2.67

Urine 1.96x107° 1.92x107° 97.96 2.39
7.14x107° 7.01x107° 98.18 2.14
1.66x107* 1.62x107* 97.59 2.54

Drinking water ~ 5.00x1077 4.97x107 99.40 1.13
5.00x10°° 4.98x107° 99.60 1.04
5.00x10™* 5.00x107* 100.0 0.89
5.00x107 4.99x107 99.80 0.78

Electrode B

Serum 1.96x107° 1.89x107° 96.43 2.15
7.14x107° 6.94x107° 97.20 2.33
1.66x107* 1.60x107* 96.39 2.58

Urine 1.96x107° 1.90x107° 96.94 2.11
7.14x107° 6.98x107° 97.76 2.32
1.66x10* 1.62x10* 97.59 2.36

Drinking water ~ 5.00x107 493x 107 98.60 1.45
5.00x10°° 4.96x107° 99.40 1.21
5.00x10~* 5.00x10™* 100.0 1.18
5.00x107 4.98x1073 99.60 0.93

R.S.D.: relative standard deviation, the number of replicate measurements = 5; X: recovery

such as the brain, liver, and cornea (Kayser-Fleischer  patients [44]. Therefore, the 24-h urinary excretion of
rings) [43]. Basal 24-h urinary excretion of copper in WD Cu(II) is measured to aid in diagnosing WD that needs
is typically greater than 100 g (1.6 mol) in symptomatic ~ proper chelation therapy. The present electrodes were
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used to determine Cu(II) in spiked urine and blood serum
samples as recovery experiments. Tests showed that the
addition of 0.1 mL urine or blood serum did not affect the
further measurement of Cu(II) in the samples. However,
adding 1.0 mL of the body fluids significantly lowered
potential values measured by the electrodes. These
observations are in line with expectations based on blood
serum and urine properties as fluid extracts from the body
that generally contain amino acids and other ligands
capable of sequestering Cu(Il). After reaction and
consumption of the low added amounts of serum or urine
with an equivalent amount of Cu(Il), the rest of the
samples show linear response as anticipated. These test
results collectively indicate that the present electrodes
may be successfully used to determine Cu(II) in urine and
blood serum. The results collected using the calibration
curve method are presented in Table 3. Recoveries and
R.S.D. values range between 98.18-96.39% of Cu(II), and
2.67-1.98, respectively. Therefore, the present sensors are
applicable for the quantification of Cu(II) in urine samples.

Determination of copper ions in drinking water
samples

Similarly, Cu(II) in drinking water samples was
potentiometrically determined using these electrodes as
indicators, and the results are presented in Table 3. They
have reasonable recovery ranges of 100.0-98.60% and
R.S.D. ranges of 0.78-1.45, which indicates the electrodes
are satisfactory for analysis.

Titration of a copper solution with a standard EDTA
solution

Each of the present electrodes was applied as an
indicator in titration of 20.0-mL samples of 1.0 x 10~ M

21 (6), 1491 - 1504 1501

Cu** with a standard 0.01 M EDTA solution. The
resulting titration curve is shown in Fig. 7. These
electrodes provide accurate means for determination.

Comparison with Other Electrodes

The performance characteristics of the proposed
electrode A and those of some reported carbon paste
electrodes are compiled in Table 4 for comparison. The
detection limit of electrode A is lower than those of the
other electrodes. In addition, its working range is wider
than those of the others [18,26-28]. In brief, electrode A
excels the relevant electrodes and is more useful for the
intended applications with the aforementioned properties.

m CONCLUSION

Two competitive newly fabricated Cu(II)-selective
carbon paste electrodes have been built, characterized,

180

60

15 17 19 21 23 25
Volume of EDTA (mL)

Fig 7. Potential titration curves of 20.0 mL 1.0 x 10° M
Cu(II) solution with 1.0 x 10> M of EDTA of the
electrode A

Table 4. Comparison of the proposed Cu-CMCPE with reported electrodes

Modifier Slope

C.R. (M) LOD (M) R(s) Ref

2-N, N-dimethylcarbamimidoyl (met-formin) 30.2
2-((3silylpropylaminoethylimino) methyl) phenol in

presence of Ag-NP-AC 291
CuNiO/Gt nanocomposite 30.2
(3,4-dihydro-4,4,6-trimethyl-2(1H)-pyrimidine thione ~ 30.0
etioporphyrin I dihydrobromide 30.3
2-(furan-2-ylmethyleneamino) phenol 29.1

1.0x107°-5.0x102 3.3x10° 10  [17]
50x107-1.0x10"  2.5x1077 15 [28]

1.0x107°-5.0x10"2 1.0x10°® 5 [29]
9.77x107-7.6x102 7.0x1077 45 [30]
1.28x1075-1.28x102 8.99x107 5 [31]
3.98x107-1.00x107% 2.32x107 3 Present work
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and tested for applicability. Two Schiff base ligands, 2-((2-
hydroxybenzylidene)amino) benzoic acid and 2-(furan-
2-ylmethyleneamino) phenol, were utilized as the
ionophores of Cu(II) based on the distinct stability of
these chelating ligands and the flexibility of bonding
provided by Cu(II) over other cations. These sensors have
notably good characteristics: low detection limits: 2.32 x
107 and 1.14 x 10°® M Cu(II), Nernstian slope of 29.13
and 30.85 mV/decade Cu(II), wide concentration ranges
from 3.98 x 107-1.00 x 10 and 1.52 x 10°~1.00 x 107
M for the two sensors, respectively. Also, they have a short
response time (ca. 3-5 sec), distinct Cu(II) selectivity over
other cations, thermal stability up to 50 °C, and
applicability over the pH range 1.5-5.5 for miscellaneous
samples. They were proven successful in determining
Cu(II) in aqueous solutions, urine, and blood serum.
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Abstract: The study is based on the selective binding ability of the drug compound
procaine (PRO) on a surface imprinted with nylon 6 (N6) polymer. Physical
characterization of the polymer template was performed by X-ray diffraction and DSC
thermal analysis. The imprinted polymer showed a high adsorption capacity to trap
procaine (237 ug/g) and excellent recognition ability with an imprinted factor equal to
3.2. The method was applied to an extraction column simulating a solid-phase
extraction to separate the drug compound in the presence of tinoxicam and
nucleosimide separately and in a mixture of them with a recovery rate more than the
presence of tinoxicam and nucleosimide separately and in a mixture of them with a
recovery rate of more than 82%. Separation efficiency and excellent selectivity for
procaine were ensured using a mixed solution injected into an HPLC technique
consisting of a C18 column with a mobile phase mixture of water-acetonitrile (75:25)
at pH 3.3. The study of drug control using an imprinted polymer with procaine
compound showed that the complete drug release process is faster at pHI in a
maximum period of 80 min. The proposed method was successfully applied on some of
the available pharmaceuticals, and it showed high selectivity for the separation of PRO,
RE % was < 1.18, and RSD was less than 0.447.

Keywords: imprinting polymer; nylon 6; phase inversion method; solid-phase
extraction; procaine

m INTRODUCTION

Procaine [2-(diethylamino) ethyl4-aminobenzoate)
(Fig. 1) is considered a powerful aesthetic with anti-
inflammatory properties [1]. The main purpose of the
drug is to minimize intramuscular injection pain of
penicillin and dentistry. As the trade name in several
countries, novocaine is the generic name referring to
procaine. Its main performance is to block the sodium
channels. Because of its anti-inflammatory, mood-
improving, sympatholytic, and perfusion-enhancing
effects, it was used for therapeutic reasons in some
regions. PRO was prepared in 1905 for the first time
afterward, amylocaine. PRO is used for spinal anesthesia,
therapeutic, and local infiltration blockade [2].

Imprinted polymer technique is used to create
cavities or molecular fingerprints with high selectivity for
the analyte and using polymers for this purpose called

molecularly imprinted polymers. These cavities can be
specially designed according to different requirements,
thus demonstrating a high selectivity towards imprinted
particles. Moreover, the advantages of the MIP
technique are low cost, easy to synthesize, chemical and
physical stability, and re-use ability. Identification
cavities defined in an artificial polymer are referred to as
molecularly imprinted polymer (MIP). Recognition of
MIP mostly mimics biological routes that have been
employed in many fields [3], such as biological [4-6] and
chemical detecting [7-10], quantitative detection [11-
13], extraction, and purification [14-16]. Nylon 6 is
biocompatible, mechanically, and thermally stable. It
has been used in various sensors, the most important of
which is in DNA sensor chips. The preparation method
of molecularly imprinted nylon 6 is achieved by a phase
inversion method from the liquid phase to the solid phase.
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Fig 1. Chemical structure of procaine

There are many suitable solvents for polyamide, including
formic acid, hydrochloric acid, and acetic acid. The
polymer structure is characterized by being porous and
having very great importance [17]. The procaine
component is an amino ester local anesthetic acting on
the fast sodium channel to produce local anesthesia. This
anesthetic addition intends primarily to ease the pain of
IM injection in large enough doses to reach therapeutic
concentrations. Therefore it will be combined with other
drugs that the patient takes it. We choose tinoxicam and
nucleosimide as a matrix with procaine. This study
includes using nylon 6 as a suitable polymer for
establishing the molecular imprinting of procaine based
on its phase inversion to the purpose of the selective
separation and extraction of procaine in its pure form and
its pharmaceuticals.

m EXPERIMENTAL SECTION
Materials

Pure form (99.99%) pharmaceutical grade procaine
powder was obtained as a gift from State Corporation for
Drug Industries and Medical Appliances Samara/Iraq
(SDI). The chemicals and reagents used are of analytical
grade. The solutions used in this study were prepared as
the following: the stock solution of each procaine
(100 pg mL™), tinoxicam (SDI), and niclosemide (SEGMA)
drugs were prepared by weighing 0.01 g of the drug and
dissolving it in a 100 mL volumetric flack filled with
distilled water. K;HPO, (0.5 M) solution prepared by
dissolving 43.60 g in a 500 mL volumetric flask. Na,HPO4
(0.5 M) solution was set by dissolving 35.80 g in a 500 mL
volumetric flask. KH,PO4 (0.2 M) solution was prepared
by dissolving 13. 60 g in a 500 mL volumetric flask. NaOH
(0.1 M) solution was acquired by dissolving 0.40 g in a
100 mL volumetric flask of distilled water. Buffer solution
(pH 1) to simulate gastric fluids was prepared by adding
0.83 mL of HCI to a 50 mL volumetric flask and then

Indones. J. Chem., 2021, 21 (6), 1505 - 1513

completing the volume was completed to the mark with
distilled water while monitoring the pH. Buffer solution
of pH 6.8 was prepared to simulate intestinal fluids by
mixing 25.5 mL of KtHPO, (0.5 M) with 25.5 mL of
Na,HPO, (0.5 M) solution with continuous stirring by a
magnetic stirrer, while monitoring the pH with a pH
meter [18]. Buffer solution (pH 7.4) simulated blood
plasma was prepared by mixing 250 mL of KH,PO, at a
concentration of 0.2 M with 393.4 mL of 0.1 M NaOH,
with continuous stirring by a magnetic stirrer, while
monitoring the pH with a pH meter [18].

Instrumentation

All spectroscopic measurements were performed,
and absorption spectra were recorded on a Shimadzu
UV-Vis dual-beam spectrophotometer with an identical
1 cm quartz cell. HPLC KNAUER Wissenschaftliche
Gerdate GmbH, Germany, Ultra-Sonic devise, Germany
- SONOREX and XRD spectroscopy Shimadzu 6000,
Japan, Differential scanning calorimetry (DSC) of
samples were performed by DSC-60 system Shimadzu
company-Japan.

Procedure

Determine the maximum and
calibration curve for procaine

The maximal absorption of PRO was determined

wavelength

using the UV-Vis spectrophotometric method, which
involved pouring 1 mL of PRO from a 100 ug mL™" stock
solution into a 10 mL volumetric flask and filling the
flask with distilled water. Against the blank, the final
solution shows a maximum absorption at 290 nm.
Solutions of different drug concentrations were
prepared to study the calibration curve by taking
different volumes of the drug ranging from 0.1-1.4 mL
and placing them in 10 mL volumetric flask, then

completing the volume with distilled water to the mark.

Preparation of molecularly imprinted polymer (MIP)

Two chemicals, 1.6 g of N6 and 0.02 g for PRO,
were weighed separately and mixed well, dissolved in 20
mL of formic acid to prepare MIP (molecularly
imprinted polymer) against NIP (non-imprinted
polymer) that was prepared with the same procedure but
without PRO. After that, the mixture was agitated at
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room temperature for 5 min to achieve complete
dissolution. The mixture was then placed into 200 mL of
cold distilled water to solidify the polymer. After phase
inversion, the imprinted polymer was washed with
distilled water to eliminate the drug compound and leave
its imprint on the polymer surface. The washing was done
in an ultrasonic bath with 250 mL of distilled water for
15 min. Next, the polymer was filtered and rinsed with
50 mL of distilled water several times. Then, the MIP
polymer was allowed to dry at room temperature, after
which it was ground and stored. 1.53 g of PRO/N6-MIP
was obtained. Finally, for non-imprinted polymer (NIP),
all of the previous steps was repeated, but without the
PRO drug.

Pharmaceutical preparation

Devapen Injection, DEVA, Turkey (800 mg/2 mL).
The extraction sample was prepared by mixing the
contents of 10 vials of powder of the injection, then
weighing 0.01 g from the mixture and dissolving it in a
100 mL volumetric flask with distilled water to obtain
100 pg mL™" stock solution. Then 0.7, 1.0, and 1.3 mL was
drawn from the stock solution and placed in 10 mL
volumetric flask. The volume was completed with distilled
water. The extraction process was duplicated three times
under the same conditions.

Separation column design

A 20 mL glass syringe (150 mm x 20 mm) with a
mechanical press was used as a column. First, a double
layer of filter paper (WIN LAB, Germany, and 150 mm)
was placed inside the syringe, and then 0.5 g of MIP and
NIP were separately inserted into the column for the
initial study. After that, the mechanical press was
assembled as well.

The initial approach of solid-phase extraction by MIP
A 0.5 g for each PRO/N6 MIP and NIP were weighed
and placed in separation columns activated with 10 mL of
distilled water in five batches. First, 10 mL of a 10 g mL™"
drug solution was put into the column and permitted to
equilibrate for 5 min before being mechanically pressed.
Next, the solution extracted from the column was
collected in a 10 mL volumetric flask, and the absorption
was measured for those solutions with a UV-Vis
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spectrophotometer at 290 nm and room temperature for
PRO. The binding capacity was estimated by the
following equation [19]:
Cy—C.)xV

Q={Co=CexV 1)
Q (ug/g) is referred to the holding capacity for the MIP,
Co (ng/mL) was the primary concentration, V referred to
the primary sample solution volume, C. (pg/mL)
equilibrium

referred to the solution

concentration, W (g) referred to the MIP quantity in

sample

gram.

The dissociation constant K¢ was estimated by the
following equation [19]:

Q g @
C Ky

Q is the holding capacity, C. refers to the sample solution

e

equilibrium concentration, Qm. refers to the extreme
holding capacity, and Ki is the division constant
correlated with adsorption site attraction.

The calculation of the Imprinting factor IF was
done by the fraction of Qma-MIP to the Qmi-NIP and
then utilized to evaluate non-specific and specific
interactions [19]:

IF :M (3)

Qpnay (NIP)
Finally, the calculation of an accumulative rate of release
(%) was done by the following relation [20]:
M 100% (4)

0

M, is the increasing quantity of the drug at a specific

Accumulation release rate (%) =

time. M.. referred to the increasing quantity of the drug
at an endless time.

Binding performance assessment

In this study, the optimal circumstances for the
separation process were evaluated. Furthermore, the
factors affecting the efficiency of the binding capacity,
such as the quantity of MIP, the optimum temperature,
and the equilibrium duration, were also studied.

Scatter plot study of PRO

Different drug solutions were separately prepared
with concentrations ranging from 2-13 pg mL™ by
transferring 0.2-1.3 mL from a 100 pg mL™" stock
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solution by placing them in a 10 mL volumetric flask and
completing the volume with distilled water. After that, the
extraction process was performed with MIP and NIP at
optimum temperature and equilibrium time, and then the
absorption of the extracted solution was measured at
290 nm for PRO.

m  RESULTS AND DISCUSSION
The Absorption Spectra and Calibration Curve

The maximum wavelength of 10 pg mL™' PRO was
determined by a UV-Vis spectrophotometric. Fig. (2-3)
shows different concentrations of the drug with the
absorption spectrum and linear range that obey beers law.

Characterization of Imprinting Polymer

XRD identification

Fig. 4 presents the X-ray diffraction (XRD) structure
of NIP and MIP with procaine. The X-ray spectrum
reveals the three strongest crystalline peaks at 2-theta of
24.38°, 20.41° and 12.13°. The intensity of each peak
increased, indicating that the crystalline increased
because the pharmaceutical particle became a source of
nucleation, resulting in greater crystal growth [21].

DSC analysis

The sample was examined by weighing 25 mg of the
sample and increasing the temperature at a 10 °C/min
rate. As illustrated in Fig. 5, DSC analysis for NIP shows
the endothermic point at 199 °C which is related to the
melting point. The peak at 178.71 °C shows the process of
thermal recrystallization. On the other hand, the figure
shows that the melting point value of MIP did not change
much from NIP, appeared at 199.35 °C, while the peak of
recrystallization showed a clear difference and appeared
close to 163.21 °C.

Elementary Study of Solid-Phase Extraction by
PRO/N6-MIP

The first solid phase extraction attempt by each of
the MIP and NIP was done using the separation column
to 10 mL solution of the drug of 10 pg mL™' concentration
with an equilibrium time of 5 min. Following results
illustrated in Table 1 indicated a large variance in Q value
amongst imprinted MIP and non-imprinted polymer

Indones. J. Chem., 2021, 21 (6), 1505 - 1513

NIP, which confirms the effectiveness of templet
formation.

The Effect of PRO/N6-MIP Weight Study

Different weights were taken from the MIP,
ranging from (0.1-0.7) g, and the extraction process was
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Fig 2. (a) Absorption spectrum of 10 ug mL™" of PRO with
maximum absorption band at 290 nm, (b) Blank solution
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Muhammed Emad Abood and Sumayha Muhammed Abbas



Indones. J. Chem., 2021, 21 (6), 1505 - 1513

(=1

: 50 100 150 200 250 300
g &
5_3. ¥ — MIF
3 N NIP
-Gl &
- Ve
s N
T

i :

i

Temperature (*C)

Fig 5. DSC analysis for NIP and PRO/N6-MIP

Table 1. Adsorption capacity related to NIP, MIP, for a
10 pg mL™' PRO
Sample Abs

Ce(ugml™) Q(ugg™)

MIP 0.510 6.9 62.0
NIP 0.700 9.77 4.6
STOCK 0.725 10.00 -

executed under the same circumstances. Table 2 showed
that the weight of 0.5g of MIP gives the best binding
capacity at 67.20 pg g'. Q remains constant in the higher
weights, and the reason was the selective holes in
PRO/N6-MIP being saturated with PRO [22]. So it has
been established in the next study.

The Effect of Solution Temperature

Different drug samples were prepared with the same
concentration and applied with MIP and NIP to evaluate
the effect of temperature on the separation process. Fig. 6
showed that the temperature of 70 °C gives the best
binding capacity value equal to 136.80 ug g™ compared to
69 mg g for the NIP. The changes of Q with temperature
are due to many reasons, such as modification of hole size,
hydrophobic interaction, hydrogen bonding interaction
[23-25]. There is a strong inclination that the pore size in
the polymer is amplified with the increase in temperature.
Thus, pore size is an essential reason for the rise in
binding capacity with increased temperature, which
enables the approximation of PRO molecules to the
specific holes. [26].

The Effect of Equilibrium Time Study

The extraction process was performed with different
equilibrium times for the drug solution under the optimum
conditions. Results showed in Fig. 7 illustrated that the
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best holding capacity, 199.10 ug g, was obtained at
40 min, which was applied in subsequent studies.

The dynamic adsorption curves of the NIP, MIP
through
concentration over 1-60 min. As shown in Fig. 8, the Q

were  recognized observing  procaine

value of MIP improved rapidly after 5 min and reached

Table 2. The effect of PRO/N6-MIP weight on the

binding capacity

Sample(g) Abs  Ce(ugmL™) Qugg™)
0.10 0.650 9.02 19.60
0.20 0.631 8.74 25.20
0.30 0.617 8.53 29.40
0.50 0.491 6.64 67.20
0.60 0.491 6.64 67.20
0.70 0.491 6.64 67.20

160 =
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Fig 6. Isotherm curves of PRO/N6-MIP, NIP
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Fig 7. Dynamic curves of adsorption for the PRO/N6-
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its optimum equilibrium time at 40 min. After 40 min, the
Q value was nearly unaffected, suggesting that MIP
selective holes were saturated by procaine adsorption and
stabilized. The specific adsorption Q amplified through
time, signifying the procaine imprinting efficiency.
Results exposed that MIP could be utilized as a
transporter for the separation and adsorption of procaine
[20], and this was acceptable when compared with that
obtained by Surikumaran et al. [27].

PRO/N6-MIP Scatter Plot Study

Different drug solutions were prepared as
mentioned in the experimental part, and the extraction
process was performed with MIP and NIP at the
temperature of 70 °C, and an equilibrium time of 40
minutes. The results showed in Fig. 8(a, b) for MIP and
NIP, respectively.

Scatter plots were an additional examination of the
adsorption capacity, which was useful for assessing
adsorption positions. The Scatter plot (Fig. 8(a)) for MIP
exhibited two lines, the first positions with low affinity
and the other representing high-affinity positions,
suggesting that there were two different kinds of
adsorption spots (superficial positions besides cavities) in
the MIP. While the plot for NIP (Fig. 8(b)) showed the
same line of surface site in MIP (have the same slop), this
result is consistent with Ma et al. [19]. The positions of
low affinity showed a dissociation constant that was
similar to that of the non-imprinted polymer but greater

than that of the positions of high-affinity Table 3. The

positions of low affinity showed an IF, Qm. that was
superior to that of the positions of high affinity. The least
Qumax Was to that of the NIP. Thus, the results proposed
that positions of low affinity existed on the surface of the
MIP and the positions of high affinity situated in the
cavities of the imprinted polymer. The non-imprinted
N6 had only positions that were non-selective and on the
surface only [19].

The Selectivity of PRO/N6-MIP

Two different solutions were prepared by mixing
10 ug mL" of procaine with 10 yg mL"' for each
niclosemide and tinoxicam separately ina 10 mL volume
flask. Then the extraction process was performed to
separate procaine in the presence of the two different
matrices (niclosemide and tinoxicam). PRO/N6-MIP
showed very good selectivity for PRO with 85% recovery
compared with the NIP as shown in Table 4.

Extraction Efficiency Estimation of PRO/N6-MIP

The selectivity of PRO-MIP by HPLC technique
was studied, using a C18 column, the mobile phase was

Table 3. Maximum binding capacity (Qma) and
imprinting factor (IF) acquired by the Scatter plot for
procaine

Polymer Kq Qumax IF
MIP-high 0.058 191 1.42
MIP-low 0.137 237 1.76
NIP 0.147 134 -
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Table 4. Selective adsorption of the PRO/N6-MIP to PRO in the presence of niclosemide and tinoxicam

Matrix MIP NIP

Abs  C.(ugmL™') Q(pgg"' Rec(%) Abs Cc(ugmL’) Q(ugg') Rec(%)
Niclosemide 0.078 0.47 190.6 85.0 0.350 4.5 110 44
Tinoxicam 0.086 0.59 188.2 82.6 0.374 4.8 104 45

water-acetonitrile (75:25) modified to pH 3.3 by glacial
acetic acid at 40 °C, the sample was prepared by mixing
equal quantities of PRO with both tenoxicam and
Niclosemide. Fig. 9 showed a significant decrease in the
peak height of PRO extracted from PRO-MIP compared
to NIP and the mixture (PRO, CLP, and TNX) without
the extraction process.

Drug Release Study of PRO/N (6)-MIP

Three solutions were prepared with different pH
values: 1, 6.8, and 7.4 simulating to gastric, intestinal, and
blood plasma fluids, respectively. After that, MIP
performed the extraction process of a 10 ug mL™" solution
of the drug. In this process, the MIP polymer was
transferred from the extraction column and placing in
100 mL buffer solutions, and the absorption at different
periods was measured and plotted in Fig. 10.
release of PRO/N6-MIP was
conceded under stirring at 25 °C. The results specified
that the accumulative release rate of PRO was pH

The measured

dependant. The release rate in the acidic buffer was
remarkably faster than that of pH 6.8 and pH 7.4 because
procaine is a weak organic base. Thus it dissolved in the
stomach fluid effortlessly, leading to a breakdown of
imprinted N6. On the other hand, the imprinted N6
presented an excellent capability of PRO release control at
pH 7.4 and 6.8. This result is attributed to the selective
binding positions present in the polymer matrix that
gradually releases PRO. Therefore, imprinted N6 could be
exploited by way of possible unique substance to the
purpose of organized discharge, allowing the delivery of
procaine to a fixed position in the clinical uses [28].

Application of the

Pharmaceuticals

Proposed Method on

Pharmaceuticals in the form of Devapen injections
had been used, and the proposed method was applied to

these injections. Different volumes of pharmaceutical
solutions were taken with a final volume of 10 mL. The
extraction process was performed with MIP and NIP
under the same conditions. Table 5 showed that
PRO/N6-MIP gives a high selectivity for PRO extraction
from pharmaceuticals compared with NIP.
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Fig 9. HPLC chromatogram of (a) Mixture of 10 pg mL™
of each PRO, tenoxicam, and niclosemide, (b) The
mixture after extraction with NIP, and (c) The mixture
after extraction with PRO/N6-MIP
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Table 5. Application of the proposed method to the separation of PRO in dosage form
Pharma. Labeled  Conc. MIP NIP
Preparation amount  taken Ce. Q RE RSD Ce Q RE RSD
(mg) (ugml?) (ugml™D* (ugg) (%) % (ugmlD* (uggh) (%) (%)

Devapen 7 0.148 137.38 0.218 0.026 3.433 71.34  -47.957 0.991

injection/Turkey 800 10 0.475 190.78 -0.313 0.747 4.556 108.88  -43.181 0.846
13 1.010 239.80 1.180 0.004 5.452 150.96  -36.303 0.951

*Each measurement is repeated three times

m CONCLUSION

In this study, the polymer nylon 6 was molecularly
imprinted with procaine by a phase inversion method.
The molecular imprinting polymer was applied to
separate the drug compound successfully by using the SPE
technique. The study showed the importance of
experimental conditions for efficient separation,
extraction, and obtaining the highest binding capacity
value. The separation efficiency was monitored using the
HPLC technique, were showed good selectivity for the
drug compound in the presence of tinoxicam and
nucleosemide. The study showed the possibility of
efficiently using the imprinted polymer to study the
controlled release of procaine in different acidic media.
The proposed method was successful in separating PRO

in its pure form and in pharmaceuticals.
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Synthesis, Characterization and Antibacterial Activity Study of Cobalt(ll), Nickel(ll),
Copper(ll), Palladium(ll), Cadmium(ll) and Platinum(lV) Complexes with 4-Amino-5-
(3,4,5-trimethoxyphenyl)-4H-1,2,4-triazole-3-thione
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trimethoxyphenyl)-4H-1,2,4-triazole-3-thiol were synthesized and characterized by

Received: June 25, 2021 microelemental analyses (CHNS), Fourier-transform infrared (FT-IR), UV-Visible
Accepted: August 8, 2021 spectra, molar conductance, magnetic susceptibility and thermal analyses (TG-DSC). The
DOL: 10.22146/ijc.67021 ligand was synthesized by ring closure of potassium-2-(3,4,5-trimethoxybenzoyl)

hydrazine carbodithioate with an excess amount of hydrazine, and then was acidified
using hydrochloric acid. The ligand was used as Lewis bases to prepare metal complexes
through the reaction of ratio (1:2) metal:ligand. The ligand was characterized by '"H-NMR
and PC-NMR and the previously described methods to identify the complexes. The results
obtained from spectra and elemental analyses indicated the tetrahedral geometry around
Cd(Il) ion, square-planar for Cu(Il) and Pd(II), and octahedral geometry around Co(Il),
Ni(II), and P{IV). All the metal complexes showed significant antibacterial activity in
comparison with the free ligand. The antibacterial test of the platinum(IV) complex
showed higher activity than other metal complexes against bacteria Staphylococcus
aureus (G-positive) and Escherichia coli (G-negative).

Keywords: 1,2,4-triazole-3-thione derivatives; new metal complexes; antibacterial
activity

m INTRODUCTION electrophilic attacks on nitrogen are found in abundance
[1-2].

The 1,2,4-triazole parent consists of a five-
3-Mercapto-1H-1,2,4-triazol-5-yl derivatives have

membered aromatic ring containing three atoms of

. . . i ies, a thiol-thi
nitrogen, two of which are adjacent to a stable, water- been reported in numerous studies, a thiol-thione group

soluble solid. Tt is possible to envisage two tautomeric leading to an increase in biological activity linked to the

forms, 1H-tautomer and 4H-tautomer. Theoretical and triazole moiety [3]. In addition, the triazolethione

empirical approaches suggest that the preferred structure system is known as a cyclic analog of very significant

. . components such as thiosemicarbazides and
is the 1 H-tautomer. Two nitrogen atoms are connected to b

any carbon atom in 1,24-triazole, and thus, the ring thiocarbohydrazides, which are widely distributed in

. o s many organic reactions as a reactive building block
structure is deficient in electrons. For electrophilic attack, Y 018 &

. . o . leading to deferential heterocyclic rings and successful
the ring is deactivated so that nitration and other typical & Y &

. . . biological lications. Th 1 f to-1,2,4-
carbon reactions of aromatic chemistry do not occur to tological applications ¢ hucleus ol mercapto

. . triazole is also present in many natural products and
the parent compound. However, in the literature, p Y p

pharmaceuticals [4]. Those having 1,2,4-riazole thione-
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thiol derivatives have gained considerable importance in
medicinal chemistry due to their anticancer [5],
antitumor, anti-

fungicidal  [8],
antiepileptic, and anti-inflammatory activities [9]. The

antimicrobial [6], antioxidant,

tuberculosis, anticonvulsant [7],
interaction of these donor ligands and metal ions gives
complexes of different geometries, and a literature survey
reveals that these complexes are potentially more
biologically active [5]. Dallavalle et al. [10] synthesized
copper(II) and palladium(II) complexes of 4-amino-5-
methylthio-3-(2-pyridyl)-1,2,4-triazole. These complexes'
antiproliferative activity and ligands were assessed on
regular human fibroblasts (HF) and human fibrosarcoma
tumor (HT1080) cells. The copper(II) complex displayed
potent antiproliferative activity for both normal and
neoplastic cells. Al-Masoudi et al. [11], identified mixed
ligand complexes of 4,5-diphenyl-1,2,4-triazole-3-thione
(LH) Ph,P(CH,)nPPh,  with
platinum(II) and palladium(II). The antiproliferative

and  diphosphines

activity of these complexes was evaluated against a panel
of human cancer cell lines derived from hematological
CD4+ human T-cells with an integrated HTLV-1 genome
(MT-4). The platinum-based complex was the most active
in the series, with antiproliferative activity against various
cancer cell lines. The present work described the synthesis
of some transition metal complexes with bidentate ligand
4-amino-5-(3,4,5-trimethoxyphenyl)-4H-1,2,4-triazole-3-
thiol, and then antibacterial activity study of the ligand
and their metal complexes.

m EXPERIMENTAL SECTION
Materials

All starting materials, namely gallic acid and
hydrazine hydrate, were used in this study without further
purification. All chemicals including CoClL-6H,0,
CuCL-2H,0, NiClL-4H,O, CdCl-2H,0, H,PtCls:-2H,O
and PdCl, were procured from Sigma-Aldrich and CDH.

Instrumentation

Electrical conductivity measurements of the
complexes were made with 10~ M of DMF solvent at 25 °C
using WTW Cond 7300 digital conductivity meter.
Melting points of the ligands and their metal ion
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complexes were measured using Stuart SMP 10 UK at
the College of Pharmacy, the University of Babylon. The
electronic spectra of the ligands and their ion metal
complexes were recorded on an 1800-UV Shimadzu
spectrophotometer in the range of 200-1100 nm using
quartz cell of length 1 cm and concentration 10~ M by
using DMSO as a solvent at the College of Pharmacy,
University of Babylon. Infra-red spectra are recorded in
the range 4000-500 cm™ using KBr disk for the ligands
and Csl disk in the range 4000-200 cm™ for their
complexes (Bruker Optics, Japan) College of Pharmacy,
the University of Babylon. Magnetic susceptibility
measurements for the synthesized complexes have been
measured at room temperature using Auto Magnetic
Susceptibility Balance Model Sherwood Scientific at
Department of Chemistry, College of Sciences, Al-
Mustansiriyah University. The spectra of 'H-NMR and
PC-NMR have been measured using Bruker Bio-Spin
GmbH 400 MHz and 100 MHz instruments with
tetramethylsilane as the internal standard. The mass
spectra for the intermediate and ligand were recorded
with Shimadzu QP-1000EX GC/MS instrument, Japan,
at the Department of Chemistry, College of Sciences,
Mustansiriyah University. The metal contents of the
synthesized complexes were determined by using FL
Aspect LS 131 RC1 at Ibn-Sina Center, Baghdad, Iraq.
Thermal analysis of the synthesized ligand and its metal
complexes was measured using Shimadzu 60-H Thermal
Analyzer at Vit Vellore, Perkin Elmer STA6000 thermal
analyzer, the National Center for Research and
Development Science and Materials Engineering, Iran.
The ligands' carbon, hydrogen, nitrogen, and sulfur
contents and their metal ion complexes were recorded
on a Vario ELV5 CHNS Mode, S. No.: 11086109, at the
National center for research and development science
and materials engineering, Iran.

Synthesis

Synthesis of 3,4,5-trimethoxybenzoic acid (51)

Gallic acid monohydrate 25 g (0.133 mol) was
added to a cold solution of 40 g (1.0 mol) sodium
hydroxide in 250 mL water in a 3-neck round bottom
flask. The flask was closely stopped immediately, and the
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mixture was periodically mixed until all of the acids were
dissolved. First, dimethyl sulfate 0.36 mol (33 mL) was
added, and the flask was stirred for 20 min. In order to
prevent the temperature from increasing above 30-35 °C,
the mixture was kept cold. The cover was occasionally
lifted to release some pressure. Next, a second similar
volume of dimethyl sulfate was added, and stirring
continued for a greater range of 20 min. The temperature
increased to 40-45 °C during this second addition. The
flask was then fitted with a reflux condenser, and the
contents were cooked for two hours by stirring. Sodium
hydroxide (10 g) was then added to 15 mL of water, and
the boiling continued for an additional two hours. The
reaction mixture was then cooled and acidified with 5%
hydrochloric acid. The precipitated was filtered with
suction and washed well with cold water and
recrystallized from ethanol to give a compound of S1 as
given in Scheme 1 [12] Color (brown crystal), yield (85%),
M.p (170-172) °C, M.wt (212 g/mol), FT-IR (KBr, cm™):
broad bend v(O-H) (3020-2516), v(C=0) acid (1681),
vC-H aliph. (2945 and 2836).

Gallic acid 51 82

/Mk\

HaCO HaN

- \
N\(S
H,CO Q
N NH

H,CO

i- MClz.zH2O. M=Cof{ll). Ni{ll). Cuflly, Cd{lly, Pd{Il}, PLUI
C1-X¥ =Cl, 2n=0

Cz-x¥=ClL z2n=0

C3-X¥ =0, z=0n=2

C4-X¥ =0, z=1n=2

CE- XY =0, z=0n=2

CE- XY =Cl, z=2. n=2

ZH;G.nCl
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Synthesis of 3,4,5-trimethoxymethylbenzoate (S2)
Sulfuric acid (1.5 mL) was added dropwise to the
mixture of compound S1 (10.6 g, 0.05 mol) in 30 mL
methanol for 8 h. The mixture was heated under reflux,
and the reaction was controlled using thin-layer
chromatography (TLC). After cooling, the precipitate
formed and the methanol excess was evaporated. The
solid product was washed with a solution of sodium
bicarbonate, filtered, washed with cold water, dried, and
recrystallized from ethanol to give compound of S2, as
presented in Scheme 1 [13]: Color (white crystal), Yield
(95%), M.p (83-85 °C), M.wt (226 g/mol), Ry = 0.87
(ethyl acetate:chloroform, 1:2). FT-IR (KBr, cm™):
v(C=0) ester (1713), vC-H. (3079), v C-H aliph. (2951).

Synthesis of 3,4,5-trimethoxybenzohydrazide (S3)
To the solution of compound S2 prepared by
dissolving 9 g (0.04 mol) in 40 mL of absolute ethanol,
15 mL of hydrazine hydrate (80%) was added. The
mixture was refluxed for 14 h, the reaction was
controlled using thin-layer chromatography (TLC), and
then the mixture was allowed to cool down. Finally, a

GOCH,

OH
OCH, OCH, OCH, 2
HO
HaCO HaCO HiCO HiCO
b c d
=9 — o] o] 5! o]

HO el > ~

I HaCO c” H,CO c“ HaCO c” H,CO c”

aH | | |

OH OCH, HN._

|
HN

NH;
82

Reflux for (2-4 h}

a- NaOH, (CH332804 5% HCI
b- H2804,NaHC O, CHaOH

¢- N2H4 H2Q 80% C2H:0H

d- KOH.C82, CHaOH at 0G0 CaHsOCHs
&- NaH4 H2( 80% HCI pH=2-3

Scheme 1. Synthesis of L and their complexes C1-C6
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solid product was filtered, washed with cold water, dried,
and recrystallized from ethanol to give compound S3,
Scheme 1 [14]: Color (white), Yield (90%), M.p (160-
163 °C), M.wt (226 g/mol), R¢ = 0.25 (ethyl acetate:
chloroform, 1:2). FT-IR (KBr, cm™): v(NH>) asym. and
sym. (3366 and 3334), v(NH) (3292), v(C=0O) amide
(1651), vC-H arom. (3010), vC-H aliph. (2938).

Synthesis of potassium-2-(3,4,5-trimethoxybenzoyl)
hydrazine carbodithioate (54)

Compound S3 (4.5 g, 0.0195 mol) was treated with a
solution of 1.8 g (0.0321 mol) of potassium hydroxide in
35 mL methanol at 0 °C with stirring. Carbon disulfide
(0.2 mol, 7 mL) was added dropwise, and the reaction
mixture was stirred overnight at room temperature. And
then, 100 mL diethyl ether was added to cool the reaction
with stirred for 10 min. Finally, the solid product was
filtered, washed with cold methanol, and dried to give
compound S4, Scheme 1 [15]: Color (pale yellow powder),
Yield (95%), M.p (225-227 °C), M.wt (340 g/mol), FT-IR
(KBr, cm™): v(NH) (3275-3223), v(C=0)amide (1649),
v(C=S) (1262), vC-H arom. (2998), vC-H aliph. (2939).

Synthesis of 4-amino-5-(3,4,5-trimethoxiyphenyl)-4H-
1,2,4-triazole-3-thione, L

A compound S$4 (4.5 g, 0.0132 mol) in an excess
amount of hydrazine hydrate (about 25 mL) was heated
under reflux for 6 h. A color change of mixture from
black-green into light yellow is to release hydrogen sulfide
gas by changing the lead acetate sheet from black to white.
The reaction was controlled wusing thin-layer
chromatography (TLC). The cooled mixture was poured
into ice water (30 mL) and acidified with conc.
hydrochloric acid (pH = 2-3). The precipitate was filtered,
washed with cold water, dried and recrystallized from
ethanol to give ligand (L1), Scheme 1 [16]: Color (grey
powder), Yield (55%), M.p (214-216 °C), M.wt (282 g/mol),
R¢= 0.5 (ethyl acetate:chloroform, 1:2). FT-IR (KBr, cm™):
V(NH;) asym. and sym.(3300 and 3247), v(NH) (3189),
v(S-H) (2728), v(C=S) (1237).H-NMR (400 MHz,
CDCI3, § ppm): 10.33 (s, weak, SH), 7.46 (s, 2H,
aromatic), 4.89 (S, broad, NH,) 3.9 (s, 6H, 20CH,), 3.8 (s,

3H, OCHs;), "C-NMR (100-MHz, DMSO) 56.60, 56.65,
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60.64, 105.77, 125.86, 139,88, 149.63, 153.28, 167.09. MS
(m/z%): 282 [M"].

Synthesis of the metal complexes from (C1-C6)

Complexes were synthesized by dissolving 2 mmol
(0.564 g) of ligand L1 in 15 mL ethanol absolute and
mixing with 15 mL (1 mmol) of the metal ion
(CoClL:6H,0, CuCl-2H,0, NiClL-4H,O, CdCl-2H,0,
H,PtCle2H,O and PdCl, in 1:2 as a mol ratio of metal to
the ligand following Scheme 1. The mixture was left
under reflux for 2-4 h and then allowed the solid
complexes to be cooled and added 10 mL of diethyl ether
to precipitate. Next, the crystals were filtered and washed
with cold water and ethanol. It was followed with drying
and then recrystallized with ethanol. Table 1 shows the
percentage yield and physical characteristics of the
ligand and its complexes.

m RESULTS AND DISCUSSION

The metal complexes prepared in the recent study
were non-hygroscopic (stable at room temperature) and
amorphous solids. The solubility of the metal complexes
in common organic solvents was investigated. It was
discovered that all complexes were sparingly soluble in
methanol, ethanol, and chloromethane but were highly
soluble in DMSO, DMF, and chloroform. When the
results of (CHNS) tests agree with their calculated values,
the expected structures and molecular formulas are
verified. Except for the cobalt(II) and nickel(II) complexes,
the molar conductance data of complexes solutions in
DMF electrolytic properties,
between 135-168 ohm™ cm?® mol™ shown in Table 1.

revealed conductive

FT-IR Spectral Study

The FT-IR spectrum of ligand L1 showed some
characteristic stretching bands at 3301 3253, 2724, 1608,
and 1236 cm™" which are assigned to v(NH,), v(S-H),
v(C=N) of triazole ring and the stretching of C=S bond,
respectively. These bands in all-metal complexes C1-C6
demonstrated significant changes in the positions and
intensities as the complexation results [17-18] as given
in Fig. S1-S2 (see Supplementary Data). Thus, the
tautomerism form could occur in the triazole ring, and
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Table 1. Physical properties and analytical data of the Schiff base ligand (L1) and its metal complexes
Symbol Compound Color Mowt Zield Mp e Micro Elemental Analysis Found (calc.) Metal content
% C% N% H% S% Found (calc.)
L. CuHuNO:S White 282 55 214-216 (46.80) (19.85) (5.00)  (11.36)
45.55 19.23 4.56 11.89
Cl [CoL),Cl,] Brown  694.7 67 225-227 (38.05) (16.14) (4.06) (9.23) (8.49)
37.98 16.78 3.84 9.08 791
C2  [Ni(L),Cl] Paleblue 6942 64 219-221  (38.06) (16.14) (4.07)  (9.24) (8.45)
37.78 16.33 3.19 9.29 8.11
C3 [Cu(L),]CL Dark 699.1 72 290-292 (37.80) (16.03)  (4.04) (9.17) (9.09)
gray 36.89 15.43 4.21 9.65 8.67
C4 [Pd(L),]CL.H,O Dark 741.9 69 296 dec  (35.96) (15.10)  (3.80) (8.64) (14.34)
brown 35.65 15.78 3.36 8.45 14.89
C5 [Cd(L),]CL Off white 747.9 71 241-243  (35.33) (14.98) (3.77) (8.57) (15.03)
34.92 14.49 3.21 8.04 14.67
C6 [Pt(L),CL]CL.2H,O Pale 937.5 59 272dec  (28.18) (11.95) (3.44) (6.84) (20.81)
brown 28.76 11.40 3.76 6.59 21.21

it is responsible for the disappearance of the thiol
group the
complexation. After tautomerism forms, the ligand can
link with the metal ion either by N or the thioamide
group's S. Bonding at S is favorable because it would result

functional in ligand molecule after

in a stable five-membered chelate [19]. The exceptional
case is that the v(C=N) of complexes C1-C6 were found
to be shifted to a lower wavelength number compared to
the ligand L1, signifying that the coordination took place
via the nitrogen atom of the ligand L1 [20]. The
frequencies of v(NH;) sym. and asymmetric bands were
shift due to complexation. The band of v(S-H) in the
ligand was disappeared when complexation occurred, and
the bands of v(C=S) also shifted to the higher or lower
frequency due to an increase of the bond order of carbon-

sulfate bond result from complexation of the metal ion
to the ligand through sulfate. Another new band was
appeared, which was supported by the appearance
frequencies of (M-S), (M-N), and (M-Cl) [21-22]. The
major FT-IR bands and their probable assignment are
given in Table 2.

Mass Spectral Studies

The mass spectrum of ligand L1 in Fig. S3 showed
several peaks attributed to the presence of 1,2,4-triazole
rings. This spectrum showed the mother ion peak at m/z:
282 as a base peak for L1 and peaks at m/z 249, 235, 165,
193, and 134 for the triazole ring. The most
characteristic fragments of this compound were
illustrated in Scheme 2.

Table 2. FT-IR data of ligand L1 and their complexes

No "N g ) WeeN) v(css) vMAN)  v(M-S)  v(M-Cl)
Vass(O-H)

L 3301,3253 2724 1608 1236 : i :

Cl1 3293, 3214 - 1600 1236 486 358 314
Cc2 3284, 3214 - 1600 1236 485 350 304
C3 3298, 3223 - 1604 1216 484 361 315
C4  3218,3400 . 1587 1218 460 380 302
C5 32933241 . 1601 1239 485 350 315
Cé6 3479, 3122 - 1590 1226 482 369 315
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Scheme 2. Proposed Mass fragmentation of L

H and *C-NMR Studies

The '"H-NMR spectrum of the free ligand in Fig. S4
showed four singlet signals at § = 3.8, 3.9, 4.89 and
7.46 ppm corresponding to the protons of pOCHs,
2mOCH;, NH,, and aromatic group, respectively. The
singlet peak at § = 10.35 ppm corresponds to the state of
SH-NH tautomeric. In addition, the "C-NMR spectra in
Fig. S5 show eight signals, six in the aromatic region of the
spectrum corresponding to the carbon atoms of the
trimethoxyphenyl and triazole ring, and two signals for
the two different types of —-OCHj groups present in the
structure. The high-intensity signal at 56.60 ppm was
recorded for the 2C symmetrical ~-OCH; group at
positions two and six, and the other with low intensity at
60.64 ppm due to the -OCHj; group at position one. While
the high-intensity signal at 105.77 ppm due to 2C is
symmetrical at position ortho of the trimethoxyphenyl
ring. The signal at 125.86 ppm is due to carbon atom
attachment in the triazole ring, and the signal at
139.88 ppm is due to ~-COCHys at position one. The signal

at 149.63 ppm is due to the NCN of the triazole ring. The
high-intensity signal at 153.28 ppm is due to 2C
symmetrical ~-COCHj; groups at positions 2 and 6 of the
trimethoxyphenyl ring. Moreover, a signal at 167.09 ppm
is from the CS of the thione group.

Electronic Spectra and Magnetic Properties

The UV-Visible absorption spectrum of ligand L in
an ethanol solution is presented in Fig. 1 and summarized
in Table 3. It can be observed that two bands at 216 nm
and 259 nm were allocated to m-n* transition and a band
305 nm is assigned to n-m* transition [23].

The electronic spectrum of C1 complex in DMSO
solvent shown in Fig. 2, reveals two spin-allowed bands
in the visible region at 656 nm and 557 nm, which might
be related to the transition of *T\g > *A,g (F) (v2) and
“Tig > *T.g (P) (v3) respectively. The bands' positions
agree with the reported values for an octahedral geometry.
Refer to the Tanabe-Sugano diagram, the numerous
parameters of ligand field, namely vi, B’, B, and 10Dq have
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Table 3. Conductivity, magnetic and electronic spectra of metal complexes C1-C6
No  Apex DM Assignment ohm™ cm? mol™ ¢ BM Suggested
(vem™) found (calc) Structure
L 305(32786) n-> - - -
259 (38610) >t
216 (46296) >t
Cl 1243 (8042) 1T,g5>'T,g (F) 13.4 421 Octahedral
656 (15243) 4T,g > *Asg (F) (3.87)
557 (17953) T,g > *T,g (P)
C2 863 (11583) *A,g>Tog (F) 15.6 3.11 Octahedral
508 (19685) A8 > *Tig (F) (2.82)
414 (24154) 3A,>'Tig (P)
C3 507 (19723) ‘Big > *B,g + Eg  169.4 1.85 Square planer
419 (23866) B,g > 2Aig (1.73)
C4  495(20202) 'Aig > 'Eg 171.3 Dia Square planer
475 (20876) 1A,g > 'Tig (G)
C5  325(30796) MLCT 163.7 Dia Tetrahedral
257 (38910) n >t
25 1(39840) >t
C6  550(18181) 'Aig>°Tig 172.3 1.18 Octahedral
519 (19267) 1A,g > Tag
361 (27700) LMCT
200 -|Ilu. PV [Wavelength nm.| Abs. Description i = g; t: : E\: E:’:
1| 30550 0577 = Cu L1 - Raw Data
Eﬁ' SR —— NiLt - Rzw Data
i 3] 216.50 1,169 1.800 B —— Pd L1 - Raw Data
1.500 |- —— Ftl1 - Raw Data
51.0&0 il 5”'4'}”
oso0 | |/ |
0.000 - . L L ' 0.000 .
200.00 300.00 400.00 300.00 600.00 700.00 325.00 400.00 E%ufr?.u &00.00 T00.00

Fig 1. The UV-Vis spectrum of ligand (L)

been calculated for (d’) configuration, to be 1243 nm,
608 cm™, 0.66, and 10052 cm™, respectively. The factor of
the nephelauxetic () was calculated and found to be 0.66.
Representative bonding was a high degree of ionic from
atoms in ligand donor with cobalt(II) ion, hence inter
electronic repulsion has been decreased during the
process of complexation, as well as the calculated value of
v1 to be 8042 cm™ due to the transition “T;g > “T>g (F). The

Fig 2. The UV-Vis spectrum of metal complexes

transition ratio v2/vl gave a value of 1.89 provided
further indications for octahedral geometry for the
Co(II) complex. The magnetic susceptibility of 4.21 BM
indicates that the cobalt(II) complex is paramagnetic.
The molar conductivity of 13.42 means that the complex
is nonconductive, as shown in Table 3. In addition to this
data, the results of elemental (CHNS) analysis, flame
atomic absorption, and FT-IR spectrum united in
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opinion with this condition and can be suggested
octahedral structure for the CoL1 complex, as expressed
in Fig. 4(a) [24].

The electronic spectrum of the C2 complex in
DMSO solution shows two spin-allowed bands 508 nm
and 414 nm allocated to ’A,g > °Tig (F) (v2) and
A,g>’Tig (P) (v3) transitions, respectively. These bands
indicate an octahedral geometry around Ni(II) ion. At the
same time, the value of the third transition (vl1) was
calculated by fitting the ratio v3/v2 for the octahedral d®
system of Tanabe-Sugano diagram. The calculated value
of v1 was 863 nm due to the transition *A,g > °T,g (F). As
well as the ligand field parameters (B’, §, and 10Dq) have
been calculated using the Tanabe-Sugano diagram for the
d® system and found to be 726 cm™, 0.673, and 15254 cm™,
respectively. The constant field splitting (10Dq) value will
be 11583 cm™, approximately close to the first transition
(v1). The (v2/vl) ratio is 1.96, indicating octahedral
geometry less than tetrahedral stereochemistry of Ni(II).
The magnetic value for Ni(II) in Table 3 gave a magnetic
moment value of 3.11 BM, and it is about the range of 2.8
3.5 BM with octahedral geometry for Ni(II) ion. The
conductivity refers to the non-ionic performance of this
complex. Thus from the data above and those obtained
from FT-IR spectra and flame atomic absorption, an
octahedral geometry around Ni(II) ion can be suggested
as given in Fig. 4(a) [25-26].

The d’ ion is characterized by a large distortion from
the octahedral symmetry, and the band is asymmetrical.
Several transformations have occurred, and these
transitions have emerged, which cannot be easily set
without ambiguity. The free ion *D term is expected to
split in a crystal field in the same way as the °D term of the
d* ion, and a similar interpretation of the spectra is
likewise expected. The spectrum of copper(II) complex in
DMSO solution shows one broadband at 507 nm which
agrees to “Big > *B,g + “Eg (v2 + v3) transition, and
shoulder band at 419 nm allocated to *Big > *Aig (v1)
transitions. The position of these bands is to approve with
configuration highly distorted octahedral geometry. The
1.85 BM at room
temperature, approved with square planar geometry for
the Cu(II) complex. The conductivity in DMF showed

magnetic moment value was
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that the complex has electrolytic nature. From the
electronic spectra data, FT-IR spectroscopy data and
flame atomic absorption can be suggested as a square
planar geometry around the Cu(II) ion, as can be seen in
Fig.(4(b) [27].

The Pd(II) ion has a (d*) configuration that favors
square planar geometry formation. The electronic
spectrum of C4 complex in (DMSO) displays two spin-
allowed at 495 nm and 475 nm and are assigned to 1A,
> 1By; and 1A,g > 1Eg transitions in a square planar
geometry, respectively. The magnetic moment of the
solid complex showed diamagnetic behavior (Table 3)
approved with square-planar geometry of Pd(II) ion.
The conductivity measurement in DMF showed that the
complex has a higher conducting property (Table (3)),
and therefore the two Cl ions are located outside the
coordination. From these results and that of the
elemental analysis, FT-IR, and flame atomic absorption
studies, it can be suggested as square planar geometry
around the Pd(II) ion as shown in Fig. 4(b) [28].

The electronic spectrum of the C6 complex showed
bands at 550 nm, 519 nm, and 361 nm assigned to 'A;g
> °Tig, 'Aig > °Tag, and (LMCT), respectively. The
complex may have octahedral coordination of the central
metal ion by the surrounding ligands. The magnetic
moment value of solid complex (1.18 BM) for Pt(IV) is
observed. It agrees with the octahedral geometry. The
increase in the magnetic moment is expected due to the
presence of the contribution of spin-orbital coupling.
The conductance measurements indicate the ionic
behavior of this complex according to these results and
that of the elemental analysis, FT-IR, and flame atomic
absorption studies. Therefore, Pt(IV) ion has an
octahedral geometry, as shown in Fig. 4(a) [29].

The electronic spectrum of the C5 complex has no
(d-d) transition and belongs to d". The prepared
complexes are off-white in color, with the diamagnetic
being expected. Therefore, the UV-Vis spectrum of this
complex shows a relative change in the bands' position
compared to that of the free ligand (L). The UV-Vis
spectrum of C5 in DMSO displayed three bands at 325,
257, and 251 nm, respectively, assigned to (MLCT), (n >
n) and (m > mw*) transition, respectively. The
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conductivity measurements indicate the ionic conducting
behavior of the complex. According to these results, in
addition to the results of elemental analysis, we can
suggest a tetrahedral geometry around Cd(II) ion as
illustrated in Fig. 4(c) [30].

Thermal Analyses (TGA-DSC)

The thermogravimetric curve of ligand L is shown
in Fig. 3(a) at the temperature range of 10-696 °C to reveal
two decomposition steps. The TGA peak observed at
temperature range of 100-355 °C indicated the loss of
20CHs;, NH, fragment (det. = 2.846 mg, 27.77%, calc.=
27.65%). The second step recorded at temperature range
of 355-696 °C (det. = 3.246 mg, 31.68%, calc. = 32.62%)
indicated the loss of C;Hs. The final residue of the
complex recorded above 696 °C attributed to C,S, N;O,
(det. = 4.001 mg, 39.04%, calc. = 40.42%). The DSC curve
indicates exothermic decomposition processes at 246.5 °C
(56.3 mW) and 500.4 °C (86.2 mW). The TGA curves of
complex PdL1 displayed thermal decomposition with loss
weight percent (det. = 1.165 mg, 11.3%, calc. = 11.9%) in
the temperature range 25-100 °C indicating the cleavage
of chloride ions present in the outside of the coordination
sphere and one molecule of water in Pd(II) complex. As
well as the degradation of the organic molecule started
before the temperature of 200 °C. The second step of TGA
curve exhibited (det. = 2.407 mg, 23.0%, calc.= 22.64%)
due to decomposition of CsH;-30CHj3; at 100-345 °C, and
the third step is assigned to the loss of PO, Ci3H1sNsO,S
at 345-699 °C (det. = 6.46 mg, 61.77%, calc. = 61.19%) (Fig.
3(b)). The final residue of the complex recorded above
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699 °C attributed to CS (det. = 0.428 mg, 4.08%, calc. =
5.01%). The DSC
decomposition processes at 115.7 °C (43.2 mW) and
490.3 °C (95.9)

curve indicated exothermic

Biological Activity

The antibacterial potency of ligand L1 and their
Ni(II), Cu(II), Co(II), Pd(II), Cd(II), and Pt(IV) metal
complexes was evaluated in vitro against bacteria
Staphylococcus aureus (G-positive) and Escherichia coli
(G-negative). At a 50 pg/mL concentration, a freshly
prepared liquid agar medium (20 mL/Petri dish) was
poured into each Petri dish, and the plates were dried by
placing in an incubator at 37 °C for 1 h. Then
standardized culture of microorganisms was spread on
each Petri dish by an L-shaped spreader. Wells (6 mm)
were made using an agar punch and, each well was
labeled accordingly. A control solvent DMSO was also
included in the test. The test compound and standard
drug solutions (Erythromycin, 50 ug/mL) were made in
DMSO and added to each well separately, and the Petri
dish was kept aseptically for 1-h diffusion of the sample.
After the diffusion was complete, all the Petri dishes
were kept for incubation at 37 °C for 24 h. Then the
diameter of the zone of inhibition was measured in (mm).
The tested ligand (L) and metal ion complexes have shown
less activity than a standard Erythromycin. Metal ion
complexes have been exhibited much better activity than
the free ligand, L. The inhibition zone data for the entire
complexes at 50 ug/mL as compared to free ligand (L1)
should be discussed among the platinum(IV) complex,
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LD -';; {23.0%) i
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Fig 3. TG-DSC thermogram of (a) L and (b) PdL
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Fig 4. (a) Octahedral for Co*", Ni** and Pt** complexes, (b) square planar for Cu** and Pd** complex, and (c) tetrahedral

for Cd** complex

Table 4. The inhibition zones (mm) of (L) and their metal
complexes against S. aureus and E. coli
(G+) S. aureus (G-) E. coli

No Compound

1 CuHuN,OsS 7 8
2 [Co(L).CL] 19 16
3 [Ni(L)CL] 9 13
4  [Cu(L).]CL 9 10
5  [Pd(L).]ClH,O 23 25
6 [Cd(L).]Cl 21 24
7 [PH(L)CL]CL-2H,O 28 29
8 DMSO 0 0
9  Erythromycin 35 35

which has the highest inhibitory effect against the
bacteria. The antibacterial activity of the free ligand and
its complexes showed the order: PtL1 > PdL1 > CdL1 >
CoL1 > NiL1 > CuL1 > L1 and PtL1 was found to have the
best effect [31]. In general, the metal complexes show
antibacterial activity, and the following five principal
factors should be considered. The ligands' chelate effect
that is bound to metal ions in a bidentate fashion through
NS and NO moiety of the ligands show higher
antimicrobial efficiency than the complexes uni dentate,
respectively, like pyridine. However, the total charge of
the complexes in general, the antimicrobial activity
decreases with the order of cationic > neutral > anionic
complex. Table 4 represents the inhibition zones (mm)
for the L1 and its complexes against the bacteria in DMSO
solvent as control. The free ligand exhibited low activity
against all bacteria at around 7-8 mm, and the PtL1, PdL1,
and CdL1 showed the
Staphylococcus aureus and Escherichia coli at 28-29, 23—

greatest activity against

25, and 21-24 mm, respectively.

m CONCLUSION

In this research work, new transition metal
cobalt(Il), nickel(II), copper(Il),
palladium(II), cadmium(II) and platinum(IV) with

complexes  of

bidentate ligand of 4-amino-5-(3,4,5-trimethoxyphenyl)
-41-1,2,4-triazole-3-thiol
characterized. The results obtained from spectra and

were  synthesized and
elemental analyses indicated the tetrahedral geometry
around Cd(II) ion, square-planner for Cu and Pd(II),
and octahedral geometry around Co(II), Ni(II), and
Pt(IV). The Inhibition zones of ligand (L) and their
metal complexes with concentrations (50 pg/mL)
against Staphylococcus aureus and Escherichia coli
showed the order of PtL > PdL > CdL > CoL > NiL > CuL
> L. Thus, further study on this approach could pave the
way for developing 1,2,4-triazole-metal complex-based
antibacterial agents.
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Table S1. Box-Behnken design experiment

Exp. X, X, X5 SD/ A
1 25 90 25 37.535
2 25 30 5 43.970
3 10 60 5 125.568
4 40 60 5 72.925
5 40 30 15 52.675
6 25 60 15 74.660
7 25 60 15 49.775
8 10 60 25 40.115
9 25 90 5 121.240
10 40 90 15 127.172
11 25 30 25 25.290
12 10 90 15 51.715
13 40 60 25 67.205
14 25 60 15 79.200
15 10 30 15 44.870

Xi: MPA incubation time, Xa: bioconjugates incubation

time, Xs: aptamer concentration
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Abstract: Inaccurate diagnoses contributes to the high mortality rate of breast cancer.
Human epidermal growth factor receptor 2 (HER2) is overexpressed in breast cancer
tumors at around 20-30%. This study aims to develop an electrochemical biosensor for
HER?2 based on a gold nanoparticle-aptamer bioconjugate (AuNP@HER?2 aptamer) and
investigate the interaction between DNA aptamer and HER2 using computational
methods. The bioconjugate was synthesized using maleimide and polyethylene glycol as a
linker. The -NH, group of cysteamine that modified the gold electrode can form a covalent
bond with the bioconjugate maleimide. The interaction of the bioconjugated aptamer
with HER2 was measured electrochemically based on the [Fe(CN)s[>* redox system. The
limit of detection, the linear range of HER2, precision, and accuracy in this study were
1.52 ng mL™, 0.01 to 15.0 ng mL™, 0.1298, and 94.06%, respectively. The structure of the
DNA aptamer was modeled using mFold, Assemble2, and Chimera, with the interaction
between the DNA aptamer and HER2 explored by NPDock. The modeling of the aptamer
with HER2 showed that electrostatic interactions dominated the attractive forces. The
resulting interaction pattern can be used as a template to improve the binding energy of
the aptamer, thus providing insight into the development of aptamer-based biosensors.

Keywords: electrochemical aptasensor; HER2; aptamer; voltammetry; molecular
modeling; breast cancer

m INTRODUCTION

Breast cancer has a high mortality rate, accounting
for approximately 15% of cancer deaths among women
[1]. Moreover, almost 70% of the cases were detected late.
Hence treatment outcomes are poor. Earlier diagnosis
would improve the chance of successful therapy by 80-
90% [2]. Therefore, efforts are ongoing to develop early
detection methods for breast cancer.

Human epidermal growth factor receptor 2 (HER2)
protein is a breast cancer biomarker in the form of three
domains; a transmembrane region, an intracellular
tyrosine kinase domain, and an extracellular domain that
can be released into the bloodstream [3-5]. The HER2
protein concentration in serum is less than 15 ng mL™"

(4-14 ng mL™") in healthy women and overexpressed in
active surveillance of patients at risk or in treatment at
about > 15 ng mL™" [6-7].

The determination of HER2 protein based on
electrochemical techniques has been widely developed
and reported in the last decade. Electrochemical
methods are preferable because of their rapid detection,
high sensitivity, and selectivity, as well as the low limit of
detection [8-11]. The wuse of aptamer as the
biorecognition molecule that can specifically recognize
the protein target in the sample has attracted much
attention because of its stability, synthetic portability,
and various functional design [12-14]. The methods for
obtaining an aptamer such as the systematic evolution of
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ligands by enrichment exponential (SELEX) [15-16],
kinetics capillary electrophoresis as the equilibrium and
nonequilibrium capillary electrophoresis of equilibrium
mixtures (ECEEM and NECEEM) [17-19], and rational
design in-silico [20-21] have been developed and applied
in electrochemical aptasensors.

Modification of electrodes with aptamers is a crucial
process in electrochemical aptasensor research. Various
electrodes have been modified using various materials to
obtain high sensitivity of the aptasensors in order to
detect HER2 as a breast cancer biomarker [22]. A
homemade screen-printed electrode modified with poly-
L-lysine has been used for immobilizing HER2 aptamer
by electrostatic adsorption. The biosensor exhibited an
excellent interaction between the aptamer and the target
protein [3]. HER2 aptamer was immobilized by a self-
assembled monolayer (SAM) on the surface of the gold
(GE),
mercaptopropionic acid (MPA), and the sensor was able

electrode which was pretreated with 3-
to detect HER2 concentrations ranging from 10°-10* ng
mL™ by using electrochemical impedance spectroscopy
technique [19]. The sensing platforms were also
developed on gold screen-printed electrodes via SAM
between the thiolated DNA aptamer of HER2 and 1-
mercapto-hexanol, and also a ternary SAM between the
same aptamer and 1,6-hexanediol [23]. A new bimetallic
ZrHf metal-organic framework (ZrHf-MOF) embedded
with abundant carbon dots (CDs) (denoted as
CDs@ZrHf-MOF) could be applied as the scaffold for
anchoring aptamer strands to determine HER2 and living
HER2-overexpressed MCEF-7 cells [24].

A labeled

exonuclease recycling amplification and host-guest

electrochemical aptasensor using
recognition system was reported to detect HER2. The
HER2 aptamer was firstly hybridized with ferrocene-
labeled DNA/Au nanospheres (FcNS) and then bound
with the HER?2 target. The released FCNS homogeneously
hybridized with horseradish peroxidase-labeled DNA/Au
nanospheres [25]. A label-free capacitive aptasensor was
developed to capture HER2 protein by anti-HER2 ssDNA

aptamers functionalized on interdigitated microelectrodes
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of a capacitor. The aptasensor response was measured by
the non-Faradaic impedance spectroscopy (nFIS)
method based on changes that occurred due to charge
distribution upon the interaction of aptamer—protein
molecules against the applied AC frequency (50-
350 MHz) [26].

A sandwich-type electrochemical aptasensor to
detect HER2 was constructed using a combination of
tetrahedral DNA nanostructures (TDNs) - adapter as
recognition probes and Mn;Os/Pd@Pt nanozymes/
horseradish peroxidase (HRP) as signal nanoprobes on
the GE. The designed Mn;O./Pd@Pt/HRP nanoprobe
was used to amplify the biosensor signal via catalyzing
the oxidation of hydroquinone (HQ) with hydrogen
peroxide (H,O,) [27]. The biotinylated specific aptamers
to HER2 positive receptor were immobilized at the
neutravidin layer chemisorbed at the gold surface of the
method (TSM)
transducer. The LOD of the proposed aptasensor
reached 550 cells mL™" [28].

A bioconjugate-based aptamer for detecting HER2

thickness-shear mode acoustics

was reported using gold nanorod@Pd superstructures-
aptamer HER2-horseradish peroxidase (GNR@Pd SSs-
Apt-HRP) as a signal probe to enable signal amplification.
The aptasensor was constructed by immobilizing DNA
tetrahedron with expanded aptamer on the GE [29].
Nanomaterial-based bioconjugate can provide benefits
such as improving the ability of sensing by increasing
sensitivity, lowering LOD, and being fast and simple.
Furthermore, polyethylene glycol (PEG) can increase
the solubility of reagents and bioconjugates [30-33].
The current study aims to develop an aptasensor
based on a gold nanoparticle (AuNP@HER2 aptamer)
bioconjugate using the PEG as a linker via maleimide
binding. The response of HER2 was measured using
differential pulse voltammetry techniques from the
[[Fe(CN)6]*"*"
molecular interaction between the aptamer and HER2

redox system. Furthermore, the
was investigated using a molecular docking method,
providing valuable insight into developing aptamer-

based biosensors for cancer diagnosis.
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m EXPERIMENTAL SECTION
Materials

HER?2 antigen, 1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC), 3-aminopropyltrimethoxysilane
(APTMS), (MPA),
poly(ethylene glycol)-a-maleimide-w-NHS ester (PEG-
NHS-Mal), cysteamine, N-hydroxy succinimide (NHS),
2-iminothiolane (Traut’s reagent), potassium ferricyanide
(K3[Fe(CN)g]), bovine serum albumin (BSA), ethanol
(C;HeO), sodium borohydride (NaBH,), citric acid
(NaC¢H;0;), and sodium ethylenediaminetetraacetate
(Na;EDTA) were purchased from Sigma-Aldrich. A 99%
gold bar was obtained from PT, Antam, Indonesia. The
thiol-terminated ssDNA aptamer (5-/HSC6/CTT CTG
CCC GCC TCC TTC CTG GGG CCT GGA TAC GGA
TTG GTA AGG ATT AGT AGG GGG CAT AGC TGG
AGA CGA GAT AGG CGG ACA CT-3’) was synthesized
by Integrated DNA Technologies (USA). Phosphate-
buffered saline (PBS) solutions were prepared by
dissolving hydrogen phosphate (Na,HPO412H,0),
sodium hydroxide (NaOH), sodium chloride (NaCl), and
potassium chloride (KCI) (Merck).

3-mercaptopropionic acid

Instrumentation

Electrochemical measurements were performed by
differential pulse voltammetry (DPV) using a Metrohm
tAutolab potentiostat. All experiments were conducted
using a three-electrode system, with the GE as a working
electrode fabricated from a 0.5 cm gold wire (diameter
0.5 mm) and copper wires. In addition, a platinum wire
and Ag/AgCl electrode (Metrohm) were used as a counter
and reference electrode, respectively.

Procedure

Synthesis of gold nanoparticles (AuNP)
Briefly, 0.5 mL of 0.1 M sodium citrate (Na;CsHsO7)

was added to 1 mM of HAuCl, under constant stirring.
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Then, 80 pL of NaBH, 0.1 M was added dropwise, and
the color of the solution turned red/purple. AuNPs were
characterized using UV-Vis spectrophotometry and
showed the maximum absorption at 520-530 nm.

Preparation of the bioconjugate

The AuNP-aptamer bioconjugate was synthesized
adopting the metal oxide-antibody bioconjugate
preparation procedure as previously described [32-33].
First, the amino modification of the AuNP surface was
performed to form a stable AuNP. Briefly, 10 mL of
AuNP solution was modified with 25 pL of 3-
aminopropyltrimethoxysilane (APTMS) before the
APTMS-coated AuNP was sonicated to prevent
aggregation. The aptamer was then conjugated to AuNP
using NHS-PEG-Mal as a spacer. First, 31 mg of NHS-
PEG-Mal was added to the amino-AuNP solution to
obtain the sulthydryl-reactive group of pegylated AuNP,
then 200 pL of the pegylated AuNP was incubated with

the thiolated aptamer (5 pg mL™") overnight.

Optimization of parameters using the Box-Behnken
design

The MPA incubation time (X,;), bioconjugate
incubation time (X;), and the concentration of aptamer
(X5) were optimized via different levels; the lowest level
(-1), intermediate (0), and highest level (+1), as shown
in Table 1. Each measurement was processed, and the
optimal value for each factor was determined using the
Box-Behnken experimental design with the Minitab 18
program. All measurement was carried out using the
differential pulse voltammetry technique.

Fabrication of the aptasensor

Before immobilizing the bioconjugate onto the GE
surface, the GE was polished with AL,O; and ultrasonically
cleaned with ethanol and double-distilled water
(ddH,0O) for 3 min. Then, the GE was immersed in
piranha solution for 5 min to remove residues from the

Table 1. Optimization of experimental conditions using the Box-Behnken design

) Level
Factors Unit
-1 0 +1
MPA incubation time min 10 25 4
Time of bioconjugate immobilization =~ min 30 60 90
Level of aptamer pg mL™ 5 15 25
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surface and washed several times with ddH.O.

The GE was incubated in 0.1 M MPA solution for
40 min at room temperature, then rinsed with ddH,O
before incubation in 40 pL of 0.1 M EDC:NHS solution
for 60 min and washed with ddH,O. EDC:NHS coupling
was carried out to activate the carboxyl group of MPA-
modified GE. After rinsing with ddH,O, the GE was
incubated in 0.1 M cysteamine solution for 60 min at
room temperature to form the thiol end group, a
maleimide-reactive group on the GE surface. Finally, the
GE was rinsed with ddH,O, and the modified GE was
incubated in 40 pL of bioconjugate for 90 min at room
temperature. The double bond of the free maleimide
group of the bioconjugate reacted with the thiol group of
cysteamine to form a covalent bond. The unbonded
bioconjugate was washed with PBS (pH 7.4).

The sensor was incubated in 1% BSA solution for
60 min at 37 °C to block unspecific binding on the GE
surface, then rinsed with ddH,O several times. Next, the
GE was incubated in different concentrations of HER2
solution for 60 min at room temperature and washed with
PBS. Finally, the biosensors were characterized in 10 mM
of Fe (CN)¢*"* by DPV, a redox probe solution from -0.6
to +0.5 V with a scan rate of 50 mV s™.

Prediction of the secondary structure of the aptamer
The secondary structure of the DNA aptamer was
predicted  using  the  mfold web  server
(http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-
Form) [34]. The folding temperature was measured at
37 °C, and the physiological ionic conditions were fixed at
[Na*] =1 M and [Mg*] = 0 M. The number of computed
folds was 50, and the distance between the paired base was
unlimited [35]. The most stable secondary structure of
DNA aptamer was selected based on the minimum AG.

Construction of the aptamer 3D structure

The aptamer 3D structure was modeled using
Assemble2 [36] and visualized using Chimera [37]. The
structure was constructed based on the RNA model and
refined using 100 times iterations. First, a hydrogen atom
was added to the RNA model. Then, the RNA model was
manually changed into a DNA model by modifying uracil
to thymine via replacing the H5 atom with a methyl group
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and ribose sugar into deoxyribose using BIOVIA
Discovery Studio Visualizer 4.5 [38].

Prediction of the interaction between the aptamer
and HER2

The electrostatic potential on the surface of HER2
was computed through the PDB2PQR server [37] using
the APBS program (http://nbcr-222.ucsd.edu/pdb2pqr_
2.0.0/) [39]. The interaction between the aptamer and
HER2 was NPDock
(http://genesilico.pl/NPDock) [40], a molecular docking

predicted using
program specially built for a protein-nucleotide system.
The HER2 binding site was determined at the protein
electropositive region, and the decoys number was set to
20,000 with a minimum interface contact of one residue.
Monte Carlo refinement was performed using 1,000
steps of simulation, with the temperature in the last step
set to 295 K.

m RESULTS AND DISCUSSION
Aptasensor Based on Bioconjugate

Fig. 1 depicts a scheme of the aptasensor based on
a bioconjugate aptamer as a sensing element. Previous
research showed that PEG is a compatible linker for
bioconjugation of AuNP and biorecognition molecules
[32-33] and is required to provide space to bind more
aptamers to AuNP, as can be seen in Fig. 1. The thiol
groups of aptamers were covalently attached to the
linked to the
nanoparticles to form the bioconjugates. The double

unsaturated bond of maleimides
bond in the free maleimides of the bioconjugate readily
reacts with the thiol groups from cysteamine on the
electrode to form a stable carbon-sulfur bond. Then the
aptamer is ready to catch the HER2 biomarker.

Characterization of the Aptasensor

Fig. 2 shows the differential pulse voltammogram
of each modification step of the GE surface. The
maximum reduction current peak was observed in the
bare GE (241 pA) at the potential of about 150 mV vs.
Ag/AgCl (2a). The modification of the GE surface with
MPA and cysteamine slightly reduced the peak current to
234 pA (2b) and drifted the potential to 146 mV due to
the formation of carboxyl groups which facilitate electron
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Fig 1. Scheme of the aptasensor for detection of HER2 biomarker

cysteamine can react with the double bond of the free
maleimide group of the bioconjugate. Immobilization of
the bioconjugate at the electrode surface shifts the
potential to the left due to the bioconjugate containing
AuNP, which can easily facilitate the electron transfer of
the [Fe(CN)s]*"*" redox system. However, the non-
electroactive biomolecules in the bioconjugate caused
the [Fe(CN)s]*”~ peak current to decrease to 201 pA
(2¢). The blocking step with BSA also reduced the
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Fig 2. Voltammogram of each modification step of the GE
bare (a), GE/MPA/Cys (b), GE/MPA/Cys/ bioconjugate
(c), GE/MPA/Cys/bioconjugate/BSA (d), and GE/MPA/
Cys/bioconjugate/BSA/HER-2 (e). The response was
observed using 10 mM [Fe(CN)g]*"*, recorded at -0.2 to
+0.4 V, and a scan rate of 50 mV s

020

transfer between the [Fe(CN)s]*"*  and the electrode. In
addition, the dangling thiol group of GE/MPA/

current to 176 pA and shifted the potential to 151 mV
(2d). Finally, incubation of 5 ng mL™ HER2 protein was
monitored and observed in a reduction current of 147
HA at 151 mV (2e), indicating successful immobilization
of each molecule on the GE surface.

Experimental Optimization

Three factors, namely MPA incubation time (X,),
time (X,), and the
concentration of aptamer (Xs), were optimized using the

bioconjugate  incubation
Box-Behnken experimental design with the Minitab
program 18. The experiments were performed 15 times
in duplicate resulting in 30 experiments, and the
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measurements were recorded in Minitab 18 to obtain the
maximum current value. From the experimental data, the
regression equation was as follows:

Y =952 -6.06 X; + 1.80 X; - 1,96 X5 + 0.0459 X;X; -
0.0101 X;X; - 0.018 XX, + 0.0376 X, X; + 0.1329 X, X; -
0.0542 X,X;

The above equation shows that the MPA incubation
time and the concentration of aptamers have negative
coefficients and decreased the response, while the
bioconjugate incubation time has a positive value and
increased the response. The ANOVA analysis of the Box-
Behnken experiments revealed the P-value of each factor
as X; =0.355; X, = 0.030; and X5 = 0.019. The P-value of X,
and X; is < 0.05, indicating that the factors are significant.
The optimum experimental conditions determined from
the Box-Behnken data were: MPA incubation for 40 min,
the bioconjugate incubation time for 90 min, and aptamer
concentration of 5 ug mL™'. The optimization data is
available in the Supplementary Information.

Analytical Performance of the Aptasensor

The responses of the aptamer-based biosensor to the
various HER2 concentrations were investigated at
optimal experimental conditions. The voltammogram at

.00
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on

Current (pA)

0.00015

0.00010

SE-5

EI
-0.210 0.0

0.20
Potential (V)

Fig 3. A and B: Voltammogram of various concentrations of HER2 0.01 to 15.0 ng mL™, and 15.0 to 100.0 ng mL™". C:
Calibration curve of HER2 from 0.0 to 100 ng mL™"

0.40
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the potential range of -0.2 to +0.4 V in Fig. 3A and 3B
shows that the current peak reduced with increasing
HER?2 level. This was due to the inhibition of the electron
transfer between the redox system and the electrode by
binding non-electroactive HER2 to the aptasensor surface.

The
concentration ranges, from 0.01 to 15.0 ngmL™" and 15.0

calibration curve is linear over two
to 100.0 ng mL™', as shown in Fig. 3C. The corresponding
calibration regression equations for lower and higher
concentration ranges were Al = 4.1998 [HER2] - 0.2876
with a coefficient correlation (R?) of 0.995, and Al =
0.6782 [HER2] + 52.217 with a coefficient correlation
(R?) 0f 0.995, respectively

The limit of detection (LOD) was evaluated using
the blank signal, ys, plus three standard deviations of the
blank, sz. The blank signal yg is the intercept of a
calibration curve, and s; is obtained as random errors in
the y-direction (41). The LOD was found at HER2
concentration level of 1.52 ng mL™, in the linear range
of 0.01 to 15.0 ng mL™". This LOD was higher than
several previous aptamer-based biosensors, as can be
seen in Table 2. The complexity of the spacer may cause
this difference. However, the LOD in this study was lower

compared to our previous

1401 ¢
1 y =06732% + 52217 T
120 4 Rz = (1.5945 1
100 4
< 801 _
=
< B0 -
40 4
¥ = 4.195%8x + 0.2875
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Table 2. The comparison of HER2 detection by using aptasensors

Technique LOD Reference
SPCE@L-lysine 3.0 ng mL™ (3]
GE-MPA 5.0 ng mL™! [19]
GE-MCH and GE- 172 and 179 pg mL™! [20]
Bimetallic ZrHf-MOF - CDs@ZrHf-MOF 19 fg mL™! [24]
Exonuclease recycling amplification and host-guest recognition 4.9 ng mL™! [25]

Non-Faradaic impedance spectroscopy (nFIS) of a microelectrode

capacitive aptasensor

A tetrahedral DNA nanostructure (TDNSs) - adapter as recognition

probes and Mn304/Pd @ Pt nanozymes/HRP
Thickness shear mode acoustics method (TSM)

Gold nanorod@Pd superstructures-aptamer HER2-horseradish

peroxidase (GNR@Pd SSs-Apt-HRP)
GE- Gold-aptamer bioconjugate

0.2-2.0 ng mL™' (Dynamic range) [26]

0.08 ng mL™" [27]
550 cells mL™ [28]
0.15ng mL™" [29]
1.52 ng mL™* This work

study based on the antibody biosensor (an
immunosensor) for HER2 detection (31-42) because of
the conjugation of the aptamer with gold nanoparticles
which

amplification. The advantage of the use of aptamer as a

increased electron transfer and signal
sensing element is that it is much cheaper than antibodies.
In addition, this aptasensor was able to still distinguish the
concentration of HER2 in cancer and normal cells, which
were 17.7 and 12.2 ng mL™, respectively (43). The
precision of 5.0 ng mL"' HER2 represented by the
coefficient of variance was 0.1298, and the accuracy was
94.06% representing the percentage of the measured

concentration value to the true concentration value ratio.
Modeling Interaction

The anti-HER2 ssDNA aptamer used in this study
was retrieved as previously reported [44], and the model
structure with the lowest DG of -6.15 kcal mol™" was
selected for this study (Fig. 4). The aptamer is composed
of a negatively charged phosphate backbone. Therefore,
the binding site of the aptamer in the HER2 structure is
expected to be electropositive. For this reason, the crystal
structure of HER2 (PDB ID 1N8Z) was submitted to the
PDB2PQR server to calculate the electrostatic potential
on the protein surface using the APBS method, revealing
that the electropositive part of HER2 was located in the
upper region of HER2 (Fig. 5A) composed of a striking

Fig 4. The secondary structure (left) and 3D structure
(right) of the anti-HER2 aptamer
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Fig 5. The electrostatic potential of HER2 from the
APBS program. The electronegative and electropositive

%
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i
%
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surfaces are represented by red and blue colors,
respectively, with the electropositive part of HER2
located in the upper region of HER2. (A) His152, Lys153
(B), His215 (C), His245 (D) and Arg329 (E)
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Fig 6. Complement interactions between the aptamer and
HER2 (left) and the bad contacts in the other part of
HER2 (right) (Fig. A). Acidic and basic residues are
visualized in the red and blue colored surfaces,

respectively. The orange dashed line shows the
electrostatic interaction, the residues are Lys128 (Fig. B),
Argl35 (Fig. C), and Lys135 (Fig. D). The red shows the
unfavorable interactions dashed line with negatively
charged residues, such as Glu87, Asp88 (Fig. B), Asp96

(Fig. F), and Glu216 (Fig. G)

lysine, arginine, and histidine, that was His152 (Fig. 5B),
Lys153 (Fig. 5B), His215 (Fig. 5C), His245 (Fig. 5D), and
Arg329 (Fig. 5E).

NPDock predicted the interaction between the
aptamer and HER2, showing that the aptamer binds to the
positively charged residues of HER2 (Fig. 6A), and the
electrostatic interaction dominated the attractive forces,
such as Lys128 (Fig. 6B), Argl35 (Fig. 6C), and Lys153
(Fig. 6D). The computed binding energy was -8.0
kcal/mol. Interestingly, not all aptamers interacted with
the complement region. A few terminal nucleotides were
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in bad contacts, interacting with an electronegative
patch on the surface of HER2. Therefore, it is predicted
that the moderate binding of this aptamer is due to the
unfavorable interactions with negatively charged
residues, such as Glu87, Asp88 (Fig. 6E), Asp96 (Fig. 6F),
and Glu216 (Fig. 6G).

Further optimization of this aptamer by removing
the terminal part that interacts with those acidic residues
is expected to improve its binding affinity to HER2. It is
worth noting that the affinity of this aptamer to HER2
by the NECEEM method was 48% of binding affinity.
However, the results of in vitro selectivity tests for
representative molecules that might interfere with their
interaction with HER2, including IgG, plasmid DNA,
RNA, and glucose, indicated less than 10% interaction
[31].

m CONCLUSION

An aptasensor to detect HER2, a validated breast
cancer biomarker, was developed using a bioconjugate
to improve the surface area for better immobilization of
the aptamer onto a gold electrode. The detection limit
was 1.52 ng mL™, and the system was able to distinguish
between different concentrations of HER2 in normal
and cancer cells. Modeling the interaction between the
and HER2 that
interactions dominated the attractive forces, and any

aptamer showed electrostatic
unfavorable interactions could be further optimized to
improve the binding affinity of this aptamer to HER2.
The resulting interaction pattern can be used as a
template to improve the binding energy of the aptamer,
providing an insight into the development of aptamer-
based biosensors for other diseases. The results revealed
a promising and sensitive tool capable of detecting
HER2 protein in human serum with albumin depletion,
aiding in the molecular diagnosis of breast cancer.
Furthermore, this proposed strategy presented good
reliability and applicability in analyzing human serum
samples, showing great potential for applications in the
early diagnosis of breast cancer.
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Fig S1. Optimized structures of PSMA-(H,0O), complexes; n = 1-5

Table S1. Comparison of E with DFT, HF, and MP2 methods

OPtpgMA-(H,0);

Method Energy (kcal/mol)
DFT -1058789.36
HF -1052424.16
MP2 -1055764.52
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Table S2. NBO analysis of PSMA-(H,0), complexes

Donor Acceptor E® Ep - Eg Faj)
(i) §)) (kcal/mol) (a.u) (au.)

PSMA-H,O
LP (1) O7 BD*(1) O65-H66 6.90 1.04 0.076
LP (2) O7 BD*(1) O65-H66 5.16 0.75 0.056
LP (2) 065 BD*(1) O34-H64 34.00 0.79 0.146
PSMA-(H,0),
LP (1) O7 BD*(1) O65-H66 7.87 1.03 0.080
LP (2) O7 BD*(1) O65-H66 6.43 0.75 0.062
LP (2) 065 BD*(1) O34-H64 24.38 0.76 0.122
LP (1) 065 BD*(1) H68-069 7.77 1.05 0.081
PSMA-(H,0);
LP (1) O7 BD*(1) O65-H66 9.28 1.01 0.086
LP (2) O7 BD*(1) O65-H66 9.41 0.73 0.074
LP (1) 065 BD*(1) O34-H64 4.97 0.95 0.061
LP (2) 065 BD*(1) O34-H64 12.17 0.73 0.084
LP (2) O16 BD*(1) H47-048 6.43 0.79 0.063
LP (1) O65 BD*(1) H68-069 6.50 1.00 0.072
LP (2) 065 BD*(1) H68-069 14.15 0.79 0.094
LP (1) 023 BD*(1) 065-H67 3.66 1.01 0.054
LP (2) 023 BD*(1) O65-H67 8.52 0.72 0.070
LP (2) 069 BD*(1) O72-H73 27.52 0.87 0.138
LP (2) O72 BD*(1) O17-H49 39.50 0.89 0.168
PSMA-(H,0),
LP (1) O7 BD*(1) O65-H66 10.77 1.02 0.094
LP (2) O7 BD*(1) O65-H66 8.75 0.74 0.072
LP (1) 023 BD*(1) O65-H67 8.22 1.03 0.082
LP (2) 023 BD*(1) O65-H67 9.12 0.75 0.074
LP (1) 023 BD*(1) H71-072 438 1.06 0.061
PSMA-(H,0)s
LP (1) O7 BD*(1) O65-H66 11.74 1.02 0.098
LP (2) O7 BD*(1) O65-H66 9.95 0.75 0.077
LP (1) 023 BD*(1) 065-H67 8.05 1.04 0.082
LP (2) 023 BD*(1) O65-H67 4.79 0.75 0.054
LP (1) O23 BD*(1) H71-0O72 6.86 1.08 0.077
LP (2) 023 BD*(1) H71-0O72 2.80 0.79 0.042
LP (1) O65 BD*(1) O74-H76 8.15 0.99 0.080
LP (2) 065 BD*(1) O74-H76 14.21 0.78 0.094
LP (1) O65 BD*(1) O78-H79 12.64 1.01 0.101
LP (2) O65 BD*(1) O78-H79 9.36 0.80 0.077
LP (2) 069 BD*(1) O72-H73 29.89 0.89 0.146
LP (2) O72 BD*(1) O17-H49 50.32 0.86 0.186
LP (2) O74 BD*(1) O34-H64 39.06 0.83 0.161
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Table S3. QT AIM analysis of PSMA-water complexes
CP BCP pacry  Viecp) Gep) Her) Vecey  |V/G| A A2 s £(BCP) Eus
PSMA-(H.O)
101  O7--H66  0.0252 0.0738 0.0187  -0.0002 -0.0189 1.0126 -0.0102  0.0708 0.0131 0.006252 -4.8890
120 O65--H64 0.0523 0.1366  0.0375 -0.0033 -0.0408 1.0884  0.2718 -0.0897  -0.0455 0.0319  -10.9296
PSMA-(H:0)2
101  0O23--H67 0.0138 0.0509 0.0118 0.0009 -0.0109 0.9223  0.0657 -0.0121  -0.0026 0.6129 -2.3407
110  O65--H68 0.0255 0.0674  0.0183 -0.0014 -0.0197 1.0770  0.1219 -0.0218  -0.0327 0.0156 -4.9535
114  0O65--H64 0.0425 0.1146 0.0302  -0.0015 -0.0317 1.0497 0.1877 -0.0667  -0.0063 0.0312 -8.7310
130  O7--H66  0.0277 0.0815 0.0204 0.0000 -0.0205 1.0023 -0.0095 0.0890 0.0019 0.0099 -5.4324
PSMA-(H20);
107 0O23.-H67 0.0293 0.0833  0.0221 -0.0013  -0.0233 1.0569  0.1305 -0.0333  -0.0139 0.0553 -5.7857
117 0O65--H64 0.0343 0.0921 0.0244 -0.0014 -0.0257 1.0558 0.1368 -0.0388  -0.0059 0.0491 -6.9053
121 O7--H66  0.0377 0.1052  0.0275 -0.0012  -0.0287 1.0431 0.1927 -0.0545 -0.0331 0.0492 -7.6689
122 069--H73 0.0455 0.1269 0.0332  -0.0015 -0.0347 1.0442 0.0136 -0.0395 0.1529 0.0307 -9.4090
130 O72--H49 0.0563 0.1543  0.0422  -0.0036 -0.0459 1.0862  0.2069 0.0471  -0.0997 0.0592  -11.8146
143  O7--H66  0.0348 0.1031  0.0258 0.0000 -0.0258 0.9998 -0.0134  0.1353  -0.0187 0.0261 -7.0111
PSMA-(H20)4
116 O7--H66 0.0348 0.1065 0.0262 0.0004 -0.0258 0.9846 -0.0076 0.1210  -0.0069 0.0226 -7.0289
126  O74--H64 0.0567 0.1458  0.0410 -0.0046 -0.0456 1.1110 0.3177 -0.1024  -0.0695 0.0447 -11.9100
129 065--H76 0.0398 0.1129  0.0293 -0.0011  -0.0304 1.0371 -0.0486 -0.0544 0.2159 0.0435 -8.1279
136 O72--H49 0.0679 0.1615 0.0504 -0.0100 -0.0604 1.1988 -0.1114 0.4075  -0.1345 0.0340 -14.3956
139 023--H67 0.0340 0.1001  0.0253 -0.0003 -0.0256 1.0119  0.1891 -0.0417 -0.0473 0.0090 -6.8437
142 0O65--H68 0.0366  0.1008  0.0266  -0.0014 -0.0280 1.0522  0.0101 0.0031 0.0876 0.0493 -7.4139
143 023--H71 0.0166 0.0540 0.0134 0.0001 -0.0132 0.9897 -0.0017 -0.0178 0.0735 0.0515 -2.9510
152 069--H73 0.0423 0.1166  0.0305 -0.0014 -0.0319 1.0446  0.2035 -0.0516  -0.0353 0.0453 -8.6862
PSMA-(H:0)s
118 O7--H66 0.0375 0.1161  0.0284 0.0006 -0.0278 0.9789 -0.0107 0.1341  -0.0073 -0.0107 -7.6309
130 O74--H64 0.0566 0.1464  0.0411 -0.0045 -0.0456 1.1090  0.2921 -0.0942  -0.0515 0.2921 -11.8894
131  065--H76 0.0404 0.1138 0.0296  -0.0011 -0.0307 1.0378 -0.0310 -0.0586 0.2035 -0.0310 -8.2763
138 O72--H49 0.0703 0.1663  0.0531 -0.0116 -0.0647 1.2174 -0.1214 0.4307  -0.1429 -0.1214  -14.9458
144  0O23.--H67 0.0297 0.0885  0.0225 -0.0003 -0.0228 1.0150  0.1541 -0.0275  -0.0382 0.1541 -5.8784
145 065--H79 0.0391 0.1105 0.0285 -0.0009 -0.0293 1.0301 0.1476  -0.0158  -0.0213 0.1476 -7.9731
148 0O23.-H71 0.0237 0.0738 0.0186  -0.0001 -0.0187 1.0077 -0.0038 -0.0297 0.1073 -0.0038 -4.5467
159  069--H73 0.0471 0.1324 0.0345 -0.0014 -0.0359 1.0405 0.2032  0.0043 -0.0751 0.2032 -9.7638
160 O78--H68 0.0454 0.1278 0.0334  -0.0014 -0.0348 1.0432  0.0041 -0.0434 0.1672 0.0041 -9.3957
CP: critical point; BCP: Bond critical point); p : Electron density (a.u.); Vp: Laplacian of electron density (a.u); G: Lagrangian kinetic energy

(a.u); H: Hamiltonian kinetic energy or electronic energy density (a.u); V: Potential energy density (a.u.); &: Ellipticity of electron density
(a.u); A1, A2, A3 : Components of Laplacian in x/y/z (a.u.); Ens: Hydrogen bond energy (kcal/mol)
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Table S4. Comparison of reported hydrogen bond energy

Siahaan [1] Safia [2] Bo Wang [3]
Method Functional  BCP Eug  Method Functional Interaction Eus Method Molecules Eup
Chi-Cre Orientation 1 DFT . -4.76
Dimer H,O
16 -8.3565 O151---H136  -0.998 HF -3.60
19 -0.8238 0150--H130 -2.225
27 -5.2382 DET WB97XD 0149--H137 -1.533
51 -8.0788
DFT-D3 B3LYP Orientation 2
Chi-Urea 0O151--H118 -0.217
86 -0.7816 0149--H125 -0.373
91 -4.2357
110 -1.5222
119  -0.8928

Chi: Chitosan, Cre: Creatinine, BCP: Bond critical point, and Eus: Hydrogen bond energy (kcal/mol)

References of supporting information

[1] Siahaan, P., Sasongko, N.A., Lusiana, R.A., Prasasty, V.D., and Martoprawiro, M.A., 2021, The validation of
molecular interaction among dimer chitosan with urea and creatinine using density functional theory: In
application for hemodyalisis membrane, Int. J. Biol. Macromol., 168, 339-349.

[2] Safia, H., Ismahan, L., Abdelkrim, G., Mouna, C., Leila, N., and Fatiha, M., 2019, Density functional theories study
of the interactions between host f-cyclodextrin and guest 8-anilinonaphthalene-1-sulfonate: Molecular structure,
HOMO, LUMO, NBO, QTAIM and NMR analyses, J. Mol. Liq., 280, 218-229.

[3] Wang, B, Jiang, W., Dai, X., Gao, Y., Wang, Z., and Zhang, R.Q., 2016, Molecular orbital analysis of the hydrogen
bonded water dimer, Sci. Rep., 6 (1), 22099.
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Abstract: The high application of Poly(styrene-maleic acid) (PSMA) in an aqueous
environment, such as biomedical purposes, makes the interaction between PSMA and
water molecules interesting to be investigated. This study evaluated the conformation, the
hydrogen bond network, and the stabilities of all the possible intermolecular interactions
between PSMA with water (PSMA—(H>0),, n = 1-5). All calculations were executed using
the density functional theory (DFT) method at B3LYP functional and the 6-311G** basis
set. The energy interaction of PSMA-(H,0)s complex was —56.66 kcal/mol, which is classified
as high hydrogen bond interaction. The Highest Occupied Molecular Orbital (HOMO) -
Lowest Unoccupied Molecular Orbital (LUMO) energy gap decreased with the rise in the
number of H;O molecules, representing a more reactive complex. The strongest hydrogen
bonding in PSMA-(H,0)s was formed through the interaction on 072---O17-H49 with
stabilizing energy of 50.32 kcal/mol, that analyzed by natural bond orbital (NBO) theory.
The quantum theory atoms in molecules (QTAIM) analysis showed that the hydrogen
bonding (Eps) value on 072--O17-H49 was -14.95 kcal/mol. All computational data
revealed that PSMA had moderate to high interaction with water molecules that
indicated the water molecules were easily transported and kept in the PSMA matrix.

Keywords: Density Functional Theory; hydrogen bonding poly(styrene-maleic acid);
water

= INTRODUCTION

manipulated, which makes PSMA is used for wide-
ranging purposes. Research showed that PSMA was

The increasing interest in synthetic polymers in
various area is very high because it has uniform properties
[1-3]. The polydispersity index of synthetic polymers can
be close to 1, which is difficult to obtain from natural
polymers. Therefore, synthetic polymers are more
uniform than natural polymers. However, not all
synthetic polymers are compatible with biological
materials. One of the remarkable synthetic polymers is
poly(styrene-maleic acid) (PSMA) due to its biological
properties. The structure of PSMA can be controlled and

engineered as drug carriers, such as nano-micelle and
hydrogel [4-7]. In its structure, PSMA has many carboxyl
groups that can play a role in hydrogen bonding
interactions to bind water molecules, proteins, and even
drugs [8]. Recently, intermolecular interactions have been
studied intensively experimentally and theoretically.
Theoretical investigations using computational
can fully understand the nature and site of interaction
between molecules at the level of molecules or atoms.
The investigation with quantum mechanical
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calculations allows the study to provide complete ideas
about the mechanism at the molecular level. The density
(DFT)
computational method to include the role of electrons in

functional theory offers an achievable
quantum computations. The DFT computation can be
used in various fields, such as medicine, environment, and
energy. The computation can be carried out using small
to large molecules such as 3-Cyclodextrin and polymers
[9-13]. Ferid's research team modeled the interactions
that occur in the urea-water complex [10].
Computational studies of polymers usually use
the limitations of the
[14-15]. In addition, the

investigation of the dimer structure did not differ

dimer structures due to

computational approach

significantly from that of the trimer and oligomers [16].
Computational studies were carried out to illustrate
chitosan derivatives as gene carriers [17]. Researchers also
succeeded in explaining the interaction of the
polyelectrolyte complex between alginate and chitosan
dimers [15]. Interactions between dimer chitosan and
essential amino acids were calculated to understand and
predict drug delivery mechanisms by Deka and
Bhattacharyya [12].

PSMA is a versatile synthetic polymer that has
extensive application in aqueous solutions. Therefore, the
interactions of PSMA with water molecules are
fascinating to be investigated computationally. In the
present study, the stabilized interactions between the
PSMA and water molecules were studied by DFT. PSMA
dimer structure was chosen to represent the PSMA
polymer. A water microsolvation approach was used by
adding one to five water molecules. This study aims to
investigate the intermolecular hydrogen bond interaction
in PSMA-(H;O), complexes by DFT/B3LYP 6-311G**
with NBO, AIM, and NCI analyses. This research can be

used for the development of PSMA polymer in the future.
m COMPUTATIONAL DETAILS
Density Functional Theory Calculation

In the current study, the computational calculations
of all proposed PSMA dimers and water molecules (n =
1-5) were completed with the density functional theory
(DFT) by NWChem 6.8 program [16,18]. A

Indones. J. Chem., 2021, 21 (6), 1537 - 1549

microsolvation approach was conducted by adding one
to five water molecules [15]. The lowest energy of PSMA
dimer and water was obtained by individually structure
optimization. The optimized molecular structure of
PSMA dimer was then interacted with (H,O), molecules
to reach the lowest energy of PSMA-(H,O), complexes.
The stability of the molecule was evaluated by
frequencies calculation. A positive value of frequency
indicates that the stable.
Furthermore, Basis Set Superposition Error (BSSE) and

molecule is already
zero-point correction to energy (ZPE) were also
calculated to determine the interaction energy with the
full counterpoise method [19-20]. The interaction
energy was received by Eq. (1).

Eint = Epsma—(1,0), ~(Epsma +E,0),) (1)

+EpssE_PSMA-(H,0),

Epsma/n,0 was the lowest energy of PSMA-(H,O),
complexes while Epsvia and Eyy, o were the lowest energy
of PSMA H,O,
Egsse_psma-(H,0), Was BSSE energy of PSMA-(H,0).,

dimer  and respectively.
complexes. All calculations were conducted by the DFT
method with the hybrid quality of Becke's three-
parameter functional (B3LYP) and the 6-311G (d,p)
basis set. The PSMA-(H,0), complex interactions are
non-covalent bonds, including hydrogen bonds [21].
Therefore, the calculation of the interaction energy
helped assign the type of hydrogen bond strength.

Reactivity of the Complexes

In this study, Highest Occupied Molecular Orbital
(HOMO) - Lowest Unoccupied Molecular Orbital
(LUMO) energy was calculated to determine the
reactivity of a molecule in the process of electron
transfer in PSMA hydrogel [12,22]. HOMO energy is
related to the process of releasing or donating electrons
(ionization energy, I), while LUMO energy is related to
the electrons' receiving process (affinity energy, A) (Eq.
(2) and (3)) [23-24]. The energy gap of HOMO-LUMO
energy was determined by Eq. (4). The electronegativity
(x) of the molecule was calculated by HOMO and
LUMO energy values (Eq. (5)).

I=-Enomo (2)
A=-Erymo (3)
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AE=E;ymo —Enomo (4)

X:%(HA) )

Natural Bond Orbital (NBO) Analysis

NBO measurements were conducted to evaluate the
charge distribution, interaction of electron delocalization,
and type of interaction binding energy in PSMA and
(H,O). by second-order perturbation theory [12-13,15].
The calculation was conducted by NBO 7.0 software for
PSMA-(H,0), complexes. The orbital stabilizing energy
(E®) associated with the delocalization donor (i) —

acceptor (j) was calculated according to Eq. (6).
2

E-

2 _ — L)

E™ =AE. =q. 6
i qlEi_Ej (6)

where q; is the occupancy of orbital, FiZJ- is NBO Fock
matrix element, E; is the energy of the NBO donor, and E;
is the energy of the NBO acceptor.

Quantum Theory Atom
Analysis

in Molecule (QTAIM)

The QTAIM analysis was conducted to support
NBO analysis by calculating hydrogen bonding energy at
Bond Critical Point (BCP) [25]. The analysis was obtained
by Multiwfn 3.8 program. Parameters at the BCP that
could be collected by QTAIM calculation were electron
density (pecp), Laplacian of the charge density (V*p),
ellipticity index (€), components of Laplacian in x,y,z
(A1,A2,A3), electronic energy density (Hcp)), kinetic energy
density (Gcp)), potential energy density (Vscp)), and H-
bond binding energy (Eus) [26]. The equation of each
parameter was presented in Eq. (7-9).

V2D =My +hy + g (7)
Hgepy =Gaep) + Visep) (8)
Eyp =(-223.8xp(pcp) +0.7423 (for neutral H-bond)  (9)

The relation between the values of V’p and Hcp)
could identify the type of interaction that occurs in BCP.
A weak covalent interaction (strong electrostatic bond) is
indicated by V?p (+) and Hcp) (+). A strong interaction
(strong covalent bond) is indicated by V?p (-) and Hscp)
(-). A medium strength (partially covalent bond) is
indicated by V2p (+) and Hscp) (<) [16]. An absolute ratio
value of kinetic and potential energy density (|V/G|) is
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also a parameter that could categorize interactions. The
value of [V/G| < 1 interprets a weak interaction, the value
of 1 < |V/G| < 2 interprets a medium, and the value of
|V/G| > 2 interprets a strong interaction [9,16].

Reduced Density Gradient (RDG) and Non-
covalent Interaction (NCI)

RDG and NCI analyses are used to describe the
non-covalent interactions in PSMA and PSMA-(H,0),
complexes, such as steric repulsion, Van der Waals
(VdW) interactions, and hydrogen bonding [27]. RDG
is obtained with Eq. (10).

1 |Vp(r)|
2(3”52)1/3 P(r)4/3

where |Vp(| is the gradient norm of the electron density

RDG = (10)

and p(y is electron density. RDG graph and color-filled
isosurface of the complexes are produced by Multiwfn
3.8 and VMD software [28]. Values of RDG and p
provide an analysis of non-covalent interactions in each
complex through a 2D scatter graph. Additionally, the
second largest eigenvalue of the electron density Hessian
matrix (A;) at position ris an essential parameter in NCI
analysis [29]. Based on the equation p, the sign of A,
changes. Thus, sign (A;)p) versus RDG value are plotted
on the scatter graph. Strong repulsions are indicated by
(A2)pw > 0 and p) > 0, while strong attractions are based
on (\2)pr < 0 and py) > 0. Meanwhile, VAW interactions
(the weak interaction) are presented in the value of
O\Z)P(r) and P =0 [29-31].

m  RESULTS AND DISCUSSION
Optimized Structure of PSMA and Water Molecules

The geometry of molecules was measured at the
level theory B3LYP/6-311G** to obtain an optimized
structure with minimum energy. In this study, the dimer
of PSMA was chosen to represent the PSMA polymer
chain. Computational-based researchers also conducted
the dimer calculation method due to the enthalpy and
interaction energy between dimers, trimers, and
oligomers to water were similar [15-16,32-34]. A
microsolvation approach investigated the PSMA-
solvent interactions. One to five water molecules
interacted with PSMA. NWChem software was used to
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obtain the optimized structure of PSMA and water (Fig.
1(a) and 1(c), respectively).

The optimized structure of PSMA showed linear
structure due to single bonding (C-C) in the backbone.
The optimized structure displayed one intramolecular
hydrogen bonding (023--H49, a = 2.389 A), while the
distance of C2-C5, C3-C4, C5-017, and C4-016 were
1.521, 1.525, 1.351, and 1.353 A, respectively. The
with
experimental data of the monomer crystal structure [35].

theoretical data were in good agreement
The experimental research showed that the C—atoms'
distances were 1.52 and 1.51 A, and the C-O distances
were 1.28 and 1.31 A. The molecular electrostatic
potential (MEP) of the PSMA structure was shown as the
active site to conduct interactions with water molecules
(Fig. 1(b)). The red and blue colors in the MEP figure
indicate the highest and lowest total density electron in
structure, which reflect the negative and positive sides,

respectively. O17 and O23 in the PSMA structure showed
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Fig 1. Optimized geometry and MEP of PSMA (a, b) and H,O (c, d)
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a negative side (nucleophile), whereas H49 and Hé64
presented a positive side (electrophile). The interaction
probabilities between PSMA and (H,O), around O17,
023, H49, and H64 were higher than others due to a
difference in charge and no obstacles. O1 presented the
negative side in the water molecule, while H2 and H3
were the opposite (Fig. 1(d)).

PSMA-(H20), Complexes Interaction

The optimized geometry of PSMA-(H;O),
complexes were investigated for knowing how strong
the interaction between PSMA structure and water
molecules is. The most stable geometry of PSMA-
(H,0O), complexes were given in Fig. S1. The complex
structure showed that PSMA-(H,O), complexes were
linked by the hydrogen bonding O-H--H and C=0--H
through carboxylate groups. In addition to the bonds
between molecules PSMA and water, there were also

bonds between water—water.

I

I oato

o

I |
a
1]

A0
30
0
w0
000

(d)

Daru Seto Bagus Anugrah et al.



Indones. J. Chem., 2021, 21 (6), 1537 - 1549

The hydrogen bond lengths and interaction energy
of PSMA-(H,0), complexes were presented in Table 1.
One hydrogen bond in the water molecule interacted with
the carbonyl group (C=0) via a hydrogen bond (O7---H66,
rou = 1.904 A). Meanwhile, the other hydrogen bond
(065--H64) was a bit shorter (rou = 1.652 A). The
intramolecular hydrogen bond in PSMA geometry
appeared between 023.-H49 (ron = 1.986 A). Three
hydrogen bonds stabilized the PSMA-(H,0), complex.
The length of the intermolecular hydrogen bond varies
from 1.886-1.986 A, and a bond was the interaction
1.970 A). The
intramolecular hydrogen force in the PSMA-(H,O).

between water molecules (rou =

complex decreased when water molecules appeared. The
distance of 023---H49 in PSMA-(H,0), complex was more
extended (rou = 2.116 A) than PSMA-(H,0), complex,
which was due to the interaction of 023 and H49 with
water molecules. Furthermore, the addition of water
molecules in the PSMA-(H,0);, PSMA-(H,O),, and
PSMA-(H,0)s complexes caused a cyclic formation
involving several water molecules and PSMA molecules.
An increase in the number of water molecules raised the
number of hydrogen bonds and shortened the distance.
Moreover, the data displayed all hydrogen bond lengths
in PSMA-(H,0), complexes ranged from 1.517 A to 1.96
A, categorized as strong to medium hydrogen bonds
[13,16]. As a comparison, the calculation with the ab
initio methods, such as Hartree-Fock (HF) and Second-
order Moller-Plesset perturbation theory (MP2), were
conducted to determine the optimization energy of
PSMA-(H,O), (EOPtPSMA--- (H20)1) (Table S1). The energy

from DFT was lower than HF and MP2, indicating that
the calculation with the DFT method was more stable and
reliable for this study.

Hydrogen bond interaction is classified based on the
energy value. The energy above 20 kcal/mol is classified as
astrong bond, while the energy of 4-20 kcal/mol is classified
asamoderate bond. A weak bond is indicated by the energy
below 4 kcal/mol. PSMA-(H,0)s and PSMA-(H,0), were
categorized as a strong hydrogen bond, whereas the rest
of PSMA-(H,0) complexes were classified as a moderate
hydrogen bond interaction. The interaction energy of the
PSMA-(H,0), complexes escalated as the number of water
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Table 1. The interaction energy of PSMA-(H,O),
complexes

Interaction energy

Complexes Hydrogen bond (A) (keal/mol)

r(07--H66) = 1.904

PSMA-(H,0), 12,517
r(065--H64) = 1.652
r(07--H66) = 1.886

PSMA-(H,0), r(065--H64) =1.986 -21.725
r(065--H68) = 1.970
r(07--H66) = 1.795
r(065--H64) = 1.844
r(023--H67) = 1.929

PSMA-(H,0); 1(065--H68) = 1.795 -32.655
r(069--H73) = 1.710
r(072--H49) = 1.605
r(07--H66) = 1.785
r(065--H76) = 1.766
r(023--H67) = 1.815

PSMA-(H;0), r(0O65---H68)=1.814 -47.474
r(069--H73) = 1.745
r(072--H49) = 1.543
r(074--H64) = 1.617
1(07--H66) = 1.749
r(065--H76) = 1.760
r(023--H67) = 1.869
£(065--H79) = 1.771

PSMA-(H,O)s r(069--H73) =1.692 -56.660

r(072--H49) = 1.521
r(023--H71) = 1.957
r(074--H64) = 1.617
r(078-H68) = 1.712

molecules increased. The high water uptake is essential
for a material to be used as a water-based material [1,36-
38]. Besides, this particular examination revealed that
the increase in water molecules further augmented the
hydrogen bonds formed, shortened the hydrogen bonds,
and enhanced the interaction energy in PSMA-(H,O),
complexes. These data showed that water molecules are
maintained in the PSMA matrix through strong bonds.
The results of modeling the interaction energy of
PSMA-(H,0), complexes are restricted to a minimum
of five water molecules. It was selected to represent a
microsolvation model in the gas phase calculations [15].
The result may change if H,O molecules are increased
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(e.g., 50 to 100 molecules). The changes are due to
increased intermolecular forces, dispersion, many-body
effect, etc. [15,39-40]. Moreover, increasing the number
of molecules is modeled by DFT can elevate the
computational cost. Nevertheless, this simple approach
the PSMA-(H,O),
properties. The calculations using dimer structure and

allowed observing complexes
small molecules (1 to 5 molecules) had been carried out
by researchers to study optimized structures, properties,
and interactions mechanisms [10,13,15-16]. Therefore,
the data in this study could still be relied upon by future
comprehension computational investigations carried out
with elaboration of solvation models.

The construction of intermolecular hydrogen bonds
in the complex structures influenced the intramolecular
structure of PSMA. The hydration process tended to
weaken the C=0 and O-H bonds of PSMA. The increase
in bond length indicated this. Table 2 presented C=O and
O-H bond lengths in the PSMA structure before and after
hydration. These results also showed that PSMA could
dissociate in the presence of one water molecule, which
could be seen at the O34-H64 bond length of more than
1 A. In addition, H64 was more easily dissociated than
H49.

Indones. J. Chem., 2021, 21 (6), 1537 - 1549

Parameters Reactivity of the Complexes

Molecular reactivity can be predicted by means of
molecular orbital theory. Quantum chemical parameters
that describe the reactivity of molecules are electron
affinity (A), ionization energy (I), and electronegativity
(X)- The parameters were used to determine the HOMO
and LUMO energies. HOMO and LUMO energy
describe the molecular ability to donate and receive
electrons, respectively [23]. The energy gap between
HOMO and LUMO defines the chemical activities of
molecules. All molecular parameters are presented in
Table 3.

The HOMO-LUMO energy gap the
PSMA complex decreased due to the presence of one
water molecule (6.04 > 5.8 eV). Then, the value slightly
increased to 6.47 eV on PSMA-(H,0),. The addition of
two water molecules on PSMA presented the greatest

on

AE. The energy gap gradually declines as the water
molecules increase. The energy gap value of PSMA-
(H,0);, PSMA-(H,0O)4, and the PSMA-(H,0)s were
6.44, 5.84, and 5.87 eV, respectively. A higher AE
indicated that the complex was harder to transfer
electrons. On the other hand, a lower AE showed the
complex was easier to transfer electrons [41]. Compared

Table 2. Bond length detail of PSMA and PSMA-(H,O), complexes

Bond length (A)
Complexes C5=07 C21=023 O17-H49  O34-Hé4
PSMA 1.2133 1.2156 0.9738 0.9736
PSMA-(H,O), 1.2219 1.2320 0.9777 1.0104
PSMA-(H,0), 1.2225 1.2289 0.9755 0.9984
PSMA-(H,0); 1.2320 1.2267 0.9914 1.0114
PSMA-(H,0), 1.2323 1.2358 1.0256 1.0148
PSMA-(H,0); 1.2332 1.2350 1.0288 1.0147

Table 3. The chemical parameters of the complexes

Complexes Enomo Eromo AE A [ X
(eV) (eV) (eV) (eV) (eV) (eV)
0 -6.508290 -0.463756 6.044534 0.463756 6.50829 -3.48602
1 -6.455376 -0.574396 5.880980 0.574396 6.455376 -3.51489
2 -6.497964 -0.025598 6.472366 0.025598  6.497964 -3.26178
3 -6.462384 -0.018804 6.443580 0.018804 6.462384 -3.24059
4 -6.423786 -0.575764 5.848022 0.575764 6.423786 -3.49978
5 -6.465953 -0.595711 5.870242 0.595711 6.465953 -3.53083
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to the individual PSMA structure, the reduced energy gap
allowed the electron to be easily transferred in the
complex structures.

The HOMO-LUMO results were also supported by
the affinity energy, ionization energy, and electronegativity
(A, I, and Y, respectively). The affinity energy for the
complex was enhanced with the increase in water
molecules, which indicated the stronger the PSMA and
water molecules were attracted and bound to each other
[42-43]. The decrease in ionization energy represented
that the complex was easier to transfer electrons [44-45].
Moreover, the electronegativity value became more
with  the
demonstrating that the PSMA and the water molecules

negative increase in water molecules,
attracted each other [45]. Thus, the promising hydrogel is
formed from a different electronegativity material with

the target molecule to attract it into the matrix [16,46-47].
NBO Analysis

In this study, the natural orbitals involved in H-
bonding interactions were investigated by the NBO
approach with the DFT method to support interaction
energy data. The analysis was done because the
interaction energy result is insufficient to identify the
hydrogen bond strength [10,48]. The type of hydrogen
bonding interaction was characterized by the stabilizing
energy value (E?) that represented the delocalization of
electron from a donor (i) (a lone pair orbital (LP) or an
occupied bond (BD)) to acceptor (j) (an unoccupied anti-
bond orbital (BD*)) (Table S2) [9,13]. From the NBO
data, it has become clear that hydrogen bonds were
formed between the PSMA and the water molecules and
between the water molecules themselves. Moreover, the
result supported the previous statement on the increase in
intermolecular hydrogen bonds as donors and acceptors
enhance.

The PSMA-(H;O), complex was stabilized by the
carboxyl group (C=0, O-H) of PSMA and the O-H
groups in the water molecule. NBO data proved that
interaction between O7 lone pair donating orbital and
065-H66 antibonding orbital was given a weaker
stabilizing energy compared to 065--H64 (LP(2) 065 —
BD*(034-H64), 34 kcal/mol). A similar report was also
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stated for the PSMA-(H,0),. In addition, there was an
H,0--H,O interaction in PSMA-(H,0), complex that
LP(1) O65 contributed as the donor and BD*(H68-069)
as the acceptor with an E® of 7.7 kcal/mol.

In PSMA-(H>0)s complex, LP(1) 065, LP(2) 065,
LP(2) 069 contributed as the donors and BD*(H68-
069) and BD*(072-H73) as the acceptors in the
interaction between water molecules and participated to
the stabilization by 6.50, 14.15, and 27.52 kcal/mol,
respectively. The carbonyl group of the PSMA structure
contributed to intermolecular hydrogen bond
interactions through LP(1) O7 — BD*(065-H66), LP(2)
07 — BD*(065-H66), LP(1) 023 — BD*(065-H67),
and LP(2) 023 - BD*(O65-H67) which the calculated
secondary perturbation energies were 9.28, 9.41, 3.66,
and 8.52 kcal/mol, respectively. The carboxyl group via
O-H also participated in the hydrogen bonding as
acceptors, while oxygen in water molecules had a role as
donors. The energies of LP(1) O65 — BD*(034-H64)
and LP(2) O65 —» BD*(034-H64) were about 4.97 and
12.17 kcal/mol, respectively. In addition, LP(2) O72 —
BD*(017-H49) provided a stronger stabilization of
39.50 kcal/mol, which is classified as a strong hydrogen
bond.

The PSMA-(H,0); and the PSMA-(H,O)s
complex showed hydrogen bond interactions that
resemble the PSMA-(H,O); because the two carboxylate
groups in PSMA interacted with water molecules. The
most considerable hydrogen bonding occurred on LP(2)
072 —» BD*(017-H49) in the PSMA-(H,0O), and the
PSMA-(H,0)s complex with energy stability of 48.33
and 50.32 kcal/mol, respectively. The increase in energy
stability of O72.-H49-017 in the PSMA-(H;O);, the
PSMA-(H,0);, and the PSMA-(H,O)s complexes
caused an increase in the length of the H49-O17 bond
and a shorter interaction distance (Table 1 and 2,
respectively). The bond length in the range of 1.5-1.6 A
and energy stability of >20 kcal/mol made the
interaction in O72--H49 was categorized as a strong
hydrogen bonding system [13]. High stabilization
energy means that the stronger the hydrogen bonding
interaction, the easier the proton transfer [10,49-51].
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The NBO data could also explain the increase in
length of C5=07 in the PSMA-(H,0), to PSMA-(H,0)s
complexes by an increase in the stability energy on LP(1)
07 — BD*(0O65-H66). Furthermore, the energy was in
line with the increase in water molecules (n). Fig. 2
displayed the good correlation between E? of O7--H66
and (H,O), with an R?> = 0.994. Therefore, it can be
inferred that the hydrogen bond interaction of the
PSMA.-H,O complex was strong, which was great for
maintaining water inside its three-dimensional matrix
[38,52].

QTAIM Analysis

The QTAIM analysis was conducted due to the
study of hydrogen bonding interaction type at BCP.
Therefore, essential topological parameters, such as V?p,
p, G, H, V, and ratio |V/G|, were crucial to identify the H-
bond critical points (3,-1) achieved from QTAIM
computation [9]. The Multiwfn program calculated the
QTAIM The BCP of PSMA-(HO).
complexes were presented in Fig. 3, whereas the

calculation.

parameters were displayed in Table S3.

According to BCP visualization, new hydrogen
bonding was formed in PSMA-(H,0). complexes when
water molecules were added. All BCP presented positive
value from V?p, and major BCP showed negative value
from Hecp. There were small portions of BCP that
showed positive values from Hgep. Therefore, the
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PSMA-(H,0O), complexes were considered weak to
medium interactions. It was also supported by the value
of the |V/G| ratio at most BCPs in the range of 1-2, while
the minority presented |V/G| < 1. The QTAIM
calculation supported the claim that the hydrogen bond
of O7--H66 enhanced with the increase in the number
of water molecules. The same thing was found in the
072---H49 bond in PSMA-(H,0);, PSMA-(H,0),, and
PSMA-(H,0)s. The results showed that the hydrogen
bond energy in the complex was in the range of -2.3407
to —14.946 kcal/mol. The results showed similar hydrogen
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bonding values in previous computational studies
[9,16,53] (Table S4). In addition, both NBO and QTAIM
analyses showed the strongest intermolecular hydrogen
bond at O7,--Hys in PSMA-(H,0)s complex. The QTAIM
results successfully demonstrated that PSMA was a
potential polymeric material as a hydrogel due to its
ability to make medium hydrogen bonds with water
molecules.

{a) PSMA

(b} PSMA—(H=0)

1545

RDG and NCI Analyses

The NCI study described intra-intermolecular
interactions and assessed the nature of weak interactions
in PSMA-(H;O). complexes. The NCI index gave
additional  information regarding non-covalent
interaction based on RDG [54]. The 2D RDG graph of
sign (A2)p( versus RDG value was plotted in Fig. 4. Blue,
green, and red colors in the RDG graph represented the
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Fig 5. Three-dimensional RDG isosurfaces of PSMA and PSMA-(H,O), complexes; n = 1-5
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hydrogen bond, the VAW interaction, and the steric effect,
respectively. Visualization of non-covalent interaction
was performed with a three-dimensional (3D) RDG
isosurface (Fig. 5) to provide a deeper understanding. In
the 3D RDG graph, green, blue, and red represented the
VdW interaction, H-bond, and steric effect.

The PSMA graph emphasized that VAW interaction
and steric effect were dominant in the structure (Fig.
4(a)). The intramolecular bond of 023---H49 was shown
as VAW interaction (green color) (Fig. 5(a)). The steric
effect occurred due to the presence of phenyl rings of the
PSMA structure. On the other hand, the PSMA-(H,0),
complexes became denser in the blue and green areas (Fig.
4(b—e)). The trends indicated an increase in the number
of hydrogen bonds and VdW interaction. Fig. 5(b-e)
supported the explanation by showing more blue and
green colors. The computational investigation revealed
that PSMA was able to interact strongly with water
molecules. These results also reinforced the previous
experimental research that stated the PSMA hydrogel
with polyethylene glycol as a crosslinker could swell up to
14.58% [8]. The other research of PSMA hydrogel
presented the total water absorption ratio in the range of
13.6-71 g/g [55).

m CONCLUSION

The in silico study of PSMA-(H,0). complexes were
carried out to evaluate the interaction between PSMA and
(H,0), (n = 1-5). The calculation was conducted by the
DFT method and 6-311G** basis set. By the structure
optimization of PSMA dimer, water, and PSMA-(H,O),
complexes, serial properties of those complexes were
attained. The hydration affects the intramolecular structure
of PSMA. The interaction between PSMA and water
molecules was conducted at carboxyl groups. The increase
in the number of water molecules enhanced the interaction
energy and reactivity of PSMA-(H,0), complexes. The
intermolecular hydrogen bonds in the complexes were
evaluated by NBO, AIM, and RDG-NCI analyses. The
easiest electron lone-pairs donating was found on PSMA-
(H,0)s complex through LP(2) O72 — BD*(O17-H49)
with the stabilizing energy of 50.32 kcal/mol. The AIM
results also approved the statement. Moreover, the RDG

Indones. J. Chem., 2021, 21 (6), 1537 - 1549

and NCI analyses supported the results by improving
hydrogen bond interactions as the water molecule
increased. The examination categorized the hydrogen
bond between PSMA and water as the medium to the
strong bond interaction. All data presented indicate
PSMA is a potential polymer to be developed in an
aqueous solution
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Abstract: In forensic ballistics, gunshot residue (GSR) particles can be detected using
screening or presumptive tests which are mainly focused on the chromophoric reaction.
Most tests serve as an initial indication for a forensic investigator at the crime scene before
instrumental analysis for definitive identification. The screening methods are known to
be convenient, have fast analysis, and minimal preparation. In GSR analysis, the well-
known method of detecting GSR known as the Modified Griess Test (MGT) requires acid
and heat for the reaction. Therefore, this study demonstrated a new and rapid screening
test named the Rapid Griess Test (RGT) for the detection of GSR. This study intends to
improve the functionality of previous screening reagents in determining nitrite (NO;),
the composition present after shooting activity. To do this, chemical reagents with an
amino group, 3-aminophenol, were substituted with alpha-naphthol. The experiment
showed that the reactions were positive color changes using standard NO,™ and real GSR
samples. The diazotization reactions involving sulfanilic acid and 3-aminophenol
produced azo dyes that changed the solution from colorless to orange in the presence of
NO;". The RGT reagent will make it possible to avoid using heat and the addition of acetic
acids in a sample to form chromophoric reactions. Moreover, the colorimetric method
using Video Spectral Comparator (VSC) showed that RGT had higher intensity of the
orange color when compared to MGT.

Keywords: gunshot residue (GSR); colorimetric method; screening test; nitrite (NO;")
detection; Modified Griess Test

m INTRODUCTION

GSR evidence has become a substantial help in
certain investigations by providing clues of the

more conclusive results for a more significant number of
cases [5].

In recent years, the focus in forensic investigation
has shifted towards portable and fast methods that can

individuals who fired a gun. It has been used to estimate
firing distances, identify bullet holes, differentiate entry
and exit wounds, establish the kind of ammunition used,
trace the trajectory of a projectile, and determine whether
or not a person has discharged a firearm [1-4]. Generally,
only trace amounts of GSR are deposited on the back of
the hand, face, hair, and clothing of the shooter, and this
material can be used to determine if the person has
discharged a weapon. The analysis of GSR is essential
evidence in forensics, and there is a need to develop a
more sensitive and selective technique that performs

be performed in-situ rather than in an analytical
laboratory [6-7]. Unfortunately, the current technique
for detecting GSR cannot provide fast detection at a
crime scene [8]. The screening method is an essential
technique in forensic analysis that can minimize the
time taken to analyze data. This technique can be
achieved if the screening and confirmatory methods can
be done at the crime scene. Most forensic analysts apply
the use of color changes in order to determine the
presence of nitro groups or heavy metals in GSR
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particles [9-10]. Griess [11] invented a novel screening
method for detecting NO,™ in gunshot residues in 1858.
This method, also known as The Griess test, is used to
detect the presence of NO,™ by the combustion product of
smokeless gun powder.

Nowadays, the Modified Griess Test (MGT) has
been used to replace the original Griess test. The MGT has
avoided the use of the
naphthylethylenediamine dihydrochloride that was used

toxic chemical 1-
in the original Griess test. The modified method is safer
and uses a less expensive reagent than the original Griess
test. However, the Griess test and MGT give several
disadvantages to forensic analysis, namely requiring heat
for the reaction to occur. Besides that, color tests show
drawbacks like non-specificity to GSR and the
requirement of proper storage and disposal of hazardous
chemicals [12-14]. The significance of this study is to
improve the functionality of previous screening reagents
in the determination of NO,” composition that is present
after shooting activity. For this reason, a slight
modification of MGT has been made.

The new Rapid Griess Test (RGT) reagent was used
to detect the presence of NO,™ ions. This compound is
mainly found after shooting due to the oxidation of nitrate
(detected compound before shooting). In this study, a
slight modification on the established Griess Test was done.
RGT reagent was prepared with the substitution of alpha-
naphthol, the main reagent in MGT, to 3-aminophenol.
This reagent substitution is necessary to avoid the use of
heat and the addition of nitric acid in conventional
methods. Besides that, the selected chemical reagent is less
toxic and less expensive compared to alpha-naphthol.

This study also reported the usage of Video Spectral
Comparator (VSC) as a colorimetric analysis in the
determination of NO, in the GSR sample. Previous
research proved that this rapid and non-destructive method
had successfully revealed the GSR pattern on clothing,
including dark and bloodstained clothing [15-16].

This spectrum intensity can be accurately measured
by the value of CIELAB or L* a* b*. In 1931, Commission
(CIE) established a
colorimetric method to quantify and physically describe

Internationale de I'Eclairage
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widely used in industries to define a standard for the
quality control of products [18]. The colorimetric
method has a function as color coordination in the color
space. Brightness and chromaticity are two important
factors in determining the colorimetric spectrum.
Brightness is symbolized as L* (Lightness, luminosity, or
luminance) and has a range from '0' (dark/black) to '100'
(light/white) [19]. The intensity is measured as follows;
high concentrated solutions have low numbers (0-50)
and low concentrated solutions have high numbers (51-
100). The chromaticity spectrum is based on three
primary colors of blue, green, and red [20]. The a* scale
value indicates the degree of redness with a positive (+)
number and greenness with a negative (-) number.
Meanwhile, the b* scale measures the yellow and
blue
yellowness, and negative numbers represent blueness.

colors, where positive numbers represent
Indeed, all visible colors are present by mixing these
colors in different quantities. Meanwhile, the central
point on the colorimetric spectrum shows the white
color spot. This central area represents an equal mixture

of the primary colors [21].
m EXPERIMENTAL SECTION

Materials

All reagents and chemicals used in these
experiments were of analytical grade. Alpha naphthol
and the chemicals used for the preparation of the RGT
reagent that include 3-Aminophenol (CsH4(NH,)OH, >
99%) and Sulfanilic Acid (CsH,NOsS, = 99%), were
purchased from Sigma Aldrich. Methanol (MeOH, >
99%) purchased from Merck was used without further

purification.
Procedure

Preparation of the Rapid Griess Test (RGT) reagent
The method for the MGT reagent preparation in
this study followed the steps of a previous study [16].
Furthermore, the RGT reagent was prepared by
substitution of alpha naphthol in MGT with 3-
aminophenol. Then, 28 g of 3-aminophenol in 100 mL
of methanol was added into 5 g of sulfanilic acid
solution. The solution was stored in a sealed amber bottle.
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Preparation of the standard nitrite (NOy) solution

The screening test method was performed using
standard NO,~ solutions with different concentrations:
250, 200, 150, 100, and 50 ppm. This step was conducted
to identify the concentration of NO,™ that can react with
the RGT reagent. Meanwhile, the samples of GSR
collected on the target materials were tested directly at the
shooting location.

Collection of GSR samples

In order to investigate the effectiveness of the RGT
reagent on GSR samples, a shooting test was performed
using a Colt (F1) revolver and Smith & Wesson Special +P
(F2) revolver, Sig Sauer P226 (F3) pistol, and Walther P99
(F4) pistol. The ammunition used was from Syarikat
Malaysia Explosive (SME), 0.38 inch and 9 mm. GSR was
directly collected from the target materials before it was
tested using the RGT reagent. A shooter conducted the
shooting test on duty from the Royal Malaysian Police.
This shooting and screening test for detecting NO,™ in
GSR was done in the Forensic Laboratory of the Royal
Malaysia Police (RMP) Cheras, Kuala Lumpur. Next, to
confirm the presence of NO, in GSR, the sample was
analyzed using Video Spectral Comparator (VSC).

m RESULTS AND DISCUSSION
Color Changes of Standard Nitrite (NO2’)

According to Dalby and co-workers [12], the
inexpensive, simple, and rapid color test has become an
attractive method even though the results are only for
screening purposes. However, very few studies on
chemical color tests can be used for screening purposes
[22].
conventional chemical color tests are troublesome as

during forensic investigation Furthermore,

some require heat and bulk analysis techniques with a lack

T S

HO”

nitrous acid

diazonium ion

Sulfanilic acid

3-aminophenol
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of specificity. For instance, the established Griess test
method for the detection of NO,™ in GSR is contributing
contamination as the result of heat from the iron [23].
Therefore, this research would address these difficulties
by providing an in-situ, reliable and valid method for
analyzing GSR samples. Furthermore, the effectiveness
of the reagent can be achieved by modifying the substance
used in a chemical color test so that it can provide a color
change in situ for screening purposes.

The presence of NO, residue will cause the
formation of an orange color as a result of the
chromophoric reaction. This reaction occurs due to the
formation of Azo-dyes. The reaction known as the
diazotization reaction occurs when nitrosating agent
reacts with sulfanilic acid to produce a diazonium ion
[24-25]. The nitrosating agents are derived from the
acid-catalyzed formation of nitrous acid from NO,". In
this case, NO,” was obtained from the GSR. Next, the
diazonium ion will react with aminophenol to form an
azo dye (orange color solution). Fig. 1 shows the
schematic reactions of NO,™ and aminophenol to form
an azo dye.

Ideally, NO,™ reacts with 3-aminophenol to form
an orange-yellow color solution. The concentrations of
an element in a solution can be determined using
colorimetric analysis. Colorimetric analysis can be
defined as a technique in determining the concentration
of chemical compounds such as organic or inorganic
compounds in a solution with a color reagent. In this
study, a video spectral comparator was used to measure
the colorimetrics of the reagent solution that was used to
react with the samples. Fig. 2 shows the color changes
with the different concentrations of NO,™ solution that
are visible to the human eye.

(azo dye)

Fig 1. Schematic reactions of nitrite (NO,") and 3-aminophenol.
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Ad A2 A3 A4 Ab  AB

and (B6) 250 ppm of NO, solution

Fig. 2 shows the color changes of the solution from
colorless (blank) to different tones of yellow and orange.
No color formation occurred in vials A2 and A3 because
the concentration of the NO,™ solutions were too low to
react to the MGT. Thus, the earliest change due to the
reaction of the MGT reagent and the NO, solution
occurred in vial A4. The reaction between MGT and 150
ppm of standard NO, resulted in a yellowish color
solution. Meanwhile, vials A5 and A6 show the formation
of a yellow and orange color solution, respectively. Unlike
the RGT reagent, acetic acid needs to be added to the
MGT solution. This solution also required heating for the
reaction to occur. In the meantime, the reaction of the
standard NO, solution and RGT had occurred in all vials.
Vial B5 and B6 showed the darkest color solutions. This
detection will help in the determination of particle
compounds in crime scenes. Furthermore, the reactions
between the RGT reagent and the standard NO,™ solution
showed color changes without adding acetic acid or
heating process. Fig. 3 shows the colorimetric spectrum of
the blank and test reagent with NO,™ solution. Both the
blank solution in vial A1 and B1 marked the white color
spectrum with the values (L* = 82.6, a* = 1.7, b* = 2.8) and
(L* = 87.5, a* = 1.2, b* = 3.4) respectively.

MGT with 50 ppm and 100 ppm of NO," solution in
vial A2 (L* = 82.5,a* = 0.7, b* = 11.4), and A3 (L* = 82.5,
a* = 0.9, b* = 14.4) respectively showed unchanged color
solutions. The reaction of the MGT reagent towards the
NO; solution in vial A4 (L* = 78.9, a* = 3.6, b* = 14.8)
showed a yellowish color solution. Meanwhile, the
spectrum shows that A5 (L* =73.3,a* = -1.7,b* = 17.1) was
plotted near B2 (L* =77.5,a* = 1.3,b*=17.6). Similar to
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Bt B2 B3 B4 B5 B6
Fig 2. Vials contain (A1) MGT blank, with (A2) 50 ppm, (A3) 100 ppm, (A4) 150 ppm, (A5) 200 ppm, and (A6) 250 ppm
of NO,™ solution, while vial (B1) contain RGT blank, with (B2) 50 ppm, (B3) 100 ppm, (B4) 150 ppm, (B5) 200 ppm,

Blank

50 ppm NOz
100 ppm NOz
150 ppm NO2
200 ppm NOz2 7
; : ; i 250 ppm NO2

% A A w 5 6 E 8
Fig 3. The colorimetric spectrum of (A) MGT and (B)

RGT reagent with different concentrations of NO,

LB LNaADD

o | |
H yzg 2

solution

colorimetric spectrum detection, both A5 and B2 vials
showed almost the same yellow color solutions. However,
the negative value of a* for A5 indicates that the solution
is near to the green color spectrum. While, vial A6 (L* =
67.3,a* =29.9, b* = 22.1) showed an orange solution.
Meanwhile, the reactions of the RGT reagent and
the standard NO,™ solution in vial B3 (L* = 73.3, a* =
29.9, b* = 30.0), and B4 (L* = 71.7, a* = 32.5, b* = 27.4)
showed bright orange solutions. The orange solution in
vial B5 (L* = 64.3, a* = 30.9, b* = 20.6) was formed when
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200 ppm of NO,™ standard solution reacted with the RGT
reagent. Vial B6 (L* = 62.2, a* = 44.6, b* = 12.7) which
contained the RGT reagent and 250 ppm of NO,™ solution
showed the formation of a dark orange solution after the
reaction occurred.

Indeed, the reaction between the RGT reagent and
the standard NO,™ solutions showed the different values
of colorimetric data. The RGT reagent containing
250 ppm of NO;™ (vial B6) showed a low number of L*,
which indicated the dark color of the solution or the
highest solution concentration. The color of the solution
in vial B6 was significantly darker compared to MGT that
reacted with 250 ppm of NO, solution in vial A6.
Moreover, the colorimetric measurements showed an
increasing redness value, a*, when the concentration of
the standard NO,™ solutions that reacted with the RGT
reagent increased. Therefore, it can be stated that the
color tone of the solution becomes darker as the
concentration increases. The color changes of the solution
proved that RGT is more efficient compared to
conventional MGT.
the
performance of the RGT reagent, the sensitivity tests were

However, to determine parameter and

done in this study. Table 1 represents the absorbance
versus concentration of NO,™ (ppm) in MGT and RGT
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regression equation for RGT was Y = 0.0035x + 0.0136,
where R* = 1. Meanwhile, linear regression for MGT was
Y = 0.0019x + 0.032, where R* = 0.9864. The sensitivity
of the analyte towards the reagents can be verified using
the limit of detection (LOD) and limit of quantification
(LOQ). According to Shrivastava [26], LOD is the lowest
analyte concentration that can be measured or detected
by a given analytical procedure. Meanwhile, LOQ is the
lowest concentration that can be quantitated reliably
[27-28].

The LOD was determined as 3.3*S,,x/b, where Syx
is the residual standard deviation while b is equal to the
slope or sensitivity corresponding to the calibration
curve [29]. Meanwhile, LOQ can be calculated using the
formula 10*S,,/b. In this study, the LOD and LOQ for
the RGT reagent were found at 1.5 ppm and 4.6 ppm,
respectively. Meanwhile, the MGT reagent had a LOD
value of 35.8 and a LOQ value of 108.6. Even though
MGT reagents are the most frequently used method to
determine nitrite, the method is not suitable for GSR
determination. It is because MGT requires the addition
of acid and heat for the reaction to occur. In conclusion,

Table 1. The data of absorbance and concentration from
UV-VIS spectrometry.

that were measured by UV-VIS spectrometry at 354 nm. MGT RGT
Based on the signals obtained from the UV-VIS vials  cone of Abs.  vials | Cone of Abs.
spectrometer, the calibration curves for MGT and RGT 1 NO: (ppm) NO.” (ppm)
reagents were plotted for five different concentrations of Ai 15000 8(1)33 ii 15000 8;22
NO; and are presented in Fig. 4. Ad 150 0.258 B4 150 0'534
The linear regression data for the calibration curves A5 200 0'3 41 B5 200 0'703
showed a good linear relationship over the concentration A6 250 0463 B6 250 0.878
range of 50 ppm to 250 ppm for nitrite. The linear
0570 . 1 ib)
041 - 0.8 ’
§ " o -
0.34 ] .
9024 . . ) 0.4 o
2 y = 0.001%x - 0.032 H - y = 0.0035x + 0.0136
014 . Rz = (. 5854 "IIZIZ- . R =04
0 T T T T T 1 0 r T r r r ]
0 30 100 150 200 250 300 0 20 100 150 200 250 300

Concentration of nitrite (ppm)

Concentration of nitrite (ppm)

Fig 4. Calibration curve of (a) MGT and (b) RGT reagent using UV-VIS spectrometry
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the LOD and LOQ values confirmed the effectiveness of
the RGT reagent compared to the MGT reagent in
determining GSR. Therefore, this reagent has the
potential to become a simple and fast screening test at the
crime scene.

Color Changes of the RGT Reagent on GSR Samples

The effectiveness of the RGT reagent at a crime
scene can be determined using the GSR samples. For this
purpose, the shooting test was done at a closed,
unventilated area using SME ammunition fired from four
types of firearms, namely Colt revolver (F1), Smith &
Wesson special P revolver (F2), Sig Sauer P226 pistol (F3),
and Walther P99 pistol (F4).

Fig. 5 shows the color changes of the RGT reagent
when reacting with different amounts (mg) of GSR
samples from the F1 and F2 revolver. The reaction
between the RGT reagents and the GSR samples took
place within 30 min, forming color changes, as shown in
Fig. 5. The observations showed different color ranges
that is visible to the human eye. There are different colors
of the solutions, which include the yellowish color, yellow,
orange and dark orange. However, the color changes that
are measured by human eyes might cause biased results.
Therefore, the intensity of the color of the solutions was
measured using a colorimetric test for more accurate
results, as shown in Fig. 6.

Fig. 6 represents the colorimetric spectrum of the
RGT reagent with the GSR samples, from the F1 and F2
revolver. Vial 1 that contained the blank reagent marked
the white color spectrum with the value of (L* = 87.5, a* =
1.2, b* = 3.4). Referring to the observation on Fig. 5 and
the spectrum from Fig. 6, vial 2a that consisted of 5 mg
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GSR from F1 showed a yellowish color (L* = 77.1, a* =
1.3, b* = 13.0), while 10 mg of GSR in vial 2b (L* = 73.1,
a* = 2.5, b* = 32.4) formed a yellow solution when it
reacted with the RGT reagent. Furthermore, both vial 2¢
and 2d showed yellow colored solutions with the value
of (L* = 73.1, a* = 14, b* = 35.2), and (L* = 67.1, a* =
19.6, b* = 26.6), respectively. Vial 2e that consisted of
25 mg GSR from F1 showed a dark orange solution that
remarked the color intensity at (L* = 60.5, a* = 35.5, b*
=7.0).

Meanwhile, the GSR from F2 in vial 3a and 3b

2a Smg F1 3a Smg F2 |
b 10wmg F1  3b 10mg F2
2e 15mg F1 3¢ 15mg F2
2d 20mg F1  3d 20mg F2
e 28mg F1  3e 25mg F2

3 x ¢ 5 8 7 8

0.. e .1. «'l! ﬂ".z..
Fig 6. The colorimetric spectrum of the RGT reagent
with different weights of GSR samples from the F1 and
F2 revolver

!bé!ﬁ!b!;!i

iy rl L—n—-—"‘ H- - - -_ C—
i = ~ e -:- '
1 2a Zb 2c 2d 2e 1 3a 3b 3o id e

Fig 5. Color changes of the RGT reagent (1) Blank with GSR samples of (a) 5 mg, (b) 10 mg, (c) 15 mg, (d) 20 mg and

(e) 25 mg from (2) F1 and (3) F2 revolver
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showed a yellowish solution with the value of intensity (L*
=80.6, a* = 0.2, b* = 11.7) and (L* = 75.2, a* = 1.6, b* =
26.1) respectively. The minimum value of a* (0.2) for 3a
indicates that the solution was near to the white color
spectrum. The orange solution in vial 3¢ and 3d had
intensity value of (L* = 74.0, a* = 16.6, b* = 34.5) and (L*
=74.9, a* = 17.6, b* = 37.3) respectively. The solution in
vial 3e with the intensity value of (L* = 62.2, a* = 44.6, b*
=12.7) showed a dark orange solution that is visible to the
human eye. The 25 mg GSR from F1 in vial 2e showed the
highest redness value, a*, followed by 25 mg of GSR from
F2 in vial 3e. The high value of redness is caused by the
dark colored solution from both samples. Moreover, the
lowest L* value in vials 2e and 3e also indicated a darker
colored solution compared to the other samples. The
different colors of the solutions indicates that the amount
of GSR affected the formation of the color of the solutions.

Fig. 7 shows the color changes of the RGT reagent
when reacting with different amounts (mg) of GSR
samples from the F3 and F4 pistols, while Fig. 8 represents
the colorimetric spectrum of the RGT reagent with
different weights of GSR from the F3 and F4 pistols. Fig.
7 shows that the vials that consisted of GSR from F3
showed different color changes: a yellowish solution in
vial 4a, yellow solutions in vial 4b and 4c, an orange
solution in vial 4d, and a dark orange solution in vial 4e.
Meanwhile, vials that consisted of GSR from F4 showed a
yellowish solution in vial 5a, a yellow solution in vial 5b,
and a dark orange solution in vial 5e, leaving the rest of
the vials with orange colored solutions.

Fig. 8 shows that the blank solution, located on the
white color spectrum, has the intensity value of (L* = 87.5,
a* = 1.2, b* = 3.4). The colorimetric spectrum shows that

|

-

1 4a 4b 4c 4d 4e
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4a (L*=81.6,a* =-0.4,b* =16.1) and 5a (L* = 77.8,a* =
1.9, b* = 12.9) were located near the white spectrum. The
negative redness value, a* = —0.4 for 4a indicates that the
solution is leaning toward the green spectrum. Similarly,
when observed through the human eyes, the color of the
solution of vials 4a and 5a was very close to white.
However, the minimum changes from colorless to
yellowish solution prove the effectiveness of the RGT
reagent as a screening test reagent in determining GSR.
The yellow solution in vial 4b (L* =81.7, a* = 0.2,
b* =35.1) and 4c (L* = 72.6, a* = 9.5, b* = 35.1) showed
the highest value of yellowness, b* in the colorimetric
spectrum followed by 5b (L* = 69.1, a* = 10.1, b* = 29.0)

1 Blank
4n Swg F3 Sa Smg F4
4b Wmg F3  5b 10mg Fd |
4c 15mg F3 Sc 15mg F4
44 20mg F3 54 20mg F4)
4e .25 mgl F3 1 Se Izs mg F4

0 A e 2 3 x 4 - B 7 8
Fig 8. The colorimetric spectrum of RGT reagent with

different weights of GSR samples from F3 and F4 pistols

| F3 | li F4 |

Ll 1 ‘I—HE
— ———'-H—J?—-Jh...

1 5a b 5c 5d be

Fig 7. Color changes of RGT reagent (1) Blank with GSR samples of (a) 5 mg, (b) 10 mg, (c) 15 mg, (d) 20 mg and (e)

25 mg from (4) F3 and (5) F4 pistol
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which also formed a yellow solution. Meanwhile, the
grouping of vial 4d (L* = 68.1, a* = 20.5, b* = 26.1), 5¢ (L*
=69.2, a* = 23.3, b* = 29.7) and 5d (L* = 66.2, a* = 23.4,
b* = 23.4) are due to the similar values of L*, a*, and b*.
The grouping of the samples showed the intensity of the
color of the solution that were slightly similar to each
other. In addition, both 25 mg of GSR from F3 in vial 4e
(L*=63.7,a* = 30.6, b* = 21.8) and F4 in vial 5e (L* = 60.2,
a* = 33.1, b* = 15.3) showed dark orange solutions.

The data of the colorimetric measurement shows
that increasing the amounts of the GSR samples will
increase the redness value, a*. For instance, 4e and 5e had
the highest redness value a*, while 4a and 5a had the
lowest redness value, a*. The GSR samples of F3 and F4
showed diffuse white or light colored solution due to the
high value of luminosity, L*.

Even though the analysis used the same amount
(mg) of GSR to react with the RGT reagent, the
observation through the human eyes showed that the
color changes of RGT towards NO, were different
between firearms. The difference is because the GSR
particles consist of partially burnt and unburnt chemical
composition, in which the main composition is

nitrocellulose. During the shooting process, the
nitrocellulose had undergone degradation to form NO,".
In other words, the GSR from F4 contained higher
amounts of NO;™ in compared to the GSR from F3.

In addition, 10 mg of GSR sample is the minimum
amount that can differentiate the color of the reaction
solution from the blank solution. Therefore, this amount
should be the benchmark value in observing the
effectiveness of the RGT reagent. Consequently, the RGT
reagent successfully determined the nitrite compound in
the GSR particles. The substitution of alpha-naphthol in
the previous MGT reagent with 3-aminophenol will
eliminate the need to use heat and the addition of acetic
acid. Therefore, the invention of the RGT reagent can
increase the efficiency of GSR screening tests at crime

scenes by providing a portable and easy to use reagent.
m CONCLUSION

Using the RGT reagent to detect GSR on a shooter's
hand and clothes will lead the investigators towards a
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better option to perform screening tests at crime scenes.
The RGT analysis gave a slightly similar result to MGT.
Although color intensity is not the main point for NO,
determination, there is an observable difference in color
intensity between MGT and RGT. The effectiveness of
the RGT chemical reagents will avoid the use of heat and
acetic acid to facilitate the chromophoric reaction.
Therefore, substituting the MGT with the RGT reagent
as a screening method in detecting NO,™ as the main
component in GSR will become a new alternative in
forensic chemistry analysis. However, this method
depends on the availability of the samples collected at the
time an incident occurs.
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Abstract: Four sesquiterpenoid derivatives, i.e., 4f3,10a-dihydroxyaromadendrane (1),
caryophyllenol-II (2), senecrassidiol (3), and clovane-2p,9a-diol (4) have been isolated

from the stem bark of Aglaia simplicifolia. The chemical structures of compounds 1-4
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were determined based on spectroscopic data, including one and two-dimensional NMR
and mass spectroscopy. In addition, these sesquiterpenoids 1-4, were also tested for their
cytotoxic activity against B16-F10 melanoma skin cancer cell lines through in vitro assay.

Among the isolated compounds 1-4, compound 1 showed the highest activity with an ICs,
value of 44.8 ug/mL, suggesting the presence of a cyclopropane ring that plays an essential

role in cytotoxic activity against B16-F10 melanoma skin cancer cell lines.

Keywords: Aglaia simplicifolia; cytotoxic activity; B16-F10 cell lines; sesquiterpenoid;

Meliaceae

= INTRODUCTION

Sesquiterpenoids are secondary metabolites derived
from three isoprene units 2-methyl-1,3-diene with 15
carbon atoms and 24 hydrogens per molecule (CisHas) [1].
Sesquiterpenoids were classified using the number of
cyclic formed by modification of the cyclization reaction
and rearrangement of the carbon skeleton. For example,
acyclic, monocyclic, bicyclic, and tricyclic
with types of
cyclopropane, cyclobutane, cyclopentane, cyclohexane,
[2-3]. The

sesquiterpenoids are oils with volatile properties but less

sesquiterpenoids, several cyclic,

and cycloheptane characteristic ~ of
volatile than monoterpenoids, the main components of
essential oil with more pungent odors, and can be found
in plants, mainly in higher plants [3].

Currently, there are more than 10,000 known types

of sesquiterpenoids in nature [1]. The diversity of

sesquiterpenoids comes from farnesyl pyrophosphate
(FPP) as a precursor, which has three double bonds, so
the carbon chain is more flexible, so makes the structural
diversity in the carbon skeleton (Cis) sesquiterpenoid
[4]. In addition, the presence of functional groups and
substituents arranged regionally and stereospecifically
skeletons  [5].
these
compounds have many biological activities such as anti-
inflammatory [6], antibacterial [7], antioxidant [8],
antitumor [9-10], and antimalarial [11] agents. For

made  sesquiterpenoids  diverse

Sesquiterpenoids are very useful because

example, artemisinin is a sesquiterpenoid lactone
isolated from Artemisia annua and has been used as a
malarial drug [12].

Aglaia is a kind of higher plant in the tropical
rainforest. Aglaia is the largest genus that belongs to the
Meliaceae family, which contains more than 150 species
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and about 65 species grown only in Indonesia. The Aglaia
genus has been identified in Southern Asia's tropical and
subtropical rainforest, Northern Australia, and the pacific
region. The distributions of the Aglaia genus can be found
in many countries, such as India, Thailand, Vietnam,
Malaysia, and Indonesia [13-14]. Traditionally, the bark
of Aglaia has been used as traditional Indonesian herbal
medicine for healing fever, influenza, cough, and other
skin diseases [3,13-14].

A. simplicifolia is one of Aglaia plants that has been
phytochemically investigated before, and it has been
proven to contain ergosterol peroxide, stigmasterol, and
senecrassidiol with cytotoxic activity against HeLa
cervical cancer [15-16]. So far, about twenty-three
sesquiterpenoids have been investigated separately from
the Aglaia species [13]. Therefore, to observe the cytotoxic
constituents of Indonesian Aglaia plants against B16-F10
melanoma skin cancer cell lines, we report herein the
isolation, structure elucidation, and cytotoxic evaluation
of four types of aromadendrane, caryolan, clovane, and
caryophyllene sesquiterpenoids 1-4 from A. simplicifolia.

m EXPERIMENTAL SECTION
Materials

The stem bark of A. simplicifolia was collected in
January 2016 at Bogor Botanical Garden, Bogor, West
Java Province, Indonesia. The voucher specimen was
authenticated by the staff of the Bogoriense Herbarium,
Research Centre for Biology, Indonesian Institute of
Science, Bogor, Indonesia, and deposited at that
herbarium (No. BO-1295311).

Organic solvents such as n-hexane, ethyl acetate,
methanol, n-butanol, methylene chloride, and acetone
were purchased from the Kristata Gemilang Company,
Bandung in technical quality and distilled. The B16-F10
cell was acquired from American Type Culture Collection
(ATCC® CRL-6475™, Manassas, Virginia, USA). The
medium used was Dulbecco's Modified Eagle's Medium
(DMEM high glucose) (Cat. No. 11965118, Gibco, New
York, USA) added with 10% Fetal Bovine Serum (FBS)
(Cat. No. 10082147, Gibco) and 1% Penicillin-
streptomycin (Cat. No. 15140112, Gibco). Cell incubation
was conducted at 37 °C in a 5% CO, incubator (Cat. No.

1561

8000DH, Thermo Fisher

Massachusetts, USA).

Scientific, Waltham,

Instrumentation

The IR spectra were obtained on Perkin Elmer
Spectrum 100 FT-IR spectrometer using NaCl plate. The
mass spectra were obtained with Waters Q-TOF Xevo
mass spectrometer instrument. The NMR spectra were
recorded on the JEOL JNM-ECX500R/S1 spectrometer
at 500 MHz for 'H and 125 MHz for *C with TMS as an
internal standard. The column chromatography was
performed on silica gel 60 (Merck, 70-230 and 230-
400 mesh) and octadecyl silane (Fuji Sylisia, 200-400
mesh). The TLC analyses were conducted with TLC
silica gel 60 GF4 (Merck, 0.25 mm) using various
solvent systems, and spot detection was obtained by
spraying with 10% H,SO, in EtOH, followed by heating
and irradiating under ultraviolet-visible light at
wavelength 254 and 365 nm, respectively.

Procedure

Extraction and isolation

A 1.01 kg of dried bark A. simplicifolia was
extracted with methanol (12 L) at room temperature for
3 d. The methanol extract was evaporated with a rotary
evaporator at 40 °C under reduced pressure to yield a
residue of the concentrated methanol extract (194.9 g).
Then, this residue was dissolved in water and portioned
successively with n-hexane (10 L), ethyl acetate (10 L),
and n-butanol (10 L). The evaporated these extracts
resulted in n-hexane (14.5 g), ethyl acetate (28.0 g), and
n-butanol (14.5 g), respectively. The ethyl acetate extract
(28.0 g) was separated by vacuum liquid chromatography
(VLC) on silica gel G60 using a gradient solvent of n-
hexane-ethyl acetate, 20% gradient, then ethyl acetate-
methanol, 10% gradient to give eight fractions (A-H).
The E fraction (1.54 g) was column chromatographed on
silica gel (70-230 mesh) using an isocratic solvent of n-
hexane:ethyl acetate (8:2) to yield eleven fractions (E1-
E11). Furthermore, the E7 fraction (58.6 mg) was column
chromatographed on silica gel (230-400 mesh), eluted
with methylene chloride:ethyl acetate (9:1) to give five
fractions (E7.A-E7.E). The E7.B fraction (32.7 mg) was
column chromatographed on silica gel (230-400 mesh)
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Fig 1. Chemical structures of compounds 1-4

chloride:acetone
(E7.B1-E7.B4).
fraction was

eluted with n-hexane:methylene

(2:7.5.0:0.5) to give four fractions
E7.B3
chromatographed on silica gel (230-400 mesh) eluted

Furthermore, the column
with n-hexane:methylene chloride: acetone (3.0:6.5:0.5) to
yield compound 1 (7.8 mg).

The E8 fraction (1153 mg) was
chromatographed on silica gel (230-400 mesh) using a

column

isocratic elution of n-hexane:methylene chloride:acetone
(2.0:7.5:0.5) to give three fractions (E8.A-E8.C). The E8.A
fraction (30.3 mg) was column chromatographed on silica
gel (230-400 mesh) eluted with n-hexane:methylene
chloride:acetone (2.0:7.5:0.5) to yield compound 2 (5.5 mg).
The E8.C fraction (70.3 mg) was column chromatographed
on silica gel (230-400 mesh) eluted with n-hexane:
methylene chloride:ethyl acetate (0.5:9.0:0.5) to give three
fractions (E8.C1-E8.C3). Finally, the E8.Cl fraction
(50.8 mg) was further column chromatographed on
octadecyl silane (ODS) eluted with methanol:water (5:5) to
obtained compound 3 (7.4 mg) and compound 4 (4.2 mg).
4(,10a-Dihydroxyaromadendrane (1). Pale yellow
oil; [a]261° -25.0 (c 0.2, CHCL); IR (NaCl) Ve 3362, 2853,
1456, 1378, and 1054 cm™; 'H-NMR (acetone-ds, 500
MHz): 8 1.82 (1H, dd, J = 10.0, 18.5 Hz, H-1), 1.57 (2H,
m, H-2), 1.67 (2H, m, H-3), 1.12 (1H, m, H-5), 0.41 (1H,
dd, J = 9.5, 11.0 Hz, H-6), 0.56 (1H, dd, ] = 9.5, 11.0 Hz,
H-7), 0.9 (1H, m, H-8a), 2.05 (1H, m, H-8b), 1.57 (1H, m,
H-9a), 1.67 (1H, m, H-9b), 0.98 (3H, s, H-12), 0.99 (3H, s,
H-13), 1.1 (3H, s, H-14), 1.16 (3H, s, H-15); "C-NMR
(acetone-ds, 125 MHz) see Table 1. HR-TOFMS m/z
found 261.1854 [M+Na]*, (calculated for C;sH,s0,Na,
m/z 261.1831).

Caryophyllenol-Il (2). Pale yellow oil; [a]3®'" -54.2 (c
0.2, CHCL); IR (NaCl) vmax 3362, 3088, 1721, 1613, 1386,

1463, and 1078 cm™'; '"H-NMR (acetone-ds, 500 MHz) 8y
2.07 (1H, m, H-1), 1.94 (1H, m, H-2a), 2.17 (1H, m, H-
2b), 5.54 (1H, td, J = 1.2, 10.2 Hz, H-3), 4.86 (1H, dd, ] =
4.2,10.2 Hz, H-5a), 2.67 (1H, q, ] = 12.6, 10.2 Hz, H-5b),
1.71 (1H, m, H-6), 1.82 (1H, m, H-7a), 1.6 (1H, m, H-
7b), 2.33 (1H, m, H-9), 1.68 (1H, m, H-10a), 1.51 (1H,
m, H-10b), 1.26 (3H, s, H-12), 1.01 (3H, s, H-13), 4.8
(1H,q,J=2.4Hz, H-14a),4.27 (1H, t,] = 2.4 Hz, H-14b),
1.02 (3H, s, H-15); *C-NMR (acetone-ds, 125 MHz) see
Table 1; HR-TOFMS m/z found 221.1737 [M+H]",
(calculated for CisH,s0, m/z 221.1702).

Senecrassidiol (3). Pale yellow oil; IR (NaCl) Vax 3369,
2917, 1451, 1378, 1019 cm™'; 'H-NMR (CDCl, 500
MHz) 8y 2.18 (1H, t, J = 12.0 Hz, H-2), 1.15 (1H, d, ] =
3.5 Hz, H-2a), 1.13 (1H, d, ] = 4.0 Hz, H-2b), 1.8 (1H, m,
H-5), 1.46 (1H, m, H-6a), 1.33 (1H, m, H-6b), 1.38 (1H,
m, H-7a), 1.35 (1H, m, H-7b), 3.44 (1H, t, ] = 3.0 Hz, H-
9),2.01 (1H, m, H-10a), 1.74 (1H, m, H-10b), 1.61 (1H,
d,J=5.0 Hz, H-11a), 1.48 (1H, d, ] = 3.0 Hz, H-11b), 1.4
(1H, d, J = 13.5 Hz, H-12a), 1.13 (1H, d, J = 13.5 Hz, H-
12b), 1.01 (3H, s, H-13), 1.0 (3H, s, H-14), 0.92 (3H, s,
H-15); ®C-NMR (CDCl;, 125 MHz) see Table 1; HR-
TOFMS m/z found 256.1956 [M+H,0]*, (calculated for
Ci5H160,, m/z 238.1905).

Clovane-2f3,9a-diol (4). Amorphous powder; IR
(NaCl) vimax 3340, 2918, 1544, 1416, and 1019 cm™; 'H-
NMR (CDCls, 500 MHz) 8 3.78 (dd, J = 10.5, 5.5 Hz, H-
2),1.5(dd,J=12.0,10.0 Hz, H-3a), 1.72 (dd, J = 12, 5.5 Hz,
H-3b), 1.41 (1H, m, H-5), 1.43 (1H, m, H-6a), 1.31 (1H,
m, H-6b), 1.35 (1H, m, H-7a), 1.09 (1H, m, H-7b), 3.31
(br s, H-9), 1.99 (1H, m, H-10a), 1.61 (1H, m, H-10b),
1.66 (1H, m, H-11a), 1.08 (1H, m, H-11b), 0.9 (br d, J =
12.5 Hz, H-12a), 1.54 (d, J = 12.5 Hz, H-12b), 0.85 (3H,
s, H-13),1.03 (3H, s, H-14), 0.95 (3H, s, H-15); *C-NMR
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Table 1. "C-NMR data of compound 1-4

1563

o Compounds
Position

bon 1)1* 2)1* 3)(** 4)1*)(*
car Sc(mult)  Sc(mult) 8 (mult) 8¢ (mult)
1 56.8 (d) 50.2 (d) 70.8 (s) 44.2 (s)
2 23.9 (t) 27.5 (t) 38.1 (d) 80.9 (d)
3 41.3 (t) 127.0 (d) 33.5 (t) 47.5 (t)
4 79.2 (s) 137.4 (s) 35.2 (s) 37.1(s)
5 48.0 (d) 69.9 (d) 43.9 (d) 50.4 (d)
6 28.2 (d) 34.4 (1) 20.4 (t) 20.6 (t)
7 26.6 (d) 31.0 (1) 42.5(t) 33.1(t)
8 20.1 (t) 154.5 (s) 39.4 (s) 34.7 (s)
9 44.7 (1) 42.7 (d) 72.3 (d) 75.0 (d)
10 73.5 (s) 41.8 (t) 28.2 (t) 26.0 (t)
11 19.2 (s) 33.6 (s) 354 (1) 26.3 (t)
12 159 (q) 23.1(q) 34.1 (t) 35.5 (t)
13 29.7 (q) 31.2(q) 20.9 (q) 25.4(q)
14 19.8 (q) 110.57 (t) 30.6 (q) 31.4(q)
15 24.0 (q) 16.7 (q) 26.7 (q) 28.3(q)

(* Measured in acetone-ds)
(** Measured in CDCls)

(CDCl;, 125 MHz) see Table 2; HR-TOFMS m/z found
221.2009 [M+H]*, (calculated for C;sHx0, m/z
220.2011).

Cytotoxic activity assay

Cell viability was assessed with Presto Blue reagent
(Thermo Fisher Scientific, Uppsala, Sweden) to evaluate
various resazurin-based cell types' viability rapidly and
quantitatively proliferation using live-cell reduction
capabilities. When cells are alive and healthy, they
maintain a reduced environment in their cytosol.
Reducing resazurin (blue) works as a cell viability
indicator by using absorbance or fluorescent outputs to
reduce resorufin (purple). The conversion is proportional
to the number of metabolically active cells. Briefly, B16-
F10 cell lines were grown in 70% confluent were harvested
and counted, then diluted with complete culture RPMI
medium. The cells then were transferred into 96 well-
plates with a total of 170,000 cells/well. After overnight
growth, the cells were treated with increasing
concentrations of compounds 1-4 (3.91, 7.81, 15.63,
31.25, 62.50, 125, 250, 5,000 ppm) with co-solvent 2%
(v/v) DMSO in PBS. Cisplatin was used as the positive
control. All samples were incubated at 37 °C in a 5% CO,

incubator for 24 h. After incubation, the medium was
immediately replaced by 10 uL PrestoBlue reagent in a
90 uL RPMI medium. The plates were incubated for 1-
2 h until resorufin was formed (color changes from blue
to purple). The absorbance was measured at 570 nm
using a microplate reader. The ICsy value is the
concentration for 50% growth inhibition. The
percentage of cytotoxicity compared to untreated cells
was determined with the equation given below. A plot of
% cytotoxicity versus sample concentrations was used to
calculate the concentration, which showed 50%
cytotoxicity (ICso) [17-18]. All assay and analyses were
each run in duplicate, and all were averaged.

m  RESULTS AND DISCUSSION

The ethyl acetate extract of the stem bark of A.
simplicifolia was subjected to repeated column
chromatography to afford four sesquiterpenoids, 1-4
(Fig. 1). Compound 1 was obtained as a pale yellow oil.
The molecular formula was established with HR-TOF-
MS as Ci5Hz60; from the molecular ion peak of 261.1854
([M+Na]* calculated for C;sH,sO,Na m/z 261.1831 in
the HR-TOF-MS (Fig. S1), indicating three degrees of
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unsaturation. The IR spectrum (Fig. S2) showed the
absorption band of the hydroxyl group (3362 cm™), C-H
stretching of aliphatics (2959 and 2853 cm™), gem-
dimethyl (1456 and 1378 cm™), and C-O stretching
(1054 cm™). The '"H-NMR spectrum (Fig. S3) showed the
presence of four tertiary methyls at 85 0.98 (CH3-12), 0.99
(CH;-13), 1.07 (CH;-14), and 1.16 ppm (CH;-15). The
PC-NMR spectrum (Fig. S4) showed fifteen carbon
signals classified by their chemical shifts and DEPT
spectra as four methyls, four methylenes, four methines,
and three quaternary carbons (including two oxygenated
quaternary carbon). Two oxygenated quaternary carbons
were bound with the hydroxyl group, marked with a more
deshielded chemical shift value [19]. Based on the type of
carbon in compound 1, there are no double bonds, so
three degrees of unsaturation originated from the tricyclic
sesquiterpenoid framework, namely aromadendrane-type
The
aromadendrane-type sesquiterpenoid is the presence of a

sesquiterpenoid. specific  characteristic  of
gem-dimethyl cyclopropane ring marked with one
quaternary carbon at 8¢ 19.2 ppm. Based on the data
spectrum 'H-NMR, "“C-NMR, DEPT 135° optical
rotation, and agreed with the literature, compound 1 was
determined as the known compound 4f,10a-
dihydroxyaromadendrane, that was reported for the first
time from A. Simplicifolia.

Compound 2 was obtained in a pale yellow oil. The
molecular formula was established with HR-TOF-MS as
CisH2sO from the molecular ion peak of 221.1737
([M+H]"* calculated for C,sH,50, m/z221.1702 in the HR-
TOEF-MS (Fig. S5),

unsaturation.

indicating four degrees of
showed the
absorption band of the hydroxyl group (3362 cm™), C-H
sp* (3088 cm™), gem-dimethyl (1386 and 1463 cm™), C=C
double bonds (1721 and 1613 cm™), and C-O stretching
(1078 cm™). The "H-NMR spectrum (Fig. S7) showed the
presence of three tertiary methyls at du 1.01 (CHs-13),
1.02 (CH;-15), and 1.26 (CHs-12). The “*C-NMR

spectrum (Fig. S8) showed fifteen carbon signals classified

IR spectrum (Fig. S6)

based on their chemical shifts and DEPT spectra as three
methyls, four methylenes, two methines, one quaternary
carbon, four olefinic carbons (including two quaternary
carbon, one methylene, and one oxygenated methine.
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Based on the type of carbon in compound 2, there are
four degrees of unsaturation originating from two
double bonds and bicyclic sesquiterpenoid framework,
namely caryophyllene-type sesquiterpenoid. Based on
the data spectrum 'H-NMR, “C-NMR, DEPT 135°,
optical rotation, and agreed with the literature,
compound 2 was determined as the known compound
caryophyllenol-II.

Compound 3 was obtained as pale yellow oil. The
molecular formula was established with HR-TOF-MS as
C15Ha60; from the molecular ion peak of 256.1956 ([M-
H,O]* calculated for CsHy0,, m/z 238.1905) in the HR-
TOF-MS (Fig. $9),
unsaturation. The IR spectrum (Fig. S10) showed the

indicating three degrees of

absorption band of the hydroxyl group (3369 cm™), C-
H sp’ (2917 cm™), gem-dimethyl (1451 and 1378 cm™),
and C-O stretching (1019 cm™). The '"H-NMR spectrum
(Fig. S11) showed the presence of three tertiary methyls
at 8;; 0.92 (CH-15), 1.0 (CH;-14), and 1.01 (CH;-13). An
oxygenated methine proton signal at 8y 3.44 ppm (1H, t,
J = 3.0 Hz) was also observed in the 'H-NMR spectrum.
The “C-NMR (Fig. S12) spectrum showed fifteen
carbon signals classified by their chemical shifts and
DEPT spectra as three methyls, six methylenes, four
methines (including one oxygenated methine), and two
quaternary carbons. Based on the type of carbon in
compound 3, there are three degrees of unsaturation
originating from the tricyclic sesquiterpenoid
framework, namely caryolane-type sesquiterpenoid with
specific characteristic is f-methano bridge between two
quaternary carbons C-1 and C-8. Based on the data
spectrum 'H-NMR, “C-NMR, DEPT 135° optical
rotation, and agreed with the literature, compound 3 was
determined as the known compound caryolan-1,9-diol
known as a senecrassidiol.

Compound 4 was obtained as an amorphous
powder. The molecular formula was established with
HR-TOF-MS as CisHO, from the molecular ion peak
0f221.2009 ([M+H]" calculated for CisH,60, m/2220.2011
in the HR-TOF-MS (Fig. S13), indicating three degrees
of unsaturation. The IR spectrum (Fig. S14), showed the
absorption band of the hydroxyl group (3340 cm™), C-

H stretching of aliphatics (2918 and 2850 cm™), gem-
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dimethyl (1544 and 1416 cm™), and C-O stretching
(1015 cm™). The "H-NMR spectrum (Fig. S15), showed
the presence of three tertiary methyls at 8y 0.85 (CH;-13),
1.02 (CHs-14), and 0.95 (CHs-15). In addition, two
oxygenated methine proton signals were observed at du
3.31 (1H, m) and 84 3.77 (1H, m). The DEPT and HMQC
experiments (Fig. S17-S18), could differentiate the 15
atoms of carbon in the C-NMR (Fig. S16) into three
methyls, six methylenes, three methines (including two
oxygenated methine carbons), and three quaternary
carbons. The type of carbon in compound 4 shows no
double bonds, so it has three degrees of unsaturation
originating from the tricyclic sesquiterpenoid framework.
The remaining three degrees of unsaturation were
consistent with clovane-type sesquiterpenoid skeleton [20].

The position of functional groups in compound 4
'H-'H COSY and HMBC
experiments, and the results are shown in Fig. 2. The 'H-
"H COSY spectrum of 4 (Fig. S19) showed correlations in
H,-Hs;, Hs-He-H;, and Ho-Hyo-Hii, supporting the
presence of rings A, B, and C in the clovane-type

was clarified from the

sesquiterpenoid skeleton. The skeleton of clovane-type
sesquiterpenoid was determined by HMBC correlation
(Fig. S20) of tertiary methyls. The correlations of CH;-13
(8110.85) to C-14 (8¢ 31.44), C-4 (8¢ 37.14), C-5 (8¢ 50.42),
and C-3 (8¢ 47.54) and correlation of CH;-14 (6y 1.02) to
C-13 (8¢ 25.42), C-4 (8¢ 37.14), C-5 (8¢ 50.42), and C-3
(Oc 47.54), showed that C-13 and C-14 are gem-dimethyl
groups attached to C-4 quaternary carbon. The
correlations of methylene protons at 6y 1.50 and 1.72 (H-
3) to C-2 (8¢ 80.91), C-1 (8¢ 44.19), C-4 (8¢ 37.14), and C-
5 (8¢ 50.42), whereas an oxygenated proton at 8y 3.78 (H-
2) was correlated to C-12 (8¢ 35.51), indicated that the
partial structure of 4 contains cyclopentane ring at C-1,
C-2, C-3, C-4, and C-5 with the presence of hydroxyl
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group located in C-2. The other methyl group was
determined by the strong correlation between CHs-15
(81 0.95) to C-7 (8¢ 33.11), C-9 (8¢ 75.07), and C-12 (8¢
35.51) showed that C-15 attached to C-8 of quaternary
carbon. In addition, the correlation of another
oxygenated proton at 8y 3.31 (H-9) to C-11 and C-12
and supported by the correlation of 8y 1.35 (H-7) to C-
9 (8¢ 75.07) and &u 1.61 (H-10) to C-9 (8¢ 75.07). This
correlation indicated that the hydroxyl group was
located in C-9. Furthermore, a correlation between
protons at 8y 1.54 (H-12) to C-5, C-1, C-7, C-8, and C-
11 indicated the location of C-12 between two
quaternary carbons C-1 and C-8, which connected the
ring B and C to form the skeleton of the bicyclononane
bridge. The relative stereochemistry of compound 4 was
supported by NOESY correlations (Fig. S21). The results
displayed that correlation of H-5 (-oriented) with CHs-
13, and methylene proton oxygenated H-2 (a-oriented)
with CH;-14 suggested CH;-13 was [P-oriented while
CHj;-14 was a-oriented, whereas hydroxyl group at C-2
was [P-oriented. The correlations of H-5 (B-oriented)
with H-10, and H-10 (B-oriented) with oxygenated
methylene proton (H-9), proposed that H-9 was -
oriented and the other hydroxyl group at C-9 was a-
oriented (Fig. 2). The detailed examination of the NMR
spectral data and comparison with those reported for ¢
lovane-2f3,9a-diol [21] showed that the structures of
these two compounds are very similar. Compound 2 was
isolated for the first time in genus Aglaia. Therefore, the
structure of compound 4 was identified as a clovane-
2f3,9a-diol.

The cytotoxic activities of the isolated compounds
1-4 were evaluated against the B16-F10 melanoma skin
cancer cell lines according to a method described [22].
Cisplatin (12.9 pug/mL) was used as a positive control.

= 1H.TH COSY
# X NOESY

¥ "\ HmBC

Fig 2. Selected HMBC, 'H-"H-COSY, and NOESY correlations of compound 4
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Table 2. Cytotoxic activity of compound 1-3 against B16-
F10 melanoma skin cancer cell lines

Compounds 1Cso
(ug/mL)
4f,10a-dihydroxyaromadendrane (1) 44.8
Caryophyllenol-ii (2) 483.2
Senecrassidiol (3) 327.6
Clovane-2p,9a-diol (4) 176.6
Cisplatin (+) 12.9

The results are shown in Table 2. Among all
sesquiterpenoid compounds, 4f,10a-dihydroxyaroma
dendrane (1) showed the strongest cytotoxic activity with
ICso values of 44.8 pg/mL, while compound (2) showed
the lowest activity with an ICs, value of 483.2 pug/mL. This
result shows that the value of cytotoxic activity against
B16-F10 melanoma skin cancer cells is influenced by the
presence of a cyclopropane ring and a-oriented hydroxyl
group. The cyclopropane ring and hydroxyl group can
4f,10a-dihydroxy
aromadendrene compound from the stem bark of Aglaia

increase cytotoxic activity. The
harmsiana can inhibit the growth of MCF-7 breast cancer
cells with an ICs, value of 8.4 uM [3]. At the same time, the
presence of an olefinic group in compound (2) decreases
the cytotoxic activity. These results indicated that the
cytotoxic activity of sesquiterpenoids is affected by the
presence of a cyclopropane ring and a-oriented hydroxyl

group that plays an important role in cytotoxic activity.
m CONCLUSION

Four type sesquiterpenoid compounds, 4f,10a-
dihydroxyaromadendrane (1), caryophylenol-II (2),
senecrassidiol (3), and clovane-2f,9a-diol (4) were
isolated from ethyl acetate extract of the stem bark of A.
simplicifolia. Compound (1) was reported from A.
simplicifolia for the first time, while compound (4) itself
was isolated from genus Aglaia for the first time.
Compounds 1-4 were evaluated for their cytotoxic
activity against B16-F10 melanoma skin cancer cell lines.
Among the sesquiterpenoids, compound (1) showed the
strongest cytotoxic activity with ICs, values 44.8 pg/mlL,
while compound (2) showed the lowest activity. These
indicated that the
sesquiterpenoids is affected by the presence of a

results cytotoxic activity of

Indones. J. Chem., 2021, 21 (6), 1560 - 1567

cyclopropane ring and a-oriented hydroxyl group that
plays an important role in cytotoxic activity.
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