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Abstract: The adulteration of high priced oils such as patchouli oil with lower price ones
is motivated to gain the economical profits. The aim of this study was to use FTIR
spectroscopy combined with chemometrics for the authentication of patchouli oil (PaO)
in the mixtures with Castor Oil (CO) and Palm Oil (PO). The FTIR spectra of PaO and
various vegetable oils were scanned at mid infrared region (4000-650 cm™), and were
subjected to principal component analysis (PCA). Quantitative analysis of PaO
adulterated with CO and PO were carried out with multivariate calibration of Partial
Least Square (PLS) regression. Based on PCA, PaO has the close similarity to CO and PO.
From the optimization results, FTIR normal spectra in the combined wavenumbers of
1200-1000 and 3100-2900 cm™ were chosen to quantify PaO in PO with coefficient of
determination (R?) value of 0.9856 and root mean square error of calibration (RMSEC)
of 4.57% in calibration model. In addition, R? and root mean square error of prediction
(RMSEP) values of 0.9984 and 1.79% were obtained during validation, respectively. The
normal spectra in the wavenumbers region of 1200-1000 cm™" were preferred to quantify
PaO in CO with R? value of 0.9816 and RMSEC of 6.89% in calibration, while in
validation model, the R value of 0.9974 and RMSEP of 2.57% were obtained.
Discriminant analysis was also successfully used for classification of PaO and PaO
adulterated with PO and CO without misclassification observed. The combination of
FTIR spectroscopy and chemometrics provided an appropriate model for authentication
study of PaO adulterated with PO and CO.
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m INTRODUCTION

Patchouli Oil (PaO) is an essential oil obtained from
dried and fermented young leaves of Pogostemon cablin
(Blanco) Benth, a perennial herb belonging to family
Lamiacae and widely distributed in regions of tropical
and subtropical, prior to be subjected to steam distillation.
The yield of oil is typically 2-3% [1]. The oil is an important
natural material used in the industries of perfumery, food,
and has been historically used to repel clothes moths and
as a cold treatment in Asia [2]. The major component
composed of PaO is patchouli alcohol, a natural tricyclic

sesquiterpene isolated from volatile oil of PaO. Patchouli
Oil has been reported to have some biological activities
such as anti-inflammatory [3], anti-oxidative [4], anti-
tumor [5], antibacteria, antifungus and antivirus [6-8],
as well as as whitening agent [9]. The oil has high priced
value in oil industry, therefore, PaO is subjected to be
adulterated with other oils to gain economical profit.
The adulteration practice of essential oils is an
emerging issue currently, not only for consumers but
also for producers and regulatory bodies [10]. This
practice included the addition of cheaper essential oils,
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addition of vegetable oils such as castor oil and palm oils
to increase the weight of essential oils and total or partial
substitution of the original plant sources by other plants
[11]. In order to assure quality, safety, and the authenticity
of essential oils, different analytical techniques are needed.
As a consequence, several analytical methods have been
reported for the authentication of essential oils including
organoleptic, physical, chemical, spectroscopic and
[12-15].
Transform Infrared (FTIR) spectroscopy is promising

chromatographic-based methods Fourier
technique for authentication of essential oils due to its
property as fingerprint analytical technique [16]. The
fingerprinting analysis of essential oils represented
qualitative approach to plant species authentication as
well as quality evaluation [17].

FTIR
chemometrics techniques have been

with
reported for

spectroscopy  in  combination
authentication of four essential oils namely wintergreen,
rosemary, tea tree, and lemon eucalyptus oils adulterated
with either lemongrass essential oil or peppermint
essential oil [18], authentication of origano, thyme, and
chamomile [18], geographical origin of lavandin var.
Grosso essential oils [19], and authentication of camellia
oil [20]. Few studies have been reported the authentication
of patchouli oil, especially using FTIR spectroscopy.
Therefore, this study was intended to use FTIR spectroscopy
in combination with chemometrics of multivariate
calibration of Partial Least Square (PLS) and Discriminant
Analysis (DA) for the authentication of patchouli oil.

m EXPERIMENTAL SECTION
Materials

Patchouli oil was purchased from CV. Surya Wulan
(Yogyakarta, Indonesia). Olive oil, palm oil, castor oil and
other oils used in this study were purchased from
supermarkets around Yogyakarta, Indonesia. The
solvents and reagents used were of pro-analytical grade

and were purchased from Merck (Darmstadt, Germany).
Procedure

Compositional analysis of patchouli oil
The compositional analysis of patchouli oil was

performed  using  gas  chromatography-mass
spectrometry (GC-MS). Patchouli oil (1 pL) was injected
into Gas Chromatography GC-2014 (Shimadzu GC-
2010, Shimadzu Corp., Tokyo, Japan) under the following
conditions: DB-5 capillary column (30 m x 0.25 mm I.D.
and 0.25 pm tickness; Agilents, Tokyo, Japan); carrier
gas of He with 12.0 kPa with flow rate of 50 mL/min; a
column temperature was set from 50-240 °C with rate of
5 °C/min, and the temperature was hold at 240 °C for
19 min; injection temperature of 250 °C; detection
temperature of 320 °C. Helium was used as the carrier
gas. GC-mass spectrometry (GC-MS) data were collected
with a GCMS-QP 2010 (Shimadzu, Japan) under the
following conditions: DB-1 capillary column (30 m x
0.25 mm I.D. and 0.25 pm; GL Sciences, Tokyo, Japan);
column temperature from 50 °C (1 min) to 320 °C at
5 °C/min; injector temperature of 260 °C with split ratio
of 1:50; MS detector temperature was set of 320 °C with
acquisition mass range of 40-500 amu. Components
were identified using the comparison of the
experimental GCMS data with authentic compounds or
the NIST MS library. Quantification of volatile
compounds was determined using relative percentage,

known as internal normalization technique.

Quantitative analysis of patchouli oil using FTIR
spectroscopy

For quantitative analysis of patchouli oil (PaO) in
the mixture with castor oil (CO) and palm oil (PO), a set
of 21 calibration samples consisting of PaO-CO and
PaO-PO in certain concentration covering 1.0-50.0%
(v/v) was prepared. Another independent samples called
with validation samples were also prepared. All samples
were scanned using FTIR spectrophotometer.

Classification of PaO and PaO adulterated with CO
and PO

Classification of PaO and PaO adulterated with CO
and PO was carried out using discriminant analysis by
preparing at concentration range of 1-50% of CO and
PO. All pure PaO and PaO mixed with CO and PO were
“adulterated”,

assigned as “unadulterated” and

respectively.
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FTIR spectra measurement

FTIR spectra of were measured using FTIR
spectrophotometer Nicolet 6700 equipped with detector
of deuterated triglycine sulphate (DTGS) and beam
splitter of KBr/Germanium. This instrument was
interfaced to computer operating systems which include
OMNIC operating system (Version 7.0 Thermo Nicolet)
software. The sampling compartment was horizontal
Attenuated Total Reflectance kit composed of ZnSe
crystal. All FTIR spectra of tested samples were scanned
at wavenumbers of 4000-650 cm™), using 32 scans with 4

1

cm™ resolution. These spectra were recorded as

absorbance mode at each data point in triplicate.

Data analyses

The software of TQ Analyst™ version 6 was used for
the treatment of multivariate calibration of Partial Least
Square (PLS) and Discriminant Analysis (DA). The
spectral regions where the variations were observed were
chosen during analysis (PLS and DA). In addition,
Minitab software version 17 was used for principal
component analysis (PCA).

m  RESULTS AND DISCUSSION

Each edible fats and oils are mainly composed from
triglycerides (nearly 98%) along with some minor
components including sterols, tocopherols, lipid-soluble
vitamins, and other components in trace levels. The
characterization of patchouli oil (PaO) was performed
by determining volatile components present using Gas
Chromatography-Mass Spectrometer (GC-MS), while
palm and castor oils were characterized based on fatty
acid composition. Table 1 revealed the volatile
components in PaO, in which Patchouli alcohol was the
main components accounting of 15.80%. The levels of
volatile components were comparable with those
reported by Akhila and Tewari [2]. Therefore, it can be
concluded that the used PaO was not previously mixed
with other components.

In order to decide the oil models used as adulterant
in PaO, principal component analysis (PCA) was used.
Fig. 1 showed PCA score plot using absorbance values at
whole mid infrared region (4000-650 cm™) as variables,
representing the projection of samples defined by the first

Table 1. The composition of volatile components in patchouli oil as determined using gas chromatography-mass

spectrometry

Concentration (%)

Volatile components

Present study  Akhila and Tewari [2]
a-pinene 0.24 0.001-0.3
B-pinene 0.57 0.02-1
Limonene 0.05 0.01-0.3
A-elemene 0.01-1.9
B-patchoulene 0.03-12
B-elemene - 0.18-1.9
Cycloseychellene - 0.02-0.8
B-caryophyllene - 0.75-6.8
a-Guaiene 18.56 2.9-23
Seychellene 14.88 2.3-13
a-humulene 3.69 0.05-2
a-patchoulene 1.89 1.2-13
Germacrene - 0.00-0.2
Aciphyllene 5.53 0.7-4.2
a-bulnesene 14.14 2.9-23
Caryophyllene oxide 0.60 0.0-4.6
Pogostol - 0.2-6.2
Patchouli alcohol 15.80 11-72
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Principle Component (PC 1) and the second 0201,
Principle Component (PC 2). Among studied oils having 018
low price values in the market, castor oil and palm oilhad &
close similarity with PaO, therefore both oils were El 0.18
preferred as oil adulterants in PaO. 8 &

RALE B

Quantitative Analysis of Adulterants in Patchouli ] H
oil wo1z2] 3

In this study, authentication of PaO was carried out 010 )
by quantifying PaO in the binary mixture with castor oil ~ . . : .
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and palm oil using multivariate calibration and classifying
PaO and PaO mixed with castor oil and palm oil using
discriminant analysis using absorbance values at selected
wavenumbers. Fig. 2 revealed FTIR spectra of patchouli

First component
Fig 1. The PCA score plot of patchouli oil and some
vegetable oils. (1) patchouli oil; (2) castor oil; (3) palm

oil; (4) soybean oil; (5) corn oil and (6) coconut oil
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Fig 2. FTIR spectra of patchouli oil, palm oil and castor oil, scanned at mid infrared region (4000-650 cm™")

Table 2. The functional groups responsible for infrared absorptions at wavenumbers of 4000-650 cm™ [23-24]

Assignment Wavenumber (cm™) Functional groups and modes of vibration

(a) 3503 O-H bonding, stretching

(b) 3069 cis C=CH Stretching

(c) and (e) 2953 and 2875 methyl (-CH;) asymmetric and symmetric stretching vibration
(d) 2922 methylene (-CH,) asymmetric stretching vibration

6 1741 carbonyl (C=0) stretching vibration, especially guaiene and seychellene
(g) 1643 cis C=C, stretching

(h) 1453 -CH, (methylene), Bending (scissoring)

(i) 1374 —-CHj; (methyl), Bending

6)) 1278 C-0 alcohol, bending

(k) and (1) 1117 and 1097 C-O ether, bending

(m), (n), (0), and (p) 1057, 1039, 1032, and 999 C-O ether, bending

(9) 982 -HC=CH- (trans), out of plane

(r) 885 -HC=CH- (cis), out of plane
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oil and the oil adulterants (castor oil and palm oil) at mid
infrared region of 4000-650 cm™. Each bands and shoulder
are corresponding to absorption of infrared radiation by
functional groups present in PaO, CO and PO, as compiled
in Table 2. The variation in FTIR spectra existed in PaO,
CO and PO was exploited for selecting wavenumbers
region used for quantitative and classification analyses.
Quantitative analysis of PaO in palm oil and castor
oil was facilitated with the commonly used of multivariate
calibration, namely Partial Least Square (PLS) regression.
This regression was based on inverse regression in which
concentration in y-axis was modelled using predictors of
principle components, a linear combination of absorbance
values in x-axis [21]. To get the optimum prediction, the
optimization process in terms of selection of wavenumbers
and FTIR spectral treatments offering best prediction
models was performed. The wavenumbers selected to be
optimized was based on the variation existed between
PaO and oil adulterants (CO and PO). Table 3 revealed

the optimization results using different wavenumbers
regions and FTIR spectral treatments. Because of its
highest values of R*> and lowest values of RMSEC and
RMSEP, PaO in palm oil was quantified using normal
spectra using variables of absorbance values at combined
wavenumbers region of 1200-1000 cm™.

Similarly, Table 4 exhibited the results of
quantification of PaO in castor oils using PLS regression
with different wavenumbers and FTIR spectra models.
Fig. 3 showed PLS regression models for the relationship
between actual values of PaO (x-axis) and FTIR
predicted values (y-axis) in either calibration or validation
using wavenumbers region of 1200-1000 cm™. The
equations obtained were y = 0.9636x + 1.8435 (R* of
0.9738) in calibration, and y = 0.9414x + 2.9902 (R* =
0.9984) in validation models, respectively. Residual
analyses revealed that the difference between actual and
predicted values fallen near zero, indicating that
systematic errors were negligible.

Table 3. The performance of partial least square regression for quantification of patchouli oil in in palm oil

Frequency region (cm™') Spectral Number Calibration Validation
treatment of factors R? RMSEC (%) R? RMSEP (%)
943-863 and 1069-1033 Normal 3 0.9875 4.72 0.9999 4.33
1200-1000 and 3100-2900* Normal 5 0.9901 4.20 0.9999 2.14
1200-1000 Normal 2 0.9862 4.96 0.9998 2.15
3100-2900 Normal 2 0.9821 5.65 0.9999 3.97
885-857, 982-964 and 1039-983  First derivative 2 0.9870 4.82 1.000 3.65
1200-1000 and 3100-2900 First derivative 2 0.9865 4.92 0.9999 4.11
1200-1000 First derivative 2 0.9873 4.77 0.9999 4.18
3100-2900 First derivative 2 0.9834 543 1.000 3.81

*Bold = selected for quantification

Table 4. The performance of partial least square regression for quantification of patchouli oil in in castor oil

) ) Spectral Number Calibration Validation
Frequency region (cm™)
treatment of factors R? RMSEC R? RMSEP

870-811, 928-873 and 940-929 Normal 2 0.9684 7.07 0.9974 4.23
1200-1000 and 3100-2900 Normal 2 0.9694 7.56 0.9982 3.62
1200-1000 Normal 4 0.9738 6.89 0.9974 2.57
3100-2900 Normal 2 0.9512 10.1 0.9985 9.35
906-878, 1107-1093 and 1179-1163  First derivative 2 0.9693 7.57 0.9970 2.60
1200-1000 and 3100-2900 First derivative 2 0.9677 7.64 0.9979 5.30
1200-1000 First derivative 1 0.9650 7.95 0.9981 6.00
3100-2900 First derivative 2 0.9562 8.87 0.9982 8.36

*Bold = selected for quantification
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Fig 3. Partial least square regression for the relationship between actual values and FTIR calculated values of patchouli
oil in castor oil either in calibration or in validation samples (a) calibration model; (b) validation model
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Fig 4. The Cooman plots obtained during discriminant analysis for classification of patchouli oil and that adulterated

with (a) castor oil and (b) palm oil

Discriminant Analysis

In order to classify patchouli oil and that adulterated
with castor oil and palm oil, discriminant analysis was
used. DA is one of supervised pattern recognition
technique [21]. The Mahalanobis distance
absorbancies at wavenumbers of 3933-717 cm™ were

using

used as variables during classification of pure oil and
that adulterated with DA. Fig. 4 revealed the Cooman’s
plot for classification results. DA can successfully
classified patchouli oil and that adulterated with castor
oil [A] and that adulterated with palm oil [B] with 100%
accuracy level. Misclassification may accord if variables
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used were not appropriate or the studied oils (authentic
and adulterated oils) had very close similarity [22]. This
indicated that DA was an effective tools for classification
of oils for authentication purposes.

m CONCLUSION

FTIR with
chemometrics of PLS regression and DA using certain

spectroscopy in  combination
wavenumbers region has been successfully used for
authentication of patchouli oil from castor oil and palm
oil. The developed method was rapid, ease in sample
preparation, and not involving excessive solvents and
reagents.
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Abstract: Benzyl benzoate and crotepoxide are the major components of Kaempferia
rotunda L. rhizome. However, the bioactivity study of benzyl benzoate and crotepoxide
as the antibacterial activity were still limited. Therefore, the antibacterial activity of
benzyl benzoate and crotepoxide against four pathogenic bacteria, i.e., Escherichia coli
ATCC 25922, Enterococcus aerogenes ATCC 13048, Bacillus cereus ATCC 6538 and
Staphylococcus aureus ATCC 11778 were investigated. The isolation steps included the
extraction by maceration with acetone, and then the acetone extract was partitioned with
n-hexane:methanol (1:1) and ethyl acetate:water (1:1) respectively. The isolation by
liquid vacuum chromatography followed by column chromatography was yielded benzyl
benzoate from the n-hexane fraction and crotepoxide from ethyl acetate fraction. The
molecular structure of isolated compounds was identified based on NMR (1D and 2D)
spectroscopic data. The antibacterial activity assay of isolated compounds was carried out
using the disc diffusion method. The antibacterial evaluation confirms that the benzyl
benzoate and crotepoxide exhibits a medium level activity. Benzyl benzoate showed
highest antibacterial activity against B. cereus with MIC of 50 ug/mL and inhibitory zone
of 5.9 mm, while the crotepoxide showed highest antibacterial activity against E.
aerogenes with MIC of 100 ug/mL with inhibitory zone 6.1 mm.

Keywords: antibacterial; benzyl benzoate; crotepoxide; K. rotunda L.

m INTRODUCTION

Infectious disease is one of the health problems,
especially in developing countries including in Indonesia.
Treatment of infectious diseases by bacteria with
antibiotics has been carried out, but the ability of
antibiotics gradually decreased due to the resistance of
microorganism. In addition, the use of synthetic
antibiotics often causes adverse effects. It encourages the
researchers to get the new safe antibiotics, one of them

from medicinal plants.

Kaempferia rotunda (Zingiberaceae) is a medicinal
plant in Indonesia; It was known locally name as “kunci
pepet” or “kunir putih”. The rhizome of K. rotunda was
used for traditional medicine such as treating stomach
pain, fever, indigestion, inflammation due to bruises or
sprains, carminative and accelerate wound healing [1].
The crude extracts, volatile oils and isolated compounds

from K. rotunda rhizome exhibited the essential
biological activities. According to the previous report,
extract of K. rotunda rhizome showed antioxidant
activity [2-3], insecticides [4], anti-inflammatory [5],
anthelmintic [6], antihyperglycemic and antinociceptive
[7], antimicrobial [8-10] and anti-androgenic [11].
Some compounds of the K. rotunda rhizome also
revealed some biological activities. A 2-hydroxy-4,4’,6-
trimethoxy chalcone showed antioxidant activity with
ICso of 142 pg/mL [3]. Crotepoxide was the main
constituent of K. rotunda rhizome useful for antitumor
agent [5]. In the ethyl acetate and ethanol extract of
K. rotunda were contain 33.11 and 42.92% crotepoxide,
respectively [11]. Pinostrobin, 5,7-dihydroflavanone,
and crotepoxide were exhibited anticancer activity
against T470 breast cancer cell with ICs of 59.8, 122.71
and > 1000 pg/mL, respectively [12]. Meanwhile, benzyl
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benzoate showed insecticidal activity on Spodoptera
littoralis with LCs of 5.6 ug/mL [4].

The essential oil has an important role in the
biological activity of K. rotunda, The essential oil of
K. rotunda rhizome was contained about 75 compounds
with two main compounds namely benzyl benzoate
(69.7%) and n-pentadecane (22.9%) [13]. In different
locations, it was also mentioned that of 20 compounds in
the volatile oil of K. rotunda was contain benzyl benzoate
36.60% and bornyl acetate 30.15% [14]. Furthermore, it
was reported that essential oils in #n-hexane extract of
K. rotunda rhizome could inhibit the growth of some
bacteria [9]. The other plant study reported that Salvia
urmiensis essential oil contained 60.3% benzyl benzoate
showed high activity against Staphylococcus epidermis and
Staphylococcus cerevisiae with minimum inhibitory of
9.3 pg/mL [15]. It showed that benzyl benzoate has
potential as an antibacterial agent because it is the main
component of K. rotunda essential oil.

The previous study of some extracts of K. rotunda
rhizome suggests that the ethyl acetate and water extracts
showed significant antibacterial activity against some
pathogenic bacteria, whereas the antibacterial activity of
benzyl benzoate and crotepoxide were still limited
reported. In this article, we wish to report the isolation of
the major component of K. rotunda rhizome as well as
antibacterial properties.

m EXPERIMENTAL SECTION
Materials

Rhizome of K. rotunda (collected from Purwokerto
Indonesia), silica gel plate 60 F,s; aluminium sheets
(Merck), silica gel 60 G (7731, 7734 and 7733, Merck),
bacterial strains: E. coli ATCC 25922, E. aerogenes ATCC
13048, B. cereus ATCC 6538 and S. aureus ATCC 11778
(supplied by Microbiology Laboratory, Faculty of
Medicine Unsoed Purwokerto), Muller Hinton Agar
(Oxoid), chloramphenicol (Merck) and dimethyl
sulfoxide (Merck).

Instrumentation

'H and "C-NMR (Nuclear Magnetic Resonance)
spectra used Agilent DD2 spectrometer operating at 500

("H) and 125 (*C) Mhz. Optical rotation was measured
by Rudolf Research Analytical Autopol IV Auto
Polarimeter.

Procedure

Isolation of benzyl benzoate and crotepoxide from K.
rotunda

Dried powder of K. rotunda rhizome (1 kg) was
extracted with acetone at room temperature. The
acetone extract of K. rotunda rhizome filtered and
concentrated using a rotary evaporator. Then the
concentrated acetone extract was partitioned with n-
hexane:methanol (1:1) and the soluble n-hexane extract
was concentrated with a rotary evaporator. On the other
hand, the soluble methanol extract was partitioned with
ethyl acetate:water (1:1). Next, the ethyl acetate fraction
was concentrated with a rotary evaporator.

The n-hexane fraction of K. rotunda rhizome
(20 g
chromatography on silica gel and eluted gradually with

was fractionated by vacuum column
n-hexane, the mixture of n-hexane:chloroform (7:3, 6:4,
5:5, 2:8 and 1:9), chloroform, and ethyl acetate. TLC
analysis was carried out to all fractions with eluent n-
hexane:chloroform (1:1). The fractions having similar
spot were collected into 7 sub-fractions: F1 (9.5 g), F2
(1.3g),F3(0.6 g), F4 (0.2 g), F5 (0.3 g), F6 (0.3 g) and F7
(0.5 g). Furthermore, F1 which contains the main
components of benzyl benzoate was purified by column
chromatography using eluent #-hexane:chloroform (9:1)
to yield a pure benzyl benzoate in the form of colorless
oil (543 mg). The ethyl acetate fraction of K. rotunda
rhizome (6 g) was fractionated by vacuum column
chromatography then eluted gradually with n-hexane:
ethyl acetate (8:2, 7.5:2.5, 7:3 and 0:10) to give 5 sub-
fraction: F1’ (0.05 g), F2’ (0.1 g), F3’ (0.3 g), F4’ (0.9 g),
and F5 (1.3 g). Crotepoxide (colorless needles) was
isolated from fraction F5" by column chromatography
using eluent n-hexane:chloroform:ethyl acetate (5:5:1).

Antibacterial activity assays [16]

Selected bacteria were cultured for 24 h at 37 °C
under aerobic conditions on agar media (Mueller
Hinton Agar). Afterward, the bacteria were suspended
in a 0.9% NaCl solution (w/v). The turbidity of
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suspension of bacteria was corrected to the 0.5 Mc
Farland standard (1-2 x 10® bacterial cells /mL).

Agar plate was inoculated with 200 pL bacterial
suspension. 50 pL of the samples with concentrations of
10, 50, 100 and 500 pg/mL were dripped on paper disc on
agar media and incubated for 24 h at 37 °C. The presence
of clear zones around the paper disc was indicated that the
sample has antibacterial activity. The inhibitory zone of
the sample was determined by measuring the diameter of
the clear zone around the paper disc. The assays were also
carried out to the negative control (DMSO 10%) and
standard antibiotic chloramphenicol (positive control).
The assays were conducted in three repetitions.

m  RESULTS AND DISCUSSION

Identification of Benzyl Benzoate and Crotepoxide
from K. rotunda Rhizome

Benzyl benzoate (Fig. 1) was obtained as colorless
oil. The "H-NMR spectrum (500 MHz, CDCl:) of benzyl
benzoate was indicated seven proton signals. They revealed
an oxygenated methylene signal at § 5.39, (2H, s), and six
signals of two aromatic proton that represented 10H which
are at § 7.36 (2H, t, ] = 7.2 Hz, H-3, H-5), 6 7.41 (2H, ¢,
J=7.2Hz H-3 and H-5'), § 7.44 (1H, t, ] = 7.5 Hz, H-4"),
67.47 2H,d,] =72 Hz, H-2', H-6'),8 7.58 (1H, t,] = 7.2
Hz, H-4), and 6 8.11 (2H, d, ] = 7.5 Hz, H-2, H-6) ppm.
Three proton triplet (H-3, H-5, and H-4 or H-3’, H-5" and
H-4’) and two proton doublet (H-2, H-6 or H-2’, H-6)
could be assigned to phenyl groups which indicates a
substituent on an aromatic ring. The *C-NMR spectrum

(125 MHz, CDCl;) confirmed that there are 14 carbon
signals, which indicated the presence of two sp*-carbon
of oxygenated methylene (CH,-O-) at § 66.69 (C-8) ppm,
a sp*-carbon of carbonyl ester group at § 166.43 (C-7)
ppm, two quaternary sp>-carbons at § 130.15 (C-1) and
136.07 (C-1') ppm, and ten sp*-methines at § 129.70 (C-2,
C-6), 8 128.16 (C-3, C-5), 6 133.02 (C-4), § 128.37 (C-2,
C-6'), 8 128.60 (C-3', C-5) and & 128.24 (C-4') ppm. The
'H and "C-NMR spectra data of benzyl benzoate (Table 1)
was the newest data from published data [17], where
previous data was operating at 300 ("H) and 75 (**C) Mhz.

Crotepoxide (Fig. 1) was obtained as colorless
needles (mp 152-154 °C, [a]4? +66°). The 'H NMR (500
MHz, CDCl;) spectrum showed two signal for two methyl
of acetyl groups at § 1.96 (3H, s, H-11) and § 2.05 (3H, s,
H-12) ppm, five signal of the aromatic ring at § 7.96 (2H,

o
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Fig 1. Benzyl benzoate (1) and Crotepoxide (2)

Table 1. HSQC and HMBC spectra of benzyl benzoate

HSQC

C atom HMBC (H—>"C)

Sc ppm Su (mult, J Hz) ppm
1 130.15 - -
2,6 129.70 8.11(2H, d, 7,2) C-1, C-3,C-4, C-5,C-7
3,5 128.16 7.36 (2H, t, 7,2) C-2,C-4,C-7
4 133.02 7.58 (1H, t, 7,5) C-2,C-3,C-5,C-6
7 166.43 - -
8 66.69 5.39 (2H, s) C-7,C-1,C-2
1 136.07 - -
2,6 128.37 7.47 (2H, d, 7,2) C-8,C-1,C-3,C4
3,5 128.60 7.41 (2H, t,7,2) C-1,C-2,C4
g 128.24 7.44 (14, t, 7,5) C-2,C-3,C-5,C6
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Table 2. HSQC and HMBC spectra of crotepoxide

C atom HSQC HMBC (*H->C)

dc ppm Ou (mult, ] Hz) ppm
1 59.39 - -
2 69.40 5.64 (14, d, 9.0) C-1,C-3
3 70.36 491 (1H, d,9,2) C-2
4 52.61 3.03 (1H, d, 5.0) C-3,C-6
5 48.07 3.39 (1H,dd, 5.0and 2.7) C-6
6 53.82 3.60 (1H, d, 2.7) C-5
7 62.40 4.50 (1H, d, 12) C-7

4.17(1H, d, 12)

8 169.76 -
9 20.65 1.96 (3H, s)
10 170.06 - -
11 20.68 2.05 (3H, s) C-10
r 129.08 - -
2,6 129.79 7.96(2H, dd) C-1’,C-3,C5,C7
3,5 128.56 7.39 (2H, 1) C-4,C-2,C6
4 133.56 7.53 (1H, ) C-2°,C-3,C-5,C-6
7 165.78 - -

m, H-2’, H-6"), § 7.39 (2H, m, H-3’, H-5") and § 7.53 (1H,
m, H-4") ppm, three signal for oxygenated protons § 3.39
(1H, dd, ] = 2.5 and 3.9 Hz, H4), § 3.08 (1H, dd, ] = 0.8
and 3.5 Hz, H5) and & 3.60 (1H, d, ] = 2.7 Hz, H6) ppm,
two signal for oxygenated protons at § 5.64 (1H, d, 9.0 Hz)
and 6 4.91 (1H, d, 9.0 Hz) ppm, and two signal for AB
system at § 4.50 (1H, ] = 12.0 Hz, H-7) and 4.17 (1H, ] =
12.0 Hz, H-7) ppm. The "C-NMR spectra (125 MHz,
CDClL) of crotepoxide revealed the presence two of
methyl of acetyl carbons at § 20.65 (C-9) and 20.68 (C-11)
ppm, six aromatic carbon at § 129.08 (C-1°), 129.79 (C-2’
and C-6’), 128.56 (C-3’ and C-5’), and 133.56 (C-4’) ppm,
a methylene carbon at 62.40 (C-7) ppm, three carbonyl
esters at § 169.76 (C-8), 170.06 (C-10) and 165.78 (C-7’)
ppm, five methine carbons at § 60.40 (C-2), 70.36 (C-3),
52.51 (C-4), 43.07 (C-5) and 53.82 (C-6) ppm, and two
quaternary carbons at § 59.39 (C-1) and 129.08 (C-1") ppm.
The 'H and "C-NMR spectra data of crotepoxide was in
agreement with the published data [18].

The one bond correlation between carbon and
proton is determined by the 2D (two-dimensional) NMR
spectrum of HSQC (Heteronuclear Single Quantum
Coherence), whereas the correlation of two or three bonds
between carbon and proton is determined by the HMBC

(Heteronuclear Multiple Bond Coherence) spectra. Table
1 and 2 represents the 1D ("H and "C) and 2D (HSQC
and HMBC) of benzyl benzoate and cretopoxide spectra
data. Meanwhile, Fig. 2 describes the correlation of two
or three bonds between proton and carbon (HMBC) on
the benzyl benzoate and crotepoxide structures.

Antibacterial Activity

Antibacterial activity assays of extract and isolated
compounds were conducted on four pathogenic bacteria
including two Gram-negative bacteria E. coli ATCC 25922

8]

Q

_}) (2)

Fig 2. HMBC of benzyl benzoate (1) and crotepoxide (2)
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Table 3. Antibacterial activity of extract, fraction and isolated compounds of K. rotunda rhizome

i Zone inhibitory (mm)+SD
Concentration -
Sample (ug/mL) E. coli E. aerogenes B. cereus S. aureus
ATCC 25922  ATCC 13048 ATCC6538 ATCC11778
Acetone extract 10 - - - 3.1+0.06
50 3.4%0.03 - - 5.4%0.26
100 8.0+0.03 4.3x0.17 3.6+0.06 8.1+0.17
500 11.7+0.17 7.9+0.02 10.1+0.36 12.1+0.36
n-Hexane fraction 10 4.2+0.11 3.0+0.06 4.1+0.03 4.0+0.06
50 8.2+0.06 8.1+0.11 7.9%0.17 10.0+0.03
100 11.1+0.36 12.2+0.86 15.9+0.01 15.2+0.26
500 20.2+0.06 18.9+0.03 19.8+0.66 19.5+0.50
Ethyl acetate fraction 10 - - - -
50 - 6.9+0.11 - -
100 - 9.5+0.01 - 2.4+0.26
500 5.0+0.03 11.8+0.36 3.6+0.36 4.1+0.17
Benzyl benzoate 10 - - - -
50 - - 5.940.06 3.6+0.06
100 5.2%0.17 4.0+0.06 8.1+0.06 6.1+0.06
500 7.0£0.03 8.9+0.17 9.9+0.11 9.1+0.06
Crotepoxide 10 - - - -
50 - - - -
100 - 6.1+0.03 4.2+0.03 -
500 - 8.6+0.36 7.0£0.11 3.8+0.06
Chloramphenicol 10 14.2+0.36 10.9+0.06 15.0+0.03 15.0+0.50
50 27.0+0.17 15.2+0.25 20.0+0.03 25.7+0.11
100 31.9£0.01 24.0+0.03 27.0+0.01 28.2+0.06
500 34.7+0.36 27.3%0.17 30.7£0.17 31.9£0.06

SD= Standard Deviation

and E. aerogenes ATCC 13048, and two Gram-positive
bacteria B. cereus ATCC 6538 and S. aureus ATCC.
Antibacterial assays were also performed on acetone extract,
n-hexane and ethyl acetate fractions of K. rotunda rhizome.

The results of antibacterial activity assay to acetone
extract, n-hexane and ethyl acetate fraction, and isolated
compounds of K. rotunda rhizome was indicated different
inhibitory zone to all test bacteria (Table 3). All sample
tests showed the lower antibacterial activity than positive
control (chloramphenicol). The inhibitory zone level of
bacterial growth is classified as follows: weak (< 5 mm),
moderate (5-10 mm), strong (11-20 mm) and very strong
(> 21 mm) [19].

Acetone extract of K. rotunda rhizome showed

moderate activity against E. coli and S. aureus with an
inhibitory zone of 8.0 and 8.1 mm at 100 pg/mL
concentrations, and it exhibits high antibacterial activity
(11.7 and 12.1 mm) at 500 pg/mL. While on E. aerogenes
and B. cereus at 500 ug/mL showed inhibitory zone 7.9
and 10.1 mm, respectively. The n-hexane fraction of the
K. rotunda rhizome showed antibacterial activity against
all test bacteria. The n-hexane fraction of K. rotunda
rhizome showed moderate activity at 50 pg/mL with the
inhibitory zone 7.9 to 10.0 mm. The intense activity
(11.1-20.2 mm) of the n-hexane fraction was shown at
100 pg/mL and 500 ug/mL. Both acetone extract and n-
hexane fraction K. rotunda rhizome are potential as an
showed

antibacterial. The ethyl acetate fraction
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antibacterial activity against E. aerogenes at a minimum
concentration of 50 pug/mL with an inhibitory zone of
6.9 mm, however to the other bacteria showed weak
activity.

The benzyl benzoate have lower activity than
acetone extract and n-hexane fraction; it is suggested that
the other compounds both in acetone extract and n-
hexane fraction of K. rotunda rhizome have higher
antibacterial activity than benzyl benzoate. Synergism is
observed when the effect of combined substances is
greater. Benzyl benzoate showed moderate antibacterial
activity against B. cereus at 50-500 ug/mL with an
inhibitory zone of 5.9-9.9 mm, against E. coli and S.
aureus at 100-500 pg/mL with an inhibitory zone of 5.2—
7.0 and 6.1-9.1 mm respectively, and to E. aerogenes at
500 ug/mL with an inhibitory zone of 8.9 mm.

Meanwhile, crotepoxide exhibited moderate
antibacterial activity against E. aerogenes at 100-500 pg/mL
with an inhibitory zone 6.1-8.6 mm and against B. cereus
at 500 pg/mL with inhibitory zone 7.0 mm, while to other
bacteria do not have activity. Its suggested that
crotepoxide have lower activity than ethyl acetate
fraction, except against B. cereus.

Generally, crotepoxide showed lower antibacterial
activity than benzyl benzoate. This is possible because
both compounds have a different structure, functional
groups, and lipophilicity. The lipophilicity of compounds
was affected by their ability to penetrate the cell wall of
bacteria. The cell wall of bacteria has the lipid layers
(lipophiles) that make these bacteria more resistant
against some compounds and impermeable with limited
diffusion [20]. Crotepoxide has lower lipophilicity than
benzyl benzoate; therefore its ability to penetrate the
bacteria cell wall was less than benzyl benzoate.

The antibacterial activities of essential oil and their
components or some cyclic hydrocarbon compounds have
been previously reviewed and the mechanism of action
has not been studied in great detail, because most of the
cyclic hydrocarbon compounds showed to have no specific
cellular targets. Such as typical lipophiles, they pass
through the cell wall and cytoplasmic membrane, disrupt
the structure of their different layers of polysaccharides,

fatty acid, and phospholipids. They can coagulate the
cytoplasm and damage lipids and protein [21].

m CONCLUSION

The benzyl benzoate and crotepoxide from K.
rotunda rhizome were successfully isolated. The
evaluation of antibacterial activity of benzyl benzoate
and crotepoxide against four pathogenic bacteria
confirmed that benzyl benzoate and crotepoxide have
lower antibacterial activity than acetone extract and n-
hexane fraction of K. rotunda rhizome. The benzyl
benzoate was exhibited the highest antibacterial activity
with moderate classification against B. cereus at a
minimum concentration of 50 pg/mL and inhibitory
zone 5.9 mm whereas crotepoxide showed the highest
activity against E. aerogenes at a minimum concentration
of 100 ug/mL with inhibitory zone 6.1 mm.
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Abstract: Rice husk ash (RHA) was used to prepare sodium silicate, which in turn was
functionalized with 3-(chloropropyl)triethoxysilane employing the sol-gel technique to
form RHACCI. Chloro group in RHACCI was replaced with iodo group forming RHACL
Ethylenediamine was immobilized on RHACI in order to prepare it for the reaction with
salicylaldehyde to form a silica derivative-salen. FT-IR analysis indicated the presence of
secondary amine and -NH and C=N absorption bands. XRD analysis revealed the
occurrence of the broad diffused peak with maximum intensity at 22-23° (20). BET
measurements showed also that the surface area of the prepared compound is 274.55 m?/g.
Elemental analysis proved the existence of nitrogen in the structure of the prepared
compound. The silica derivative-salen showed high potential for extraction and removal
of heavy contaminating metal ions Ni(II), Cu(II), and Co(II) from aqueous solutions. The
kinetic study demonstrates that the adsorption of the metal ions follows the pseudo-second
order.

Keywords: amorphous silica; salicylaldehyde; surface area; preconcentration process;

uptake capacity

m INTRODUCTION

In recent years there has been considerable interest
in developing silica-based porous materials that have
large specific surface areas. This is due to widespread
applications in white light emission process [1], battery
applications [2], antibacterial activity [3-4], heavy metal
ions separation and extraction [5-12], and catalysis [13-
16]. Rice is one of the silica producing plants, where the
major SiO, content is observed in its husk, which ranges
from 8.7 to 28% depending on several factors including
origin, geographic location and climate [2,17]. Rice husk
(RH) is the protective coat of rice grains. As reported by
Govindarao [18], RH constituents on a dry basis are ash
(20%), cellulose (38%), lignin (22%) and organic
compounds (20%). Rice husk ash (RHA) ash is silica
representing (94%) of the whole [19]. Preconcentration of
trace metals employing functionalized silica-gel has
received much attention in the last few decades.
Preliminary experiments were conducted by Leyden and
Lutterll [20] and Leyden et al. [21] using amine,
thioether

dithiocarbamate, and derivatives  for

preconcentration process. Recently, this topic was a
subject of extensive research, and a variety of
functionalized silica compounds were prepared in order
to extract or separate metal ions from aqueous solutions
[6,11,22-25].

In this work, silica derivative-salen was synthesized
from RH via sol-gel technique and nucleophilic
substitution reaction. The resultant material was
characterized using FTIR, XRD, CHNS, SEM-EDS,
AFM, TGA and BET. The metal uptake capacity of the
functionalized silica was investigated using aqueous
solutions of Ni(II), Co(II) and Cu(II) metal ions. The
effect of several factors on the preconcentration process
was examined as well as including time of shaking, the
concentration of metal ions, the mass of the ligand and
pH of the solution.

m EXPERIMENTAL SECTION
Materials

Sodium hydroxide (BHD, England 99%), nitric
acid (CDH, India 70%), 3-chloropropyltriethoxysilane
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(Sigma, Germany 99%), Acetone (Romal 99.7%),
ethylenediamine (ALPHA CHEMICA, India 99%),
triethylamine (CDH, India 98%), salicylaldehyde (CDH,
India 99%), Nickle chloride hexahydrate (BDH, England
96%), Cobalt chloride hexahydrate (BDH, England 97%),
Copper chloride dihydrate (BDH, England 97%), Toluene
(Merk, KGaA, Germany 99%). All the chemicals were
used as received without further purification.

Procedure

Characterization techniques

Functional groups in functionalized silica were
determined using a Thermo AVATAR instrument. The
spectra were recorded in the range of 4000-400 cm™.
Scanning Electron Microscopy (SEM) analysis of
functionalized silica was conducted on a FESEM MIRA
III (TESCAN). Samples were dispersed in ethanol for
10 min before analysis. Atomic Force Microscopy (AFM)
analysis was conducted on an AFM Angstrom AA-3000.

Thermogravimetric (TG) analysis was performed
using a TA Q600 instrument. The sample was heated from
50 to 600 °C at a heating rate of 20 °C min™' under Ar
atmosphere. The X-ray Diffraction (XRD) patterns were
obtained using Shimadzu X-ray Diffractometer using
CuKa, and 20 between 10 and 80°. Surface area and pore
volume of the sample were measured by Brunauer-
Emmett-Teller using BEL BELSORP MINI II instrument.
Elemental analysis was performed using a Thermo
Finnigan FlashEA 1112 instrument.

Extraction and functionalization of silica from RH
Extraction of silica from RH. RH was washed with
water then rinsed with distilled water then dried at room
temperature for 24 h. Afterward, the sample was stirred
with (1.0 M) nitric acid at room temperature for 24 h, then
washed with distilled water. Subsequently, the wet
material dried at 100 °C for 24 h. To obtain amorphous
silica, the sample was calcined at 750 °C for 2 h in a muffle
furnace to obtain acid leached RHA [26].
Functionalization of RHA with 3-(chloropropyl)
triethoxysilane (CPTES). Functionalization of RHA was
done in accordance with the procedure described by
Adam et al. [27]. Silica obtained from RHA was stirred

with NaOH in a plastic container at 80 °C for 60 min to
convert silica into sodium silicate, then CPTES was
added to this solution. Next, the solution was titrated
with 3.0 M of nitric acid until the pH of the solution
dropped to 3. The obtained gel was aged for 2 days, then
centrifuged with water profusely. Finally, the gel was
washed with acetone, then dried in at 110 °C for 24 h.
The obtained powder was labeled as RHACCI.

lodide-exchanged polymer

Exchanging chloride ions with iodide ions was
carried out in accordance with the procedure described
by Ahmed and Parish [28]. RHACCI was suspended
within dry acetone containing potassium iodide, and
then the mixture was refluxed for 60 h. The obtained
solid precipitate was washed with distilled water,
methanol and ether and dried at 100 °C. The resultant
powder was labeled as RHACI.

Functionalization  with and
salicylaldehyde

A mixture of 1.0 g of RHAC-I, 16.6 mmol 0.9 mL
of ethylene diamine and 16.6 mmol 2.3 mL of Et;N was
refluxed with 30 mL of toluene at 110 °C in an oil bath
for 12 h. The obtained material was filtered and washed
with DCM and DMF, then it was dried in an oven. A
beige precipitate of ethylene diamine modified silica was
formed, labeled RHACEN. 1.0 g of the RHACEN was
added to excess mL of salicylaldehyde about 3.0, and the

mixture was refluxed in 30 mL of ethanol at 50 °C for

ethylenediamine

6 h. The products were filtered and washed with an
amount of ethanol and acetone. The yellow precipitate
was collected and labeled as RHACSALEN. Scheme 1
represents the steps followed in the preparation of
RHACSALEN ligand.

Metal uptake experiments

Two hundred and fifty miligrams of RHACSALEN
was shaken with 50 mL, 0.1 M of aqueous solution of
metal(II) ions (Co(II), Ni(II), Cu(II)) using a plastic
container. Measurements of the concentration of metal
ions were carried out by withdrawing a sample of 0.5 mL
from the solution using a filtered syringe. Samples were
diluted to the linear range of the calibration curve for
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Scheme 1. Synthesis of RHACSALEN ligand

each metal. Metal ion uptake was calculated as mmole of
metal per gram of ligand. Time of shaking, the
concentration of metal, the mass of the ligand and pH of
the solution were examined.

m  RESULTS AND DISCUSSION
FTIR Spectroscopy Analysis

Functionalization of the obtained silica was
monitored by comparing FTIR spectra of precursor and
products. FTIR spectra of RHA, RHACCL, RHACI,
RHACEN are presented in Fig. 1(a-d) and FTIR spectrum
of RHACSALEN is presented in Fig. 1(e). The peaks at
1082, 796, and 474 cm™" are present in all spectra and are

attributed to the Si-O-Si group [14]. The broadband that

appears between 3200 and 3600 cm™ is attributed to O-H
stretching vibration of Si-OH groups as well as absorbed
water onto the surface of silica. The appearance of the
peak at 2951 cm™', which is attributed to the stretching
of the aliphatic CH, group, is a strong evidence of the
successful attachment of CPTES to the prepared silica.
The peaks at 3523 and 3446 cm™ in Fig. 1(d) are
attributed to the symmetric and asymmetric stretching
of N-H bond of the primary amine in RHACEN, while
the peaks at 3341 and 1663 cm™ are attributed respectively
to the stretching and bending of N-H bond in the
secondary amine in the same moiety. The appearance of
these peaks is a strong evidence of the successful
attachment of ethylenediamine group to RHACI.
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It can be seen from Fig. 1(e) that the peaks attributed
to the stretching of the N-H bond of primary amine are
absent in this spectrum. In addition, the peak at 1644 cm™
refers to the isomethene group (C=N) [29]. The stretching
of aliphatic CH, for propyl chain appears at 2955 cm™.
This provides strong evidence that the reaction between
RHACEN and salicylaldehyde was successful and the
Schiff base was formed.

X-ray Diffraction Pattern

The X-ray diffraction pattern of RHACSALEN is
shown in Fig. 2. XRD analysis revealed the occurrence of
the broad diffused peak with maximum intensity at 22-23°
(20), though sharp peaks were absent. This result, which

is in agreement with a strong broad peak of amorphous
silica [30], indicates that the amorphous nature of the
functionalized silica was analyzed.

Elemental Analysis CHNS

Elemental analysis of RHACSALEN showed an
increase in the percentages of C and H compared with
RHA and RHACI [14]. Furthermore, the elemental
analysis of RHACSALEN indicated the presence of N
which provides further confirmation of the successful
immobilization of the Schiff base onto RHACI. A similar
conclusion was drawn by Adam et al. [27] and Mihsen
etal. [14].
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SEM-EDS Analysis

SEM images of the functionalized silica are shown in
Fig. 3. These images show that the particles of the
functionalized silica are granular and irregularly shaped
with an average diameter of ca. 60 nm.

Fig. 4 shows the spectrum obtained from EDX
analysis. This spectrum showed the presence of nitrogen
which can be considered further proof for the successful
incorporation of salen complex onto the surface of silica.
The average value of the chemical composition obtained
from EDX analysis is shown in Table 2.

AFM Analysis

AFM technique was employed to investigate the
topography of the prepared ligand surface. The atomic
force microscopy (AFM) images and granularity normal
distribution of the RHACSALEN are shown in Fig. 5-6.
The obtained results revealed that the average roughness
of the surface for RHACI was increased upon
functionalization process from 6.35 to 11.6 nm. This
change may be attributed to the successful modification
of the surface of the ligand from RHACI to RHACSALEN.
Additionally, AFM results showed that the average
diameter of the prepared ligand was 72 nm which is
slightly larger than the result obtained via SEM technique.

Thermal Analysis

TGA-DTG analysis was performed to determine the
thermal stability of the functionalized silica, and the
obtained results are depicted in Fig. 7.
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Table 1. Elemental analysis of RHA, RHACI, and
RHACSALEN

Sample C (%) H (%) N (%) S(%)
RHA 1.6 0.84

RHACI 9.98 1.61 - -
RHACSALEN 11.57 1.95 1.90 -
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Table 2. The average values obtained from EDX analysis
of RHACSALEN

Element W% A%
C 11.83 19.24
N 0.89 1.25
(@] 36.52 44,59
Si 48.05 33.42
S 0.21 0.13
Cl 2.49 1.37
I 0.01 0.01
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Fig 5. AFM image of RHACI (left); RHACSLAEN (right)
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The results showed that the functionalized silica
exhibited two characteristic weight loss stages. Initially,
weight loss occurred between 25 and 120 °C with about
2 wt.% loss. This was attributed to the evaporation of water
molecules adsorbed on the surface of silica [14,31]. The
second weight loss happened between 250 and 600 °C with

about 16 wt.% loss, which may be ascribed to
dihydroxylation and loss of water or alcohol from silica
[32-33].

Fig. 8 shows the result of DTG analysis for
RHACSALEN. It reveals two major weight loss steps
which are in agreement with the results obtained from
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functionalized silica. Inset: The pore size distribution

TGA analysis about the evaporation of water molecules
and the dihydroxylation and loss of water and alcohol
from silica [34].

Nitrogen Adsorption Desorption Analysis

The surface area of the functionalized silica was
investigated employing nitrogen adsorption-desorption.
Fig. 9 shows the obtained isotherm. The pore size
distribution graph is inset. According to the IUPAC
classification of hysteresis loops, this isotherm follows
type IV and H2 isotherms [35]. It can be seen in Fig. 9 that
N, adsorption isotherm of the functionalized silica gave a
hysteresis loop observed in the range of p/p, values
between 0.6 and 0.9, which is associated with capillary
condensation, a characteristic of mesoporous materials
[11].

A specific area, pore size and pore volume of the
functionalized silica was obtained employing BET
analysis, and it was found to be equal to 247.55 m*/g,
0.582 cm’/g, and 9.41 nm respectively.

Metal Uptake Experiments

Effect of shaking time on the metal uptake
In order to determine the effect of shaking time on

the metal uptake, 0.25 g of the ligand was shaken with an
aqueous solution of divalent metal ions for 24 h. The
results, depicted in Fig. 10, shows an increase in the
uptake of the metal ions as a function to the time of
exposure in a nonlinear fashion. Metal ion uptake

0.8
FYvENT. Adk & & A A A
0.7 '
064 |
= i
Z 054 PP e B S s N
E | -;ﬂs::-ma
ED4_...' ShE 4 o & 9
@ |
x | J
Eoaf —&— Cufll)
£ J —s— Ni{ll)
o2y s Colll)
014
0.0

0 JIE :1- fli BI 1IU 1l2 1I4 1lE 1;3 EIU 2I2 EI-EI- QIE
Time {h)
Fig 10. The uptake of Co(II), Ni(II) and Cu(II) ions by

RHACSALEN versus time

increased rapidly at the beginning then it became slower
as the time progressed, with the exception of the case of
Ni(II) ions which showed an increase in metal uptake
capacity after reaching its maximum. The increase in
metal uptake capacity may be ascribed to diffusion
factors, as the already complexed groups prevent metal
ions from contacting unreacted ligand groups. These
results are in line with other works [12]. Saturation
occurred after 3 h in case of cobalt, while in case of nickel
and copper saturation occurred after 6 h.

First order (Eq. (1)), second order (Eq. (2)) [25],
pseudo-first order (Eq. (3)) and pseudo-second-order
(Eq. (4)) [36] were employed to evaluate the experimental
data in order to determine the adsorption kinetics.

Kinetic model and parameters for Ni(II), Cu(II)
and Co(II) are presented in Table 3.

InC, =-k;t+InC, (1)
Lo L @)
Ce CO
k
log 0 . I (3)
qe) 2303
B - (4)
qt k4qe qe

where C. is the concentration of metal ion at equilibrium
(mM), Cy is the initial concentration of metal ion (mM);
geand q; are the amounts of metal ions adsorbed (mol g™*)
at equilibrium and at any time t (mmol g™'), respectively;

Duha Hussien Attol and Hayder Hamied Mihsen



Indones. . Chem., 2020, 20 (1), 16 - 28 23

ki, ko, ks and k4 are adsorption rate constant of first order
(min™), second order (mM™ min™'), pseudo-first order
(min™) and pseudo-second-order (g mmol' min™),
respectively.

The obtained results show that the pseudo-second-
order model has the highest correlation coefficient for
Ni(II), Cu(II) and Co(II). Additionally, the value of q.
calculated from the pseudo-second-order as (21.23 mmol
g for Ni(II), 22.13 mmol g' for Cu(II), 17.53 for Co(II))
is close to the experimental q. as (22.47 mmol g for
Ni(II), 23.8 mmol g for Cu(Il), 18.21 mmol g for
Co(II)) in comparison with the experimental q. obtained
from the pseudo-first-order model as (11.67 mmol g™* for
Ni(II), 7.93 mmol g™ for Cu(II), 8.11 mmol g™ for Co(I)).
These results indicate that the applicability of pseudo-
second-order model is a better option to describe the
adsorption of Ni(II), Cu(Il) and Co(II) ions onto
RHACSALEN. Consequently, the kinetic does not involve
a mass transfer in solution and the adsorption is chemical
[25].

Effect of the initial concentration of metal ion
solution
The effect of the initial concentration of the metal

ion solution was investigated. 0.25 g of RHACSALEN
was shaken for 8 h with three solutions of metal ion
where each of the solution has different
concentration. The results, expressed in Fig. 11(a-c), show

initial

Table 3. Rate constant of Ni(II), Cu(II) and Co(II)
adsorption on RHACSALEN and the linear coefficient
in various kinetics models

Kinetic model Rate constant R?
Ni(II)

First order 0.0999 min’! 0.8536
Second order 1.5354 mM ' min! 0.9104
Pseudo-first order 0.4629 min™! 0.9434
Pseudo-second order 0.0603 mM™! min™! 0.9942
Cu(II)

First order 0.0511 min™! 0.9477
Second order 1.0047 mM™" min’! 0.9521
Pseudo-first order 0.3977 min’! 0.9220
Pseudo-second order 0.0731 mM™! min’! 0.9932
Co(II)

First order 0.0316 min™! 0.9226
Second order 0.5483 mM™! min™! 0.9230
Pseudo-first order 0.2716 min’! 0.9142
Pseudo-second order 0.579 mM™! min 0.9949
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Fig 11. The uptake of (a) Ni(II) ions, (b) Co(II) ions, and (c) Cu(II) ions by RHACSALEN versus different initial

concentrations of metal ion solution
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Table 4. Langmuir and Freundlich parameters for Ni(II), Cu(II) and Co(II) adsorption

Langmuir parameters

Freundlich parameters

R? qm b R? Kf n
Ni(IT) 0.932 57.4 mg/g 10.69 0.990 0.293 1.13
Cu(II) 0.863 90.2 mg/g 6.624  0.979 0.247 1.24
Co(II) 0.937 83.72mglg 6299  0.997 0.588 1.0

Table 5. Comparison of maximum capacity qm (mg/g) for Ni(II), Cu(II) and Cu(II) adsorption by variously reported

adsorbents
No  Adsorbent Metal-ion qm(mg/g)  Ref
1 Surface modified Strychnos potatorum Ni(II) 74.55 [37]
seeds
2 Modified magnetic chitosan chelating Ni(II), 40.15, [38]
resin Cu(Il), 103.16,
Co(II) 53.51
3 Phosphonate modified silica Ni(1I), 12.47, [39]
Cu(II), 21.02,
Co(II) 7.43
4 Xanthate-modified chitosan/poly(N- Ni(II), 71.8, [40]
isopropylacrylamide) composite hydrogel ~ Cu(II) 125.3
5 Salen-modified silica (RACSALEN) Ni(II), 57.4, This
Cu(Il), 90.2, work
Co(II) 83.72

that the wuptake capacity increases as the initial
concentration of metal ion solution increases. As the
initial concentration of the metal ions increased from 0.05
to 0.15 M, the uptake of Ni(II), Cu(II) and Co(II) ions
increased from 0.20 to 0.90, 0.20 to 0.65 and 0.23 to
0.70 mmol metal(II)/g ligand respectively.

The obtained data were fitted to Langmuir and
Freundlich two-parameters isotherm models. The linear
shape of the Langmuir model is described as follows [36]:
C Gyl “
de dm 9mb
where q. is the equilibrium amount of adsorbate (mg/g),
C. is the equilibrium concentration of adsorbate (mg/L),
gm is the maximum adsorption capacity and b is the
Langmuir constant.

Freundlich model is described as follows:

(6)
where g. is the amount of adsorbate (mg/g), C. is the

Inq, =InK; +llnCe
n

equilibrium concentration of adsorbate (mg/L), K¢ and
1/n are the Freundlich constants.

The relationship between the Langmuir and
Freundlich parameters with correlation coefficient was
shown in Table 4. R* values suggest that the adsorption
isotherm data were best fitted to the Freundlich
adsorption isotherm model. These results suggest that
the adsorption of Ni(II), Cu(II) and Cu(II) onto
RHACSLAEN was in multilayer fashion [37].

The comparison of maximum capacity for Ni(II),
Cu(II) and Cu(Il) adsorption by variously reported
adsorbents is given in Table 5.

Effect of the mass of the functionalized silica

The effect of the mass of the functionalized silica
was investigated using three different masses of ligand
(100, 150, and 250 mg). Fig. 12(a-c) illustrate the uptake
capacity of RHACSALEN for Ni(II), Co(II) and Cu(II)
ions respectively. The obtained results showed that the
maximum uptake capacity increased as the mass of the
ligand increased for both of Ni(II) and Co(II) ions (0.9
and 0.65 mmol metal(II)/g ligand respectively), however
in the case of Cu(II) ions the maximum uptake capacity
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values of metal ion solution

was very close in both 150 and 250 mg of the ligand. These
results can be rationalized on the basis that as the amount
of the ligand increases, more ligand site is accessible for
complexation with metal ions.

Effect of pH
The effect of pH of the metal ion solution on the

preconcentration process was studied by exposing the

functionalized silica to solutions of metal ions at three
different pH values. The results, expressed in Fig. 13(a-
c), show that metal uptake capacity increased as the pH
decreased and reached its maximum at pH = 3 in the
case of Ni and pH = 4 in the case of Co and Cu. The
decreasing of pH can be due to ionization of hydrogen
of the hydroxyl group in salen moiety and coordinate
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oxygen atom with metal ions. It was noted that the uptake
capacity of the ligand declined as the pH of the solution
increased. This behavior is ascribed to the formation of
metal hydroxides [9].

m CONCLUSION

Silica derivative-salen ligand was synthesized and
used to extract divalent metal ions (Ni(II), Co(II) and
Cu(Il)) from aqueous solutions. The techniques of
characterization proved the successful synthesis of
RHACSALEN. FTIR spectra showed the formation of the
C=N bond. Nitrogen adsorption-desorption analysis stated
that RHACSLAEN has a high surface area 247.55 m?*/g.
AFM and SEM analysis showed that the average diameter
for the prepared ligand particles ranges between 63 and
72 nm. The prepared ligand is very efficient in the removal
of metal ions from aqueous solutions, and such a material
can be used in numerous applications not only for
separation and removal of contaminants but also many
other purposes such as catalysts for most organic
reactions.
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The results indicated that the ZTC has some ordered network structure of carbon and
also exhibits the formation of the carbon layer outside the zeolite micropore. We
observed the ZTC for hydrogen adsorption both gravimetric and volumetric method up
to 1.72 and 1.16 wt.% at the lowest temperature, respectively. The kinetic process at all
studied temperature was best approximated by the pseudo-second-order kinetic model.
The aspects of thermodynamic such as heat of adsorption and the entropy change were
-14.41 kj/mol and -40.93 J/K mol, respectively. Both values were negative, indicating an
exothermic reaction and low disorder at the hydrogen and ZTC interface when the
adsorption process took place. Meanwhile, the enthalpy change value exhibits a
characteristic of a physical process. The Gibbs energy change calculated at 30, 40 and
50 °C were -1.99, -1.59 and -1.19 kJ/mol, respectively, indicating a spontaneous
adsorption process.

Keywords: zeolite-Y templated carbon; hydrogen adsorption; adsorption kinetics;
thermodynamics

m INTRODUCTION gasoline (12 kWh/kg) [2]. Therefore, research efforts

Hydrogen is a clean alternative fuel as its main have been actively pursued to utilize hydrogen for fuel

product from the burning process is only water. cell vehicles.

Moreover, hydrogen is the highest element up to 75% In addition to high energy density and its

from the normal mass of earth, and thus it can be availability, the hydrogen storage system including

employed as prosperous sources for hydrogen fuel volume, weight, safety and the reversibility of hydrogen

generation [1]. Hydrogen also has almost three times adsorption  rate should be concerned [2]. The

higher of energy content (33 kWh/kg) as compared to the conventional hydrogen storage systems are compressed

hydrogen tank or liquefied hydrogen. However, it has a
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safety risk due to high pressure and low temperature
system [3]. More recently, the main concern of research
has been focused on solid state porous materials to meet
the United States Department of Energy (DOE) onboard
storage target due to its high densities of both gravimetric
and volumetric at lower pressure. The DOE ultimate
targets for storage density at or close to ambient condition
are 7.6 wt% and 0.07 kg/dm’
(volumetrically), respectively [1-2] Recently, hydrogen

(gravimetrically)

storage system in solid state porous materials, for
instance, carbons, zeolites or metal organic frameworks,
is attractive because of their advantages such as fast
adsorption kinetics, high cyclability, and reversibility of
hydrogen uptake and release [4-5].

Among of these porous materials, carbon-based
materials received a lot of interest since it has a high
gravimetric and volumetric densities, high thermal and
good chemical stability [4,6-7]. The amount of hydrogen
uptake in carbon materials reached up to 11 wt.% [8].
Hydrogen can be adsorbed reversibly in the carbons by
physisorption process at ambient temperature. Based on
physisorption, the physical properties including pore size,
specific surface area, and micropore volume seriously
affect the hydrogen capacity [9-11]. Carbons possess some
superiorities such as a large surface area up to 3500 m*/g,
lightweight and easy to modify the pore structure [1]. Yet,
the main drawback for carbon materials in the storage
system is its wide pore size distribution [7,10]. Hence, the
pore structure of carbons should be modified in order to
enhance adsorption capacities. The templated method
could be an excellent way to gain a new carbon porous
materials with a large surface area up to 4000 m?*/g, and
controlled porosity reached 1.6 cm®/g for hydrogen
storage purpose. Yang et al. [12] reported that templated
carbon exhibited the highest storage capacity than the
other materials, such as zeolites, carbon nanotubes, metal
organic frameworks, and organic microporous polymer.
It is found that a high microporosity and specific surface
area of carbons provide a linear relation with hydrogen
adsorption capacity [12-13].

The choice of materials such as carbon precursor
and the inorganic template is being a major factor
contributing to the carbon structure [7,14-15]. The

inorganic templates widely used for templated carbon
include zeolite, silica, Metal Organic Framework (MOF)
and layered clay. Zeolite and MOF used as template
result in microporous carbon with large surface area and
well-defined porous structure. However, the synthesis of
MOF template needs a lot of time and results in low
yield. On the contrary, a silica template is employed to
prepare mesoporous carbon. Also, the resulting carbon
with low surface area and high graphitization degree are
obtained by using a layered clay template. However, a
porous material is suited for application in gas
adsorption; thus, zeolite exhibits outstanding potential
template material to fabricate microporous carbon.
There are several studies of templated carbon materials
synthesized using various carbon sources or different
zeolite type templates. Zeolites have ordered pores and
channels; therefore they can be more appropriate to
synthesize carbon with micropore structure for
hydrogen storage purpose [11,16].

Kyotani et al. [15] synthesized templated carbon
via a combination of two methods (furfuryl alcohol by
impregnation and propylene via CVD) using a different
type of zeolite (zeolite-Y, L, p, mordenite, and ZSM-5) as
templates. The regularity of the carbon using zeolite-Y
was much better than other zeolites such as superior
surface area (2750 m?/g) as well as perfect microporosity
(1.5 cm’/g). Templated carbons using different zeolite
(13-X and Y) and acetonitrile have also been prepared
by Yang et al. [17]. Carbon with zeolite-Y template
exhibited 21% larger surface area and 263% higher
micropore volume than that of zeolite-13X. As reported
by Johnson et al. [18], pyrolytic carbon synthesized in
the channel of zeolite-Y was preferable since it has three
dimensionally interconnected micropore structure. On
the other hand, Yang et al. [17] also prepared carbon
material using different carbon sources (acetonitrile or
ethylene) and zeolite-Y as hard template. They
investigated that carbon with acetonitrile and zeolite-Y
had a surface area ranging from 1910 to 1920 m?/g,
micropore volume of 0.1 to 0.5 cm®/g and significantly
obtained ordered carbon structure. When ethylene was
employed as carbon source, the surface area and
micropore volume of the ZTC reached to 1300 m*/g and
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0.2 cm’/g, respectively, obtained ordered not only carbon
but also a high amount of graphitization. It is believed that
hydrogen uptake capacity linearly relates to the surface
area and microporosity. Therefore, it can be controlled by
material selection.

In addition to the porosity of materials, hydrogen
uptake in the adsorptive system is directly related to the
operation conditions [6]. For hydrogen storage system,
carbon materials would be more appropriate when they
could adsorp at or near to room condition, as described
by the DOE [1]. Several researchers have reported the
hydrogen storage capacity of ZTC at a temperature of
-196 °C [11-12,17,19]. Hydrogen uptake capacity at
ambient temperature (30 °C) has been reported by
Nishihara et al. [20] for zeolite templated carbon. They
investigated the small amount of hydrogen sorption in the
range of 0.41-0.87 wt.% at high pressure of 98 bar.
Whereas, the hydrogen uptake capacity on SWNTs at
ambient pressure (1 bar) and temperature of < 40 °C was
reported by Hirscher et al. [21], and the capacity obtained
was 1.8 wt.%. Moreover, the ZTC’s performance at or
close to room temperature and pressure is still unknown.
Therefore, in this work, we examine the hydrogen uptake
performance at or close to ambient temperature and
pressure.

In addition, to provide an understanding of the
adsorption mechanism, the kinetic study of hydrogen
adsorption would be necessary [22]. Zamora et al. [22]
studied the kinetic hydrogen adsorption on the composite
comprising TiNT decorated with CdsFe™ by
implementing the intra-particle diffusion model.
Furthermore, thermodynamic aspects such as enthalpy,
entropy, and Gibbs free energy are other main factors to
be considered in the adsorption process in order to
determine the feasibility of ZTC for H, storage purpose.
The change of enthalpy provides the information of
binding strength between gas molecules and adsorbent
and to explain the influence of temperature in the
adsorption process [4]. Based on DOE’s target, the desired
enthalpy value of hydrogen uptake under room
conditions is between 15 to 25 kJ mol™ for reversibly
hydrogen storage [23]. However, the standard heat of
hydrogen adsorption on carbon (active carbon or carbon

nanotube) is only 6 k]J/mol, and it is too weak to adsorp

hydrogen at ambient temperature which was
investigated by Myers et al. [23].

The goals of the present work were to report the
amount of hydrogen adsorption on templated carbon at
or near to room temperature (30, 40 and 50 °C) and
ambient pressure by both gravimetric and volumetric
methods. Templated carbon was prepared by utilizing
zeolite-Y template with sucrose as a carbon precursor by
a simple impregnation method. Sucrose is a small
organic molecule and contains high carbon yield which
is widely used as a precursor to prepare microporous
carbon [12,15,23]. Most of the experiment has been
conducted on hydrogen storage materials, yet the kinetic
and thermodynamic studies are scarce in this field. In
this investigation, the kinetic study was analyzed in
terms of the pseudo-first and second order as well as the
intraparticle diffusion model to provide deeper insight
for mechanisms of hydrogen adsorption. The
aspects heat of

adsorption, the Gibbs energy, and the entropy change

thermodynamic including the
were also determined in order to evaluate the feasibility
of templated carbon as storage system of hydrogen.

m EXPERIMENTAL SECTION
Materials

The materials used were sodium aluminate powder
(NaAlO,, 95.45%) and sodium silicate (Na,SiO;)
provided by Sigma Aldrich, sodium hydroxide pellet
(NaOH) purchased from Merck, sucrose (Ci2H»:011 98%
Fluka), sulfuric acid (H,SO4 98% pa), fluoric acid (HF,
48%) provided by Merck, hydrochloric acid (HCI, 37%
SAP), deionized water, ultra-high purity N, (99.99%)
and H; gas (99.99%).

Instrumentation

X-Ray Diffraction (XRD) diffractograms were
recorded by Expert PAN Analytical using radiation of
CuKa (A = 0.154 nm at 40 kV and 30 mA). To identify
the crystal phase and crystallinity of the ZTC, the X-ray
diffractograms were determined in the range of 3-50°.
Physical properties of the zeolite-Y and ZTC were
determined via N, sorption at -196 °C using a
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Quantachrome Autosorb-1. The powders were degassed
at 250 °C in vacuum for overnight prior to the analysis.
The Brunauer-Emmett-Teller method at P/P, between
0.04 to 0.31 was used to determine the specific surface
area. While the total pore volume (V,) of the sample was
estimated from the amount of N, adsorbed at P/P, 0.993,
and the micropore volume was calculated using Saito
Foley (SF) method. Pore size distribution (PSD) of
samples was determined from the N, isotherm using
Horvath-Kawazoe (HK) theory with the assumption of
slit pore shape and Barrett-Joyner-Halenda (BJH)
method. The morphology analysis for zeolite-Y and ZTC
was performed by scanning electron microscope (SEM,
ZEISS EVO MA 10). Transmission Electron Micrographs
were collected with H9500 at 200 kV acceleration voltage
to identify the structure of samples.

Procedure

Synthesis of zeolite-Y template

Zeolite-Y was synthesized using sodium aluminate
(Sigma-Aldrich, 13404-5KG-R), sodium silicate (Sigma-
Aldrich, 338443-3L), NaOH (99% pa, Merck, 011-022-00-
6) and deionized water as source materials. Zeolite-Y was
made through three steps: seed gel, feedstock gel and
overall gel [24]. The molar composition of seed gel was

| Pretreated zeolite

| ——|

10.67Na,0:1A1,05:10Si0,:180H,O and the molar ratio
of feedstock to seed gel was 18:1. The adding of seed gel
to feedstock gel formed an overall gel and subsequently
subjected to the hydrothermal process at 100 °C for 7 h.
The sample obtained was flowed by deionized water to
get neutral pH of filtrate and subsequently dried at 110 °C
for 12 h. Prior further treatment, the zeolite-Y sample
was pretreated at 200 °C for 4 h in flowing nitrogen.

Synthesis of zeolite-Y templated carbon (ZTC)

The ZTC was synthesized from zeolite-Y template
and sucrose (98% Fluka) by impregnation method as
presented in Fig. 1. The detailed procedure of ZTC
synthesis is described as follows:

The sucrose was dissolved in 0.35 M H,SO, at room
temperature, then the pretreated zeolite-Y was added to
this clear solution. Based on our previous study, the
optimum ratio of sucrose to zeolite-Y was 1.25 (wt.%).
The solution was stirred for 72 h at ambient temperature
and then filtered, followed by carbonization treatment in
a tubular furnace under N, atmosphere. The
carbonization process was conducted to the fixed
temperature of 800 °C for 4 h dwelling time by a heating
rate of 2 °C/min according to the best result in our

preceding study. The resulted of the black composite was

Mixture ofH SO0 =ucrose |

U Stirring at roem temperature for 3 days

| Micture solution of zeolite ¥ - sucrose |

ﬂ Fittered

| zeolite % — sucrose (residue) |

Carbonization under Ny flow

1. T=800°C (2°Ci/min)
2. Dwellng time = 4h

N

Zeolite-carbon composite

1. Treated in 5% HF, 37% HCI, 48% HF for1h, respectively
2. Washed and filter using deionized water foreach
treatment, followed by drying

N

| Wet zeolite templated carbon |

Dried at 120°C for 12h

| Zeolite templated carbon |

Fig 1. Schematic of preparation procedure of zeolite templated carbon
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cooled until room temperature using N, stream and then
washed by three steps of acid to remove the zeolite-Y
template. (1) The composite was treated with 5% HF
solution at ambient temperature for 1 h to break the Si-O-
Al bond of template. The sample was washed using
deionized water insistently to obtain a neutral pH of
filtrate and dried at 110 °C for 12 h. (2) Then, the sample
was immersed in 37% HCI via reflux at 60 °C for 1 h to
remove aluminum of zeolite framework, subsequently
filtered and washed by deionized water and followed by
drying for 12 h at temperature of 120 °C (3). In addition,
the solid sample was soaked in 48% HF solution for 1 h
for removal of silica content from zeolite template. The
sample was then washed by deionized water to get a
neutral pH of filtrate, then a residue of sample known as
zeolite templated carbon (ZTC) was dried during 12 h at
120 °C.

Hydrogen adsorption test

The amounts of hydrogen uptake on the ZTC were
determined in a custom-fabricated packed-bed adsorption
system using volumetric, pressure and temperature
measurement in equilibrium conditions by static
adsorption procedure adopted from other studies [25-26].
The fixed bed adsorption unit was used at static mode to
collect single gas adsorption data presented in Fig. 2. The
adsorption apparatus was made using stainless steel
tubing and proper Swagelok fittings. The cell was placed
in a well-insulated furnace to control the temperature,
pressure, and volume in equilibrium state for single gas
uptake. The hydrogen sorption capacity was measured at
different temperature of 30, 40 and 50 °C. Prior to the
adsorption test, the adsorbent was dried in-situ at 105 °C
for 1 h. The gas presented in the adsorption cell was
purged using a vacuum pump before to start the test.
Digital pressure transducer and thermocouple put axially
in the middle of the adsorption cell to observe the
temperature of cell continuously.

An adsorption cell was filled with 1.5018 g
adsorbent. The adsorption was conducted at a
temperature of 30, 40 and 50 °C (£ 3 °C) using the single
sample weight. Prior passing the hydrogen to the
adsorption cell, the gas pressure of the loading cell was set
at the equilibrium of 2 bar as an initial value, and then gas

pressure loading

pressure gauge adsorption thermocouple

eck '-'iil'-r loading cell

valve
& flow controller
pressure

ad=orption cell

SIBLINL I35

vacum pump 0 atmosphere
Fig 2. Schematic diagram of the fixed bed volumetric
adsorption test rig

was flowed into the adsorption cell by opening the
connecting valve at the target temperature. Pressure and
temperature measurement of both cells were monitored
to obtain the amount of hydrogen adsorbed. The
pressure of loading (P) and adsorption (P.) cell
measured were recorded wuntil the equilibrium
conditions were obtained. Adsorption equilibrium is
achieved when the operating conditions (temperature
and pressure) were constant. The amount of hydrogen
uptake was determined using the mass balance through
both cells in terms of temperature and pressure recorded

at initial and equilibrium condition, according to the Eq.

(1) [26]:
1|V, Vi

Qe="—1 % T (1)
m{ R{ eql R[ eql]

in which the pressure is P, the temperature is T, the gas

P12
ZT| |zT

P P

zT), |zT

constant is R, the adsorption cell is a, the adsorption cell
volume is V,, the compressibility factor is Z, the loading
cell is I, the loading cell volume is Vj, i and eq represent
the initial and equilibrium state, respectively; and the
adsorbent mass is m.

The hydrogen sorption was also performed using
the gravimetric method (Fig. 3) as follows. Prior to the
experiment, the ZTC was dried at 105 °C during 1 h and
then degassed by a heating rate of 3 °C/min to 350 °C for
3 h. The pretreated sample (0.3 g) as initial mass was
then cooled to the adsorption temperature. The
adsorption process was conducted over the temperature
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Fig 3. Schematic diagram of gravimetric adsorption test

of 30, 40, 50 °C and ambient pressure. Adsorption
measurement was started via initiating the hydrogen flow
rate of 20 mL/min, then evaluated within a few minutes to
achieve sorption equilibrium of ZTC and recorded as
mass at equilibrium state. The capacity of hydrogen
uptake was obtained from the mass balance through the
adsorption cell, according to the Eq. (2):

me —m,

%wt = x100% (2)

mg

where my, is the mass at t min and my is the initial mass.

Kinetics data analysis

Adsorption kinetic models of the pseudo first order,
pseudo-second order, and intraparticle diffusion were
determined to investigate of hydrogen sorption
mechanism onto ZTC [25,27]. The pseudo first-order
model is generally applied for the adsorption process,
expressed by Eq. (3).
%=kf(qe—qt) (3)
where q; (mmol/g) is the amount of hydrogen adsorbed at
time t (min), q. (mmol/g) is the adsorption capacity at
equilibrium state, k¢ (min™) is the rate constant of pseudo-
first order. After integrating at boundary conditions q; =
Oatt=0and q = q:att=t,yields the Eq. (4).

In(q. —q;)=Inq, —k;t (4)
The pseudo second-order model is defined in Eq. (5).

dq 2

d_tt:ks(qe_qt) (5)

in which k, (g mg™' min™') is pseudo-second-order rate
constant. This can be integrated by using the initial
conditions of g =0 att=0and q. = q:at t = t and the
equation above is a linear equation:

LI S (6)
9 kyq? e

A straight line with slope 1/q will be obtained from a plot

between t/q; and t when adsorption mechanism fits this
kinetic model.

The equation of intra-particle diffusion is given as
follows:
q; =kt +C (7)
where ks (mmol g™' min™*°) is the rate constant, t is time
(min). The values of ki and C can be calculated
experimentally through the slope and intercept of q
versus t'?, respectively. An intercept value of C indicates
the thickness of the boundary layer, in which the bigger
value of C, the greater effect for the boundary layer.

Thermodynamic study

The adsorption enthalpy (AH) and entropy (ASk)
change of hydrogen adsorption are calculated from the
graph between In P versus 1/T based on the Van’t Hoff
equation [22]:

1np=z[§—;1-ASTHJ ®)

in which AH in k] mol™ and ASy in ] K! mol™. T is
temperature (K), p is pressure at constant equilibrium
uptake (bar), and R is the gas constant (J mol™ K™'). The
slopes of the straight line give the value of 2AH/R, and
the intercepts give the value of —(2 ASu/R).

The Gibbs energy (AGus) value is commonly
calculated by the following equation:
AG, 4, = AH—TAS )
in which AG.q in k] mol.

m  RESULTS AND DISCUSSION
XRD Analysis

The X-ray diffraction patterns of zeolite standard
and zeolite-Y obtained are presented in Fig. 4(a) and (b),
respectively. It could be seen that the diffraction patterns
and intensities for zeolite-Y obtained were similar to the
standard data of JCPDS No.: 39-1380. This clearly
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indicated that the zeolite-Y prepared using NaOH-
NaAlO;-Na,SiOs-H,O system was successfully formed.
These peak patterns have still appeared in the diffraction
peaks for composite sample, but these peaks slightly
shifted to the higher angle, as shown in Fig. 4(c). The shift
of the peaks might be due to the shrinkage of the zeolite
[28].
Furthermore, these diffraction peak intensities were also

framework  after  carbonization  process
decreased as compared to the zeolite-Y, suggesting that
the carbon might be in the surface of the template [29].
The peak patterns of the ZTC obtained are
demonstrated in Fig. 4(d). This sample exhibited XRD
peak around 6.05°, close to those of parent zeolite-Y
(~6.14°). This indicated that there was a regular ordering
of pore structure for carbon sample, corresponding to the
(111) peak of template [11,30]. Furthermore, a broad peak
centered around 20 = 25° was appeared with low relative
intensity and also observed in zeolite templated carbon by
other studies [12,30]. This peak suggests the formation of
amorphous graphitic carbon (002) plane due to the
stacking graphene nanosheets outside zeolite micropore.
This stacking graphene may be formed due to the
presence of carbon deposition in the pore mouth of zeolite
upon the carbonization process, therefore, obstructing
access of sucrose into the zeolite [11]. It can be concluded
that ZTC in this study kept some pore structure ordering

of zeolite and also produced the graphitic carbon.
SEM and TEM Observation

The SEM analysis for zeolite-Y and ZTC were
presented in Fig. 5(a) and (b), respectively. Zeolite-Y

Fig 5. The SEM images of (a) zeolite-Y and (b) ZTC

35

image as shown in Fig. 5(a) exhibited a clear crystal face
from each particle. The shape morphology for zeolite-Y
was partially replicated in the ZTC sample (Fig. 5(b)),
indicating that the ZTC did not fully retain the
morphology of the template. A few aggregates of the
amorphous graphitic structure was observed in the ZTC
sample, which was in accordance with the XRD result.
The particle size of ZTC was up to 500 nm, smaller as
compared to the zeolite-Y template due to the particle
shrinkage during the carbonization process. The particle
shrinkage might be due to the shrinkage of the zeolite
template as confirmed by the XRD observation [28].
The TEM images for the zeolite-Y, zeolite-carbon
composite and ZTC samples are shown in Fig. 6. The
octahedral morphology for zeolite-Y is similar to the

(111)
. (d)
3 | et (c)
]
g
a1y @1 P e
(220) (a)
0 10 20 30 40 50
26 (%)

Fig 4. XRD pattern of (a) standard JCPDS No. 39-1380,
(b) as-synthesized zeolite-Y, (c) zeolite-carbon composite,

and (d) zeolite templated carbon

T By
WO = M
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Fig 6. The TEM images of (a) zeolite-Y, (b) ZTC ( inse

image), and (c) ZTC (the region indicated by an arrow are the dense amorphous carbon layers deposited in the external

surface of zeolite micropore

SEM images in Fig. 5 with the measured particle size up
to 1000 nm. However, a diffused ring in the SAED pattern
of ZTC (inset of Fig. 6(c)) suggests that the amorphous
structure is observed, which is similar to XRD and SEM
analysis [31]. The diffraction ring can be attributed as a
thin and dense graphitic carbon, indicating carbon (002)
layer around the external surface of zeolite-Y particles
(Fig. 6(c)) [32-33]. The graphitic shell thickness was
ranging from 15-50 nm (black arrow region).

Textural Properties of the Sample

The textural properties of zeolite-Y and ZTC such
as BET surface area, micropore, and mesopore volume
were obtained using their adsorption isotherm (Fig.
7(a)) and the values were presented in Table 1. As seen
from the figure, the adsorption isotherm for the zeolite-
Y template was a typical type I isotherm, indicating a
microporous material for zeolite sample. On the other
hand, the existence of desorption hysteresis in the ZTC

700 qa) 005 1(b)
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Fig 7. The N, adsorption-desorption isotherm on the zeolite-Y template and ZTC at -196 °C (a) PSD analyzed using
HK method (b) and BJH method (c) of the prepared zeolite-Y and ZTC
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Tablel. Textural properties of the resultant zeolite-Y and
ZTC

BET surface Total pore Micropore
Sample 5 X s
area (m’/g) volume (cm®/g) volume (cm’/g)
Zeolite-Y 686 0.40 0.34
ZTC 932 0.97 0.30

sample suggested the mesopores characteristic. The
mesopore structure might be attributed by (1) the unfilled
region of carbon due to incomplete filling of sucrose to
the template pore channels and/or (2) the shrinkage of
zeolite-carbon during the carbonization due to the
oxygen rich of sucrose resulting in the large amount of
gaseous species such as CO, and H,O [12,33-34].
Furthermore, we have used HK method by assuming slit
pore geometry to evaluate micropore size (below 2 nm)
distribution and BJH method to analyze the mesopores
above 2 nm of the zeolite-Y and ZTC, as shown in Fig.
7(b) and (c). It can be seen that the as-synthesized ZTC
exhibits a sharp peak around 0.7-1.5 nm (Fig. 7(b)),
indicating the presence of micropores of the ZTC and the
size distribution of the ZTC is sharper than the zeolite-Y.
In addition, the BJH method (Fig. 7(c)) confirms the
presence of mesopores in the ZTC around 3-23 nm. The
mesopores were attributed to the amorphous graphitic
carbon, covering the ZTC particles. The BET surface area,
total pore volume and micropore volume of ZTC in this
study were 932 m’/g, 0.97 cm’/g, and 0.3 cm’/g,
respectively. Konwar and De [29] also reported the ZTC
synthesis materials with zeolite-Y and sucrose, the highest
BET surface area, total pore volume, and micropore
volume were 1033 m?/g, 0.676 cm’/g, and 0.293 cm’/g,
respectively, which were close to the value in this study.
However, better properties of sucrose-based carbon via
template method using zeolite-Y was achieved from
another study [13].

Hydrogen Adsorption Study of ZTC

The process of hydrogen adsorption on carbons is
governed by physisorption and preferably occurs at a
lower temperature [34-35]. However, it is greatly
desirable for adsorbent materials that adsorb hydrogen at
or near room temperature for its application to meet the
DOE target for the hydrogen storage system.
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Fig 8. Adsorption capacity with adsorption time at
various temperature measured gravimetrically (a) 30, (b)
40 and (d) 50 °C

The hydrogen uptake measured gravimetrically at
different temperature of 30, 40 and 50 °C and pressure
of 1 bar (Fig. 8) were studied in the present work.
Highest hydrogen sorption was obtained at the lowest
temperature of 30 °C with 1.72 wt.% storage. It could be
occurred since physically adsorption take places in the
interaction between hydrogen molecules and carbon
material on van der Waals force. At low temperature, the
thermal motion energy of hydrogen was in accordance
with the van der Waals force, leading to the stronger
interaction [36]. The electronegativity between carbon
and hydrogen as an atom has a low range, and therefore,
the bonding has a weak dipole moment and keep their
characteristics when the adsorption process occurs.
Comparing the adsorption of ZTC with data available in
the previous literature is presented in Table 2. In this
study, the hydrogen adsorption capacities were quite
low. It could be attributed with a low quantity of
micropore volume, resulting to the low interaction
energy between pore walls and hydrogen molecules in
the narrower pores and less accessible adsorption sites
for hydrogen molecules [19].

In order to confirm the hydrogen sorption
gravimetrically, adsorption was also conducted using the
volumetric determination of the prepared ZTC. The
hydrogen uptake capacities performed by the volumetric
method were 5.81, 5.68 and 5.64 mmol/g or equal to 1.16,
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Table 2. Physical properties and hydrogen adsorption capacity for different carbon-based materials

Textural properties

) ) — - Hydrogen Temperature
Zeolite ~ Preparation Specific Micropore Mesopore o
Carbon source uptake (°C) and pressure Ref.
template method surface volume volume .
(wt.%) (bar) adsorption
area (m%g) (cm’/g) (cm*/g)
USY o :
Sucrose seolite Carbonization 701-1219 0.30-0.5 0.09-0.61  1.15-1.43* -196; 1 [19]
i
NH.Y o b
Sucrose it Carbonization 684-1033 0.21-0.29  0.20-0.38  0.25-0.30 -100; 1 [29]
zeolite
NH.Y o b
Furfuryl alcohol seolite Carbonization 1886 0.01-0.51 0.07-0.80  0.08-0.29 -100; 1 [7]
i
NH,Y
Sucrose N Carbonization 1500 0.52 2.4°¢ -196; 10 [13]
zeolite
Propyleneand  Zeolite- ,
CVD 1040-2470  0.43-1.05 0.27-0.47  0.8-2.0° -196; 1 [11]
butylene Y
Furfuryl alcohol-  Zeolite-
ey " cvp 1303-3331  0.33-1.00  0.55-0.94  1.09-227°  -196; 1 [34]
acetylene 10X
Zeolite- . 0.48-1.72° 30-50; 1 This
Sucrose Carbonization 932 0.67
Y 1.10-1.14° 30-50; 2 study

“Hydrogen uptake is measured via gravimetric adsorption method
"Hydrogen uptake is measured via H,-TPD method
‘Hydrogen uptake is measured via volumetric method

1.14 and 1.12 wt.% at 30, 40 and 50 °C (+ 3 °C) and 2 bars,
respectively. A slightly different result of the hydrogen
adsorption capacity obtained between the two techniques
due to a small difference in operating pressure. At low
pressure, hydrogen prefers to occupy the position at the
adsorbate-pore interaction. Therefore, the density of
hydrogen is highest in the smaller pores (micropores)
[37]. At a temperature of 30, 40 and 50 °C, this calculated
hydrogen adsorption capacity is equal to a volumetric
density of 17.43, 17.04 and 16.92 g/L, respectively.
Furthermore, the volumetric density values reported in
this study were much lower to the ultimate DOE target of
70 g/L. The performance of adsorption can be improved
on the control of the surface area and micropore volume
via synthesis conditions. Another attempt of improving
the hydrogen capacity is chemically surface modification
of carbon to enhance the interaction with hydrogen.

Adsorption Kinetics Study

In order to determine the adsorption mechanism,
the kinetic study of hydrogen adsorption would be
indispensable. Three kinetic models in terms of pseudo-

first and second order, as well as intra particle diffusion
model, were tested to fit with experimental data.

Pseudo first order model

This equation is proposed to explain unsteady state
adsorption in porous material [38]. The pseudo first
order kinetic plots between t and In (qe-q:) of hydrogen
sorption at 30, 40 and 50 °C by ZTC were presented in
Fig. 9. The parameter values calculated from fitting the
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Fig 9. Pseudo first order kinetic plots for hydrogen
adsorption onto ZTC at 30, 40, and 50 °C
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experimental data are summarized in Table 3. As can be
seen, the increasing temperature at constant pressure
leads to a lower rate constant k value. This showed that a
lower temperature leads to a higher amount of hydrogen
adsorbed. For all samples, the correlation coefficients (R?)
for this kinetic model were clearly poor. It was also
observed that the calculated adsorption capacities (q.) at
three samples deviated to the experimental values in Fig.
8. These indicate that the adsorption mechanism of
hydrogen into ZTC could not be characterized by this
kinetic model.

Pseudo second-order model

This kinetic model is assumed that linearity exists
between adsorption capacity with the presence of active
sites in adsorbent [39]. Fig. 10 showed the slope and
intercept plots of time t and adsorbed capacity q,, while
the values were presented in Table 3. It showed a higher
adsorption rate for a lower temperature and the
correlation coefficient (R?) values calculated were well at
the whole condition. The calculated adsorption capacities
were also close to the experimental data in Fig. 8. It can be
summarized that the hydrogen adsorption process at all
studied temperatures were best approximated to this
kinetic model.

Intra particle diffusion model
In this study, this model is used to identify diffusion

for adsorption process. By plotting of q: versus t** in Fig.
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Fig 10. Pseudo second order kinetic plots for hydrogen
adsorption by ZTC at 30, 40, and 50 °C

11, the q. and the rate constant values can be calculated.
Such plots showed double linearity region that indicates
two steps of the adsorption process. The first step line is
attributed to the hydrogen diffusion through an external
surface or boundary layer of ZTC, and the other line
relates to the internal surface diffusion (micropore or
mesopore diffusion). During the adsorption process,
hydrogen diffusion was very fast in the early step and
subsequently slow diffusion over the internal surface
(Fig. 11).

Table 3. Kinetic parameters for hydrogen adsorption at
three kinetic models

Kinetic models Parameters

Pseudo-first-order

Temperature (°C) q. (mmol/g) k¢ (min) R?

30 8.01 0.09 0.72
40 4.86 0.05 0.72
50 2.30 0.05 0.32

Pseudo-second-order

Temperature (°C) k, (mmol/g min) ge (mmol/g) R?

30 0.97 10.34 0.97
40 0.71 8.45 0.93
50 0.51 2.69 0.98

Intra particle diffusion

Temperature (°C) kit (mmol/g min®%) R?

30 1.20 0.94
40 0.83 0.86
50 0.31 0.81
1 4
+T=30°C

= T=40%C

E1 «T=50°C
f”f‘
E_

gt (mmaolig)

2 4 6 8
tﬂstm[n{'j]
Fig 11. Intraparticle diffusion plots for hydrogen

adsorption by ZTC at 30, 40, and 50 °C
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Table 4. Thermodynamic parameters for hydrogen
adsorption onto zeolite templated carbon

T(CC) AG(KkJmol') AH(kJmol') ASy(JK!mol?)
30 -1.99
40 -1.59 -14.41 -40.93
50 -1.19
-0.28
-1.0
2.2 .
E
2
o
c-1.4 4
-1.6
0.0030 0.0031 0.0032 0.0033 0.0034
T-1 (K-1)

Fig 12. Enthalpy of adsorption of hydrogen onto the ZTC
Thermodynamic Studies

The thermodynamic aspects (Fig. 12) provide a
conceptual insight of the adsorption mechanism of the
adsorption process. As presented in Table 4, the AG and
AH values were negative which indicate a spontaneous
and exothermic process, respectively [40]. The AH value
than 80 kJ mol™
(14.41 k] mol™), indicating a physical adsorption process
of hydrogen into ZTC [22,26]. Such AH value was
significantly larger than that shown by other studies

obtained was much smaller

[12,18]. The material which is able to adsorp the hydrogen
at room temperature possess a heat of adsorption change
value of 15.1 kJ/mol, which is very close with the value in
this study [23]. The small of AG value together with the
high temperature revealed that the adsorption is more
efficient or spontaneous at a lower temperature. Small
randomness in the interface of ZT'C and hydrogen during
the adsorption process was revealed by the negative value
of ASy (-40.93 J K™ mol™).

m CONCLUSION

In summary, a zeolite templated carbon (ZTC) was

successfully — synthesized via carbonization and

investigated their hydrogen uptake properties. Such
material is principally amorphous with a surface area of
932 m*/g, total pore volume of 0.97 cm*/g and exhibits
well pore ordering structure derived from the template
as well as some graphitic carbon. The ZTC obtained was
tested for hydrogen storage at a temperature of 30-50 °C
and its capacity was greatly dependent with temperature
condition. Greater hydrogen uptake was observed at
lower temperature and pressure of 1 bar as high as
1.72 wt.%. This value was close to the calculated
adsorption capacity by volumetric method as high as
1.16 wt.% at 2 bar, similar to a volumetric density of
17.43 g H,/L. The calculated value here was much lower
to the ultimate DOE target of 7.5 wt.% and 70 g H./L.
Therefore, preparing method here should be improved
to obtain a significant proportion of micropores or even
ultramicropores, which is contributed to higher H,
uptake. The kinetic models showed that pseudo second
order kinetic model best fitted for all adsorption
condition. The thermodynamic aspects such as enthalpy
14.41 kJ mol! and
-40.93 ] K*' mol”, respectively. A small value of the

and entropy change were

enthalpy described the physical adsorption process and
found to be exothermic as confirmed by a negative sign
of the enthalpy. The change of entropy was negative
indicating decreasing randomness at the ZTC and
hydrogen interface during physisorption process. The
process occurred spontaneously as indicated by the
negative Gibbs free energy change values. This value
decreased by high temperature, indicating less effective
of the adsorption process.

According to the results above, it can be said that
ZTC is an attractive material for hydrogen storage and
deserves further study in order to achieve better
performance of adsorption.
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m INTRODUCTION creating negative charge around N1 of the reduced

Glucose oxidase (GOD), or B-D-glucose, oxygen 1- coenzyme. Subsequently, in the oxidative-half reaction,

oxidoreductase is a flavoprotein oxidase (EC 1.1.3.4) the reduced enzyme was therefore re-oxidized by oxygen

catalyzing the redox reaction of B-D-glucose and Yia stepwise sing?e-e‘lectro'n transfers [1-2]. GOD ha's an
molecular oxygen to generate §-gluconolactone and important application in the fields of ~chemical,
hydrogen peroxide, respectively. In the initial step
catalysis (reductive-half reaction), GOD wuses flavin
adenine dinucleotide (FAD) as a redox carrier through a
mechanism of hydride abstraction describing the removal
of a proton at hydroxyl group in C1 atom of glucose by
His516 and thus facilitates hydride transfer from the

anomeric carbon to Nb5-isoalloxazine ring of FAD,

pharmaceutical, and food industries, which reach far
beyond its typical use as blood glucose biosensor in
preliminary diagnostics. Economically, this versatile
enzyme has gained valuable importance [3].

The source of GOD is extracted mainly from
Aspergillus and Penicillium that have been studied in
detail, especially for biotechnological applications. The
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GOD produced from Aspergillus is more stable but less
affinity constant for B-D-glucose than from Penicillium
[3-5]. In Indonesia, GOD had successfully been produced
from a strain of Aspergillus niger IPBCC.08.610
(GOD_IPBCC). A study regarding the development of
this enzyme concluded that at the enzymatic level, the
isolated GOD_IPBCC was ideal only to be utilized for
blood glucose measurement both in normal and
hyperglycemia situations [5]. These conditions pave the
path of developing it into a more diverse utilization, such
as glucose-based biofuel cells for example by designing
the enzyme with modified kinetics parameters such as
low-affinity constant value (K.) for -D-glucose but large
maximum velocity (Vi) to boost power output and
improved in thermal resistance [6]. Several mutagenesis
studies elucidated that a highly-evolved GOD could
merely achieve minor enhancement of its kinetic
properties (approximately 5 times lower Ky) [2,7-8]. In
the present study, we used the three-dimensional
structure-based understanding derived from its encoding
genes, as an alternative way to provide extensive
knowledge regarding the design of this enzyme suitable
for biofuel cell, before the protein experiment in the lab.
Unfortunately, the experimental structure of
GOD_IPBCC has not been determined.

Experimentally, the structure of a protein can be
determined by relatively expensive and time-consuming
technics such as crystallography and nuclear magnetic
resonance spectroscopy. Moreover, these technics also
require high protein purity that needs to be solved. As an
alternative, in-silico protein prediction has provided
advances in knowledge to compute and predict protein
structures based on their amino acid sequences. Among
the other computational protein prediction methods, the
most reliable approach is by using homology modeling, in
which a target sequence is modeled using known
structures of candidate proteins where the similarity
between their sequences are judged to be similar [9-10].
This methods also have the important benefits in the
sense of gaining insightful information about the
structure-function relationship in GOD, as previously
reported [11].

Exploration of conformational dynamics and stability

in proteins can be observed computationally at the

atomic level and complements the analysis of

experimental structures by also delineating the
underlying dynamics of the protein. For example, the
observation of residual rigidity located in the active site
using atomistic (MD) simulations has often been found
to be prominent than for noncatalytic. This preorganized
and rigid active site makes the chemical step more
efficient, which positively affects enzymatic rates and
minimizes the futile enzyme-substrate encounters. This
method is also useful in determining how mutations
affect the active-site preorganization, leading to an
enhancement in their catalytic efficiency [2].

Therefore, the aim of this study was to predict the
three-dimensional structure of GOD_IPBCC by a
homology modeling procedure based on the most
homologous crystal structures of Aspergillus niger GOD,
deposited in Protein Data Bank (PDB ID 1CF3 [12] and
5NIT [2] with 97 and 96% identity, respectively). The
generated models were screened for geometrically
favorable structure and reliability. The Molecular
dynamics (MD) simulation was employed to the selected
model with the positive control in the hope of revealing
the importance of certain elements of the GOD_IPBCC

structure in the overall enzymatic thermostability.

m EXPERIMENTAL SECTION
Computational Section

Hardware

The entire simulations were conducted by a single
CPU with specifications of a Quad-core 3.4-GHz Intel®
i7 processor, RAM of 16 GB, and Ubuntu version 16.04
operating system.

Software

The multiple sequence alignment was performed
using Espript program [13]. All structure visualizations
were generated by PYMOL version 2.0 [14]. For
minimization and MD simulations, both model and
template structures were applied to the AMBER system
version 16 [15]. The resulting trajectories were analyzed
using cpptraj in the AmberTools16 module to generate
RMSD and RMSF profiles using the initial structure of
each simulation as a reference. The B-Factors analysis of
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wild-type GOD (PDB ID 1CF3) was performed using B-
Fitter program [16]. The visual molecular dynamics
(VMD) [17] was used to produce electrostatic energy and
solvent accessible area data. The generated plots except in
RMSF were smoothed with moving average method in
Microsoft Excel before displayed into the plots.

Procedure

Model construction and evaluation

The protein sequence of the GOD_IPBCC with GB
(GenBank) accession number MH593586 was obtained
from NCBI (https://www.ncbi.nlm.nih.gov/). The amino
acid properties of GOD_IPBCC was computed by
ProtParam such as molecular weight, aliphatic index,
grand average of hydropathy (GRAVY), and instability
index [18]. The protein was modeled by SWISS-MODEL
[19] using two known crystallographic structures (PDB
ID 1CF3 [12] and 5NIT [2]). The evaluation of these
structures was performed such as the residual percentage
of Ramachandran plot and overall G-factor value using
PROCHECK [20]. Another evaluation tools (molProbity
and proQ) were also carried out [21]. Moreover, the
functional regions of the best protein were then predicted
using the Pfam web server [22]. The secondary structural
elements (a-helices and [B-strands) were analyzed by
PDBsum and other components present in the protein
tertiary structure [23].

Molecular dynamics simulation

MD simulations of the best model were carried out
in apo-monomer form. The preparation step was
performed by firstly removing the hydrogen atoms and
other organic molecules within the best model and its
corresponding template. Subsequently, the new hydrogen
atoms were added and the protonation state of the
titratable side chain within the proteins was adjusted by
the Virginia Tech H++server (http://biophysics.cs.vt.edu/
H++) [24-25]. These structures were then prepared in an
explicit solvent solvated box implementing TIP3P water
molecules with the box distance of 16 A. The sodium ions
were added to neutralize the system.

The six series of energy minimizations were run with
a total of 60000 steps and 50000 steps for final stage by
using constrained steepest descent followed by conjugate

gradient algorithm methods. After which the system was
gradually heated from 0 to 300 K with 50 K interval using
the implementation of the Langevin dynamics. After the
desired temperature was attained, the equilibration
phase was performed in a total of 6 stages to ensure the
stability of structural properties concerning time. In the
initial equilibration, the constraint was first applied in a
fixed volume run (NVT) for 50 ps. In the subsequent
phase, under constant pressure (NPT), the constraint
was then removed slowly for 300 ps in total. This allows
the system to obtain a proper density and is likewise to
avoid aggregation [26]. The final step of the simulation
was a long production run, where the solvated protein
was run for 50 ns of simulation in 25 separate stages of
2.0 ns each (2.0-fs timestep). The non-bonded cutoff
value used was 10 A and the long-range electrostatic
energy was calculated using the Particle Mesh Ewald
(PME) algorithm.

m  RESULTS AND DISCUSSION
Protein Modeling and Validation

A number of 605 amino acid sequences of the
GOD_IPBCC was successfully obtained for further
analysis. The physicochemical parameters from
ProtParam calculation revealed the majority of its
primary structure comprised non-polar residues with
rich alanine content and had the monomeric average
molecular weight of 63 kDa, whereas the aliphatic index
of protein (83.63) showed the protein could withstand
for a wide range of temperature. Moreover, this enzyme
also had negative GRAVY score (-0.208) which signifies
a better interaction with the solvent due to its greater
hydrophilicity. These results along with instability index
(28.88) rendered information that the properties of the
GOD_IPBCC primary structure was categorized good
and needed to be discussed even further.

The model of GOD_IPBCC was constructed using
two templates that shared over 95% homologous
sequences. The first template was a structure of A. niger
glucose oxidase (PDB ID 1CF3 [12]), whereas the second
was the mutant form (PDB ID 5NIT [2]). The final
resolution of these structures was resolved at 1.9 and

1.87 A, respectively. The residual alignment of
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GOD_IPBCC with the templates is displayed in Fig. 1.
Most of GOD_IPBCC amino acids were homologous (*)
with 16 distinct residues found when compared with both
5NIT and 1CF3 experimental structures. Other than that,
the first 22 amino acid residues of GOD_IPBCC were

Indones. . Chem., 2020, 20 (1), 43 - 53

observed as peptide signals and therefore excluded in the
three-dimensional structure as depicted in Fig. 2.

The model generated by SWISS-MODEL results in
the QMEAN statistical value that provides how native
the structure in a global scope [27]. The global QMEAN
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Fig 1. Multiple sequence alignment of GOD_IPBCC and the selected templates

Fig 2. Structural alignment of GOD_IPBCC homology models and corresponding templates in cartoon representation
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profile of the 1CF3 template-built model (0.04) rendered
a high degree of nativeness compared with the 5NIT
template-generated model (-0.48). Nevertheless, the initial
constructed protein model from a comparative modeling
study does not ensure a valid 3D structure since it contains
the possibility of mistakenly folded from the native
conformation. Thus, the quality of the computationally
determined protein structure needed to be analyzed.

The quality estimation of GOD_IPBCC models was
evaluated by PROCHECK consisting of Ramachandran
plot and overall G-factor value. As shown in Table 1, the
highest percentage of residues (89.4%) were found similar
in the favored region for 5NIT experimental structure and
GOD_IPBCC_1CF3 protein model, whereas 1CF3 template
showed the lowest score (88.4%). The Ramachandran
percentage for GOD_IPBCC_5NIT showed one residue
less (89.2%) in the favored area compared to the
homology model from the 1CF3 crystal structure. None
of the residues were located in the outlier region (0%) for
all structures. In general, a protein with good backbone
dihedral angles (phi and psi) of the amino acid residues
are expected to have 90% of the residues in the core or

favored region and also has an overall geometrical factor
(G-factor) above -0.5 and vice versa as an indication of
having a stereochemical agreement [28-29].

Moreover, the successful attempt in constructing
the structure of GOD_IPBCC was indicated when
comparing the quality of each model generated by two
different templates (1CF3 and 5NIT). The models which
were built from both templates respectively were good
and reliable since nearly 90% residues fell into the favored
regions. However, the overall geometry score (G-factor)
found in GOD_IPBCC_1CF3 (-0.08) structure was greater
than that of GOD_IPBCC_5NIT (-0.16), indicated the
protein is in agreement with defined values.

In addition, the overall molProbity scores for 1CF3
template-built model structure exhibited the lowest (the
highest crystallographic resolution) than that of
GOD_IPBCC_5NIT and even those two templates
(Table 2), whereas results from the proQ (LGscore and
Maxsub) showed all input structures were categorized as
the very good model. Nonetheless, this validation
analysis clearly explained that the modeled structure of
GOD_IPBCC_1CF3 was superior in overall quality. As

Table 1. Summary of the protein quality assessed by PROCHECK

Ramachandran plot (%)?

Protein - - - Overall G-factor®
Favored region Disallowed region

5NIT 89.4 0.0 -0.08

GOD_IPBCC_5NIT 89.2 0.0 -0.16

1CF3 88.6 0.0 0.09

GOD_IPBCC_1CF3 89.4 0.0 -0.08

“Ramachandran plot consists of the percentage of residues plotted into one internal coordinate (i.e., favored, allowed,

generally allowed, and disallowed region)

"Geometrical factors (G-factors) divided into the quality of covalent and overall dihedral distances. For a reliable model,

the score should be greater than -0.5

Table 2. Summary of the protein quality assessed by PROCHECK

. proQ* . )
Protein - - MolProbity score
LGscore Disallowed region
5NIT 6.834 0.533 1.51
GOD-IPBCC-5NIT 6.815 0.526 1.38
1CF3 7.009 0.546 1.16
GOD-IPBCC-1CF3 6.944 0.531 0.91

*ProQ is calculated based on a number of structural characteristics and optimized to uncover native structures comprising

LGscore and Maxsub. A protein with good quality should have LGscore above 5 and Maxsub ranges from 0 to 1, where 0

is insignificant and vice versa

"MolProbity score incorporates Ramachandran outliers, clashscore, and bad rotamer into a single score, normalized to be

on the same scale as X-ray resolution
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the best model, further characterization of the secondary
structural information was therefore conducted by
PDBsum.

Structural Features of the A. niger 1CF3 Template-
built Structure

Analysis of the GOD_IPBCC_1CF3 secondary
structure was found to have 28 a-helices, 23 p-strands, 23
helix-helix interactions, 1 disulfide bridge, 45 beta, and 18
gamma turns, respectively. This results correlated well
with the domain features of A. niger glucose oxidase
crystal structure (PDB ID 1CF3), where consists of two
following functional regions; FAD-binding domain and
C-terminal domain (substrate binding) as is apparent
from Fig. 3(a). These domains are characterized by two
separate and distinctive B-sheet systems, one of which is a
sandwich comprising sheet
incorporated into FAD-binding domain, the other one
contains a large antiparallel B-sheet bolstered by four a-
helices that subsequently form one side of the active site
[30].

form five-stranded

(3

| urewop Buipuig-qv
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Moreover, three catalytic residues Glutamate-410
(E410), Histidine-514 (H514), and Histidine-557
(H557) to E412, H516, and H557
respectively in experimental structure) were also
positioned in accordance with the same conformation in
the 1CF3 experimental structure [12]. The hydrogen
bond formed between E412 and H559 in 2.7 A atomic
distance plays a vital role in maintaining the reactivity
on the catalytic site. The catalytically important H516
involves as proton acceptor from the anomeric carbon
of glucose and has found to be flexible in the wild-type
[2]. A single conserved disulfide bridge by Cysteine-162
(C162) and Cysteine-204 (C204) (equivalent to C164
and C206 in the crystal structure) were located in the
protein surface area. This region facilitates the path for
electron transfer from the flavin oxygen-4 (04) [12]. In
respect to the sulfur atoms in the A. niger GOD
crystallographic structure, Marin-Navarro et al. [11]

(equivalent

elucidated a new sulfur-pi interaction formed by residual
mutation of threonine to methionine in position 554

(b)

o ||
i) | !.u-
1L T

Fig 3. (a) The domain view of the GOD_IPBCC_1CF3 secondary structural model. (b) Topology diagram of the
GOD_IPBCC_1CF3 protein with helix, sheet, beta turn, and gamma turn simulated by PDBsum. (c) Stick
representation of FAD and three amino acids responsible for catalytic activity of GOD_IPBCC_1CF3 as according to
Hecht et al. [30]. The hydrogen bond is shown in green dashed line

Farhan Azhwin Maulana et al.



Indones. . Chem., 2020, 20 (1), 43 - 53

(T554M) that has greater thermally stabilization energy
(4.2-12.6 kJ/mol) when compared with that of hydrogen
bond-associated (1.3-6.3 kJ/mol). On the whole
observation, the biochemical characterization within the
GOD_IPBCC_1CF3 is correlated well to its experimental
structure.

Stabilization of the Structure by MD Simulations

Validation of simulation was performed using
comparative analysis of the calculated average B-factor for
each residue between the experimental and simulation
structure (Fig. 4(a)). The simulation resulted in higher B-
factor compared with x-ray but showed a similar trend,
indicates the MD performance was reasonably good
agreement in total with the crystallographic data.

The 50 ns of simulation was applied to investigate
the stability of the positive control (PDB ID 1CF3) and its
homology model. The global stability of these structures
was monitored by RMSD backbone. The modeled structure
was found to be generally stable during the simulation,
comparable to RMSD value of 1CF3 template (Fig 4(b)).
In the absence of FAD (apo form), this enzyme
conformation may result in the inactive form that leads to
dissociation of its tertiary structure (less stable) either
experimentally or computationally [31]. The overall
structural stability of the single monomer of
GOD_IPBCC_ICF3 was considered to be good as
indicated by Ca RMSD < 2 A,
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Furthermore, the residual fluctuation of all systems
was analyzed through RMSF calculation (Fig. 5). The
greatest fluctuation was found in the C-terminal because
this region was unrestrained, whereas the fluctuation
around the catalytic residues was relatively high. This
might be due to the absence of the substrate that altered
all catalytic systems from open to closed conformation
and their secondary structure as well, as previously
reported [29,31]. The difference in RMSF values
between two structures was observed from residue
numbers 160 to 162; these residues adopted a turn shape
in 1CF3 which fluctuates more in nature than the same
residues in its homology model as 3(10)-helical
conformation. These results were due to the formation of
two additional intermolecular hydrogen bonds between
Phenylalanine-158 (F158) and Asparagine-159 (N159)
and between Alanine-160 (A160) and Histidine-163
(H163) in GOD_IPBCC_1CF3 which were not found in
its template (Fig. 5). These interactions can reversibly
switch the two protonation forms of histidine (and pKa
value) [32] and are regarded to be important in many
biological systems [29,33]. The other natural, flexible
residues ranging from the number 257 to 262 formed
loops in both 1CF3 and GOD_IPBCC_1CF3 structures
were also high in RMSF. These fluctuating regions can
be targeted for improved enzyme thermostability [34].

The stability of the protein conformation during
MD was determined by calculating its non-bonded energy

(b)

0.7 = + = = '
0 10 20 30 40 50
Time (ns)

Fig 4. (a) Comparison of amino acid B-factor in GOD. (b) The RMSD trajectory for polypeptide chain backbone
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o 100

Fig 5. Residual RMSF profile of all systems during 50 ns of simulation. Panel on the right display details of fluctuating
residues in the 50 ns structure of GOD_IPBCC_1C3 (blue stick) and 1CF3 (gray stick). The hydrogen bond is

represented in green dashed line

which is plotted in Fig. 6(a). These interactions play the
ubiquitous role in steering the folding route and
modulating stability. The electrostatic strength has two
distinctive effects, direct charge-charge interactions, and
long-range effects, which together contribute to funneling
the binding landscape of predicted structure [33].

In the positive control, the total average of non-
bonded energy (coulomb electrostatic and van der walls)
over the course of MD simulation can be observed higher

18000 ¢ (&)
48200 b

8400 §

18500

MNen-bended Energy (HMecal mel ')

19000 ~ . -

Time (ns)

40 50

Solvent acceseible area (A7)

than GOD_IPBCC_1CF3, the lowest fluctuation was
observed at 27 ns (approximately -18700 kcal/mol) in
the latter structure. The hydrophobicity content between
these structures is not so different since their structural
homology is high. However, the 1CF3 template-built
structure conformation consistently exposed a decreased
total surface area (Fig 6(b)) than that of the template
during the first ns of trajectory, meaning the content of
hydrophobic and hydrophilic surfacesin the structure

23400  {b)

21000

0 10 20
Time (ng)

Fig 6. (a) Total non-bonded energy (in kcal/mol) and (b) protein SASA profile during 50 ns of simulation
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Fig 7. Average number of residual occurrence forming

secondary structure during 50 ns of simulation

were in the equilibrium state and finally comparable at the
end of simulation to around 22300 A. Together, these
trends imply that the modeled structure is modulated by
increasing the non-bonded strength and having a stable
hydrophobic context leading to the integrity of the
tertiary structure.

An investigation related to a change in secondary
structure (SS) is essential for enzymes to carry out their
biological activity [31,35]. On overall observation, we
found that the percentage of secondary structure for both
structures was nearly similar where a-helices occupied the
major proportion (approximately 28%) among the other
structures (Fig. 7). Interestingly, these structures were
constant over the course of a simulation, in agreement
with the previously reported simulation of GOD [36]. An
experimental study about a slight change in GOD
secondary structure upon inactivation has been explained
under ambient condition, using analysis of the circular
dichroic (CD) spectra at 470 mm confirmed that the loss
of its secondary structure is minimal [37].

The MD simulations performed revealed that the 50
ns of trajectory within GOD_IPBCC_1CFF3 did not show
any peculiar features and could retain its conformation on
the basis of analyzed parameters. On the long run, the
further computational experiment is necessary to figure
out the dynamics of this enzyme together with the
substrate docked and performs a potential residual
mutation having a significant improvement in terms of
the thermostability. Structure prediction along with MD
simulation will provide more fruitful information
regarding the role of each residue components, especially

around the catalytic site to rationalize the design of an
engineered enzyme before conducting the laboratory
protein experiment.

m CONCLUSION

In conclusion, the limited use of GOD_IPBCC as
only for biosensor prompted the understanding of the
structure-function relationship corresponding to the
encoding gene. Since it shared high homology level with
the GOD from protein data bank (1CF3 [2] and 5NIT
[12]), the structural comparison between the constructed
structures resulting from their respective templates
showed that the GOD_IPBCC_1CF3 can be considered
reliable structure not only due to the in-silico methods
but the conserved structural features associated with
fungal glucose oxidase enzymes. Molecular dynamics
simulations denoted that the overall conformation in
50 ns of trajectory did not undergo any significant
conformational changes both from the secondary and
tertiary structure and form a well-packed structure. This
structure will later be used as an initial structure to
investigate the thermostability in more details.
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Abstract: Al-doped ZnO (AZO) nanodrums were synthesized using hydrothermal
method at 80 °C for 20 h using precursor Zn(CH;COO),-2H,0 and Al(OH)(CH;COO);
as a dopant by varying the addition of Al concentrations in the range of 0, 1, 5, 10, 15,
and 20 mM. The variation of Al can affect the crystal growths, structure properties, and
optical properties of ZnO. Addition of Al can inhibit the crystal growth with the decrease
of the crystal size ranging from about 43.46 to 37.21 nm. Morphology of Al variation
doped ZnO of Al was studied using a Scanning Electron Microscope (SEM) and
Transmission Electron Microscope (TEM) and showed nanodrums morphology. Optical
properties of thin film AZO was evaluated using UV-Visible spectrophotometer. The
crystallite size of AZO can affect optical properties with the occurrence of blue shift. The
transmission spectra showed that AZO has ~85% transparency in the visible spectra with
a sharp peak in the UV region. AZO with the addition of 20 mM Al has the largest
transmittance and the lowest reflectance. The thin film with transparent properties is a
good candidate for application in the dye-sensitized solar cells, such as anti-reflection
coating. AZO (20 mM of Al) was prepared as anti-reflection on the DSSCs system. The
best efficiency of DSSCs performance was examined by varying the thickness of the layers
of AZO and pointed an efficiency improvement up to 18.29 times.

Keywords: Al-doped ZnO; structure properties; optical properties; anti-reflection
coating; DSSCs

m INTRODUCTION

Dye-sensitized solar cells (DSSCs) is a third
generation solar cell which was firstly introduced by
Gratzel in 1991 [1]. DSSCs have continued to be
developed until now. On DSSCs system, abundant
sunlight was reflected, so the efficiency is still low.
Scattering of photons in the DSSCs system causes the
efficiency of solar cells to be less optimum. Therefore, they
need an anti-reflecting material which can increase light
harvesting from the thin layers [2].

ZnO is a semiconductor material that has many
functions in optoelectronic application [3]. ZnO has
about 3.37 eV (at 300 K) band gap energy [4]. It is
transparent in visible light areas and has good adhesion
and hardness properties. ZnO has a refractive index value

of £ 2 which is convenient to index requirement of anti-
reflection coating solar cells [5-6]. Improvement of the
optical, physical and electrical properties of ZnO can be
conducted using the doping method [7] in order to
optimize the transmitted light. Doping means adding
impurity atoms (dopant) into the semiconductor crystal
structure in order to improve the properties of the
semiconductor. The metals such as Ga, In, Sn, Mg, B,
and Al were commonly used as substituted dopants into
the ZnO structure [8].

Aluminum (Al) is a dopant metal that is able to
increase the electrical conductivity of ZnO because it has
a smaller ionic radius than ZnO, and it is cheaper than
other materials [9]. Sengupta et al. reported that
aluminum as a ZnO dopant can improve optical
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properties and decrease band gap energy of ZnO [10].
Recently, ZnO which is doped with Al metals is known as
Al-doped ZnO (AZO).

In this study, we have prepared AZO with a
variation of Al concentrations using a simple and low-cost
hydrothermal method. The effect of Al dopant on
structural and optical properties of AZO was investigated.
The best performing of AZO was applied as an anti-
reflection to the DSSCs (dye-sensitized solar cells).

m EXPERIMENTAL SECTION
Materials

The materials used in this research were
Zn(CH;COO0),-2H,O  (Aldrich), Al(OH)(CH;COO),
(Aldrich), Polyethylene glycol 1000 (HO(C,H.O).H
(Merck), Ethanol (Merck), Ammonia (Merck), KI
(Merck), I, (Merck), Dye Ruthenium N3 (Aldrich), paste
of TiO, 18 NRT (Dyesol), Platinum paste (Dyesol).
Distilled water was obtained from MIPA Terpadu
laboratory.

Instrumentation

The characterization of crystal structure and
crystallite size of AZO were done using X-Ray Diffraction
(XRD) Bruker type D8 with anode Cu. The Morphology
of AZO was analyzed by Scanning Electron Microscopy
(SEM) quanta 250 and Transmission Electron
Microscope (TEM) JEOL JEM 1400. The optical
properties of AZO were characterized by UV-Visible
spectrophotometer Lambda 25 Perkin Elmer. The
electrical properties and the efficiency of solar cells were
characterized using Current-Voltage (IV) meters Keithley
2602 A. Crystallite size of AZO was calculated by Debye-
Scherrer in Eq. (1).

kA
BcosO (1)
where D = crystallite size (nm), k = constant value (0.9), A
= the X-ray wavelength (0.15406 nm), B = full width at
half the maximum (FWHM) in radians and 0 is the
Braggs' angle (deg).

D(nm) =

Procedure
Synthesis of AZO
AZO  was  synthesized from 01 M

Zn(CH;COO),-2H,0 and dopant of A[(OH)(CH3COO),,
as precursors. The precursors were dissolved in distilled
water. AI(OH)(CH;COOQ), initial concentration was
varied as 1, 5, 10, 15, and 20 mM. Polyethylene Glycol
(PEG) 1000 0.1 M was then added to the solution. The
mixture was stirred for 60 min. Then, the addition of
ammonia to the solution was conducted until the pH of
the solution became neutral [7]. The solution was put
into a Teflon-lined autoclave for being processed
hydrothermally at 80 °C for 20 h. The precipitate was
washed using ethanol and distilled water and then dried
at 60 °C. The obtained AZO powder was calcinated at
600 °C for 2 h.

DSSCs fabrication

The platinum electrode was coated to a conductive
thin film, and the working electrode was arranged with
a layer of AZO/TiO,/dye. Then, the working electrode
was put on the top of the platinum electrode. Both of
electrodes were arranged to be sandwich-form-DSSCs.
An electrolyte solution was then dropped into the gap of
the sandwich. The solar cells performance was
characterized using Keithley 2602 A. The efficiency of
DSSCs was calculated by Eq. (2).

= Pax «100% = Voo x I XFF

in in

where n = efficiency of solar cells (%), Pm. = the

x100% ()

maximum electrical power output (W/m?), P;, = the
solar power input (W/m?), V. = the open-circuit voltage
(V), I = the short-circuit current density (A/m?), FF (fill
factor) = index of loss electric generation.

m  RESULTS AND DISCUSSION
Structure Properties of AZO

Structure of AZO was analyzed from the pattern of
XRD peaks (Fig. 1). Characterization results from XRD
showed the peaks fit ICSD standard No. 67848 with the
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Fig 1. XRD pattern of AZO with Al variation of (a) 0, (b)
1, (¢) 5,(d) 10, (e) 15, and (f) 20 mM

hexagonal wurtzite crystal structure. The main peak of
AZO showed lattice planes of (100), (002), (101), (102),
(110), (103), (200), (112), and (201) of hexagonal wurtzite
of ZnO. However, in the AZO with Al variation of 15 and
20 mM, there were peaks that not coincide to the ICSD.
Those incompatible peaks were presented at 20 about 38-
39° as the peak of Al according to JCPDS 19-0057. The
presence Al peak is due to the addition of a considerable
Al concentration of 15 and 20 mM.

The captured peak shift in the plane of (100) (002)
and (101) was shown in Fig. 2. The shift of the plane (002)
occurred to a larger diffraction angle with increasing of
dopant Al, except for the addition of 5 mM AL
Meanwhile, the peak shift of (100) and (101) plane was
not significant. The peak shift to larger diffraction angle
indicated the inclusion of dopant AI’* ions which have a
smaller radius than Zn?* ions into the lattice of ZnO [11-
12]. Meanwhile, the shifted peak to a smaller diffraction
angle was caused by a tensile voltage that raised distortion
in the lattice of ZnO.

The crystallite size was calculated using the Debye-
Scherrer equation [13]. The results of the crystallite size
showed that the greater of Al concentration was able to
decrease the crystallite size (Table 1). AZO crystallite size
decreased because the radius of Zn** ions was greater than
AP’* ions (ra = 0.0054 nm and rz, = 0.074 nm) and
rendered the substitution of Al ions to Zn in the ZnO
lattice [14-15]. The substitution caused the cell unit of
ZnO to shrink [16].

Morphological of AZO was
interpreted by SEM image (Fig. 3). The morphology and
particle shape of AZO was nanodrums with the
The wuse of
Polyethylene glycol 1000 as non-ionic surfactant

appearance

hexagonal cross-sectional  shape.

affected the morphology of AZO at low temperature in
the hydrothermal process. This result was similar to the

[101]

— Al 5 mM
—a R LR

E==ArE mi]
=1 20

Intensity (a.u.)

30 35 40
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Fig 2. The peak shift of AZO

Table 1. Crystallite size of AZO

Al Concentration Crystallite size
(mM) (D)(nm)
0 43.46
1 43.00
5 42.86
10 41.40
15 40.10
20 37.21

” 5 prm_ - 5 “I} ¥ |
Fig 3. SEM image of AZO with Al variation of (a) 0, (b)

1, (¢) 5, (d) 10, (e) 15, and (f) 20 mM
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Table 2. The length and diameter of AZO

Al Concentration Length Diameter
(mM) (um) (um)
0 8.36 5.28
1 7.95 4.93
5 16.06 8.53
10 7.24 3.35
15 2.24 3.00
20 2.19 1.59

F% _.
Fig 4. TEM image of AZO with a concentration of 20 mM
Al

previous research of Jung and Moo (2014) [17], which
stated that the addition of non-ionic surfactants could
influence the formation of ZnO nanodrums.

The average particle sizes of AZO seemed to be
smaller, but with the addition of Al 5 mM (Fig. 3(c)), the
AZO particle size appeared larger. The differences level of
polarity (polar face) on the surface of AZO caused greater
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Fig 5. Absorbance spectra of AZO with Al variation of (a)

0, (b) 1, (¢) 5, (d) 10, (e) 15, and (f) 20 mM

growth of particle sizes. Meanwhile, the addition of 10,
15, and 20 mM Al has contributed to the decrease in
length and diameter (Table 2). According to Ridhuan et
al. [18], this probably occurred when both polar faces of
ZnO crystal contain a high amount of [AI(OH).]", AI**
was adsorbed to its surface attracting each other and
inhibiting the growth of ZnO, and the particle size
became smaller. Imaging AZO morphology using TEM
(Fig. 4) represented surface of nanodrums clearly. The
particle size of AZO (Al 20 mM) is around 23.765 nm.
TEM image showed that the ZnO nanodrum was
successfully synthesized.

Optical Properties of AZO

Absorbance analysis of AZO (Fig. 5) showed that
the addition of Al-dopant stimulated the shifted peak of
the AZO to the smaller wavelength (a blue shift
phenomenon). The UV-Visible absorption spectra of
AZO was in the range 250-369 nm coinciding to a
characteristic of absorption spectra for ZnO with
hexagonal structures located in the wavelength ranging
from 200-400 nm [19].

The transmittance spectra of AZO in Fig. 6
displayed transmittance value in visible light areas in the
range 50-90%. The best transmittance value was AZO in
addition of 20 mM Al because it has smaller diameter
and length. The small particle size enacted the surface
area of larger particles to increase the transmitted light
[20].
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Fig 6. Transmittance spectra of AZO with Al variation
of (a) 0, (b) 1, (¢) 5, (d) 10, (e) 15, and (f) 20 mM
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The addition of Al in the ZnO structure caused a
decrease of reflectance value (Fig. 7). The decrease of AZO
reflectance was due to differences in light scattering from
the effect of different dopants concentrations. The lowest
reflectance was obtained in the AZO with the addition of
20 mM AL

The best optical property was AZO with a
concentration of 20 mM Al. Then, the band gap energy of
AZO calculated with Kubelka-Munk equation showed
that the addition of Al dopant 1, 5, 15, and 20 mM could
decrease band gap energy and yield defect in ZnO crystals.
The band gap energy of AZO 0 and 20 mM were 3.10 and
3.085 eV, respectively.

AZO Nanodrums as Anti-Reflection Coating on DSSCs

AZO nanodrums with Al concentration of 20 mM
are used as anti-reflection since they have a good crystal
best
transmittance among others, whereas ZnO (AZO 0 mM)

structure, the lowest reflectance, and the
was used as the control of anti-reflection. Deposition of
AZO layer on DSSCs varied in thickness of 1, 2 and 3
layers. The best efficiency of DSSCs performance was
achieved by utilizing 1 layer of AZO anti-reflection (Fig.
8), where it improved efficiency up to 18.29 times

compared with ZnO (AZO 0 mM).
m CONCLUSION

Al-doped ZnO (AZO) nanodrums were successfully
synthesized using the hydrothermal method with the
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Fig 8. I-V curve of DSSCs with 1 layer of AZO as anti-

reflection

addition of varied Al dopant in the range of 0, 1, 5, 10,
15,20 mM. The variation of Al affected the structure and
optical properties of AZO. Increasing concentrations of
Al decreased the crystallite size. The optical properties of
AZO showed the occurrence of blue shifts in the
wavelength 250-369 nm, the decrease of reflectance
value and the increase of transmittance value. The
addition of 1 layer AZO as an anti-reflection coating on
DSSCs provided the best performance as showed by
efficiency improvement up to 18.29 times.
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Abstract: A library of some novel classes of pyrano[2,3-c]pyrazole-3-carboxylates was
synthesized by employing uncatalyzed domino four-component reaction using
diethyloxaloacetate, hydrazine hydrate, aldehydes and malononitrile in refluxing of
ethanol-acetic acid solvent systems. Series of domino reactions involving of pyrazolone
formation, Michael addition, and Thorpe-Ziegler cyclization reaction managed to
produce the cyclized products from moderate to excellent yield. This protocol provides a
reliable, general and salient procedure for the title compound using a one-pot approach.
Preliminary biological screening unveiled limited potentials of this class of compounds for
antimicrobial lead compound due to its limited solubility properties.

Keywords:  four-component  reactions;  pyrano[2,3-c]pyrazole-3-carboxylate;
diethyloxaloacetate

m INTRODUCTION

kinase [6], antifungicidal [7] and also as biodegradable
agrochemicals [8].

Isomeric  pyranopyrazole structure includes
pyrano[2,3-c]pyrazole, pyrano[4,3-c]pyrazole, pyrano(3,
2-c]pyrazole and pyrano[3,4-c]pyrazole (Fig. 1).
Functionalized pyrano[2,3-c]pyrazoles are the most
explored and widely studied and displayed significant
roles in pharmaceutical fields. It possesses many
interesting  biological  activities  varying  from
antimicrobial [1], analgesic [2], vasodilator [3], anticancer
[4], anti-inflammatory [5], inhibitors of human Chkl

o
N N N N
\ N\ — \ | N\ NN

Pyrano[2,3-c]pyrazole Pyrano[4,3-c]pyrazole Pyrano[3,2-c]pyrazole Pyrano[3,4-c]pyrazole
Fig 1. Structures of isomeric pyranopyrazole
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The construction of pyrano[2,3-c]pyrazole
structures has been established through different modes
of multicomponent reactions (MCRs) either in two-,
three- or four-component reactions [9-11]. MCRs are
considered convergent one-pot reaction protocol
involving two or more of simple yet different starting
materials to provide highly complex materials or
archetypical molecules with high variability. In addition,
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MCR approaches also offered multiple advantages
including the elimination of complicated purification
operations, the use of readily available flexible building
blocks as well as solvent and reagent economical purposes
[12].

Currently, most MCRs toward constructing the
pyranopyrazole ring skeleton involved the reagents of
hydrazines, [-ketoesters, aldehydes, and the active
methylene nitriles. Interestingly, with regards to our
literature searches, there is only a single report that
successfully employed diethyl oxaloacetate as the source
of the active methylene group. This one-pot reaction was
successfully performed by Gein et al. during the synthesis
of ethyl 6-amino-4-aryl-5cyano-1,4-dihydropyrano(2,3-
c]pyrazole-3-carboxylates, using a four-component two-
[13].
oxalacetate was reported as a non-common source of the

parallel reaction manner Previously, diethyl
active methylene group in most of the MCRs for bearing
two active ester groups that prone to undergo different
multiple substitution reactions [14].

Initially, replicating four-component two-parallel
reaction manner as reported by Gein et al. [13], we
managed to synthesize a library of some novel
dihydropyrano[2,3-c]pyrazoles-3-carboxylates, but in
reasonable yield. Nevertheless, upon changing the
original reaction protocol to domino type reaction
manner furnished the title compounds and their
derivatives from moderate to excellent yields. This library
of compounds was then subjected to antimicrobial study
as part of our endeavor on the screening of biologically
active heterocyclic type compounds [15-18].

m EXPERIMENTAL SECTION
Materials

All reagents and starting materials were purchased
from Sigma-Aldrich Co. and Merck Chemical Co. Thin
layer chromatography (TLC) was performed using
aluminum precoated sheets (Merck Kieselgel 60 GFs,
0.25 mm thick) and was visualized with an ultraviolet
lamp (254 and 365 nm). Bacterial species for in vitro
antibacterial test were Escherichia coli (E.C), Salmonella
typhimurium (S.T), and Proteus vulgaris (P.V) as Gram-
(-ve) and Staphylococcus (S.A),

negative aureus

Staphylococcus  cohnii (S.C) and  Staphylococcus

haemolyticus (S.H) as Gram-positive.
Instrumentation

Melting points were determined on an automatic
FP62 melting point apparatus from Mettler Toledo and
are uncorrected. '"H and "C-NMR spectra were recorded
on JOEL NMR Spectrometer instrument operating at
400 MHz at room temperature, in CDCl; or DMSO
solutions. Chemical shift values are given in § units
(ppm) relative to TMS as an internal standard. IR spectra
(4000-400 cm™) were recorded on Varian Excalibur
3100 FT-IR spectrometer, using ATR. CHNS was
performed on Flash Elemental Analyzer 110 series.

The antimicrobial test were performed using Well
Diffusion Method, Sample concentration: 5.0 mg/mL
(50% DMSO prepared in 2 mL), Incubation temperature:
37 °C, Positive Control: Streptomycin, Chloramphenicol
(500 pg/mL), Negative Control: 50% DMSO.

Procedure

General procedure for the synthesis of pyrano-
pyrazole 5a-5t. (Method A)

To a solution of diethyloxalacetate sodium salt
(5.5 mmol) in 20 mL ethanol, 35% hydrazine solution
(5.5 mmol) and 1 mL of acetic acid were added and
refluxed for 15 min. Then, carbonyl compound (5 mmol)
and malononitrile (5 mmol) were added to the reaction
mixture, and the reflux continued for an additional
15 min. The reaction mixture was left to cool, and the
resulting solid was filtered off, washed with water.
(5a) Ethyl 6-amino-5-cyano-4-phenyl-1,4-dihydro
pyrano[2,3-c]pyrazole-3-carboxylate. Following the
above mentioned procedure, 5a was isolated as a white
solid (82%). m.p 226-227 °C. IR spectrum, v, cm™": 3388
(NH,), 3218 (NH), 2199 (CN), 1716 (COOEt), 1651
(C=C).'H-NMR (400 MHz, DMSO): 7.26-7.22 (m, 2H),
7.17-7.13 (m, 1H), 7.06 (m, 2H), 6.99 (s, 2H), 4.71 (s,
1H), 4.06-4.01 (m, 2H), 1.01-0.98 (t, 3H). “C-NMR
(100 MHz, DMSO): BC-NMR (100 MHz, DMSO,):
160.5 (CNH,), 158.6 (C=0), 156.1 (CNH), 145.4 (quat.
ArC), 129.5 (C=N), 128.7 (Ar C), 127.8 (ArC), 127.1 (Ar
C), 120.8 (CN), 104.1 (quat. C), 61.3 (CH,), 58.3 (quat.
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C), 37.5 (CH), 14.3 (CH;).Anal.calc. (%) for CisH4N4Os,
C 61.93, H 4.55 Found: C 62.04; H 4.52.

(5b) Ethyl 6-amino-5-cyano-4-(4-methoxyphenyl)-1,4-
dihydropyrano[2,3-c]pyrazole-3-carboxylate. Following
the above mentioned procedure, 5b was isolated as a white
solid (65%), m.p 235-236 -C. IR spectrum, v, cm™": 3429
(NH,), 33180 (NH), 2195 (CN), 1717 (COOEt), 1633
(C=C). '"H-NMR (400 MHz, DMSO): 7.02-6.97 (m, 2H),
6.95 (s, 2H), 6.81-6.77 (m, 2H), 4.65 (s, 1H), 4.08-4.03 (m,
2H), 3.66 (s, 3H), 1.06-1.03 (t, 3H). *C-NMR (100 MHz,
DMSO): 160.4 (CNH,), 158.7 (C=0), 158.4 (CNH), 137.6
(Ar C), 130.5 (Ar C), 128.8 (Ar C), 127.1 (Ar C), 120.9
(CN), 114.9 (quat. C), 114.1 (quat. C), 104.5 (quat. C),
61.3 (CH,), 58.6 (quat. C), 55.5 (OCHs), 36.7 (CH), 14.3
(CHj).Anal.calc. (%) for CiyHisN.Os, C 59.99, H 4.74
Found: C 54.59; H 3.51.

(5c) Ethyl 6-amino-5-cyano-4-(4-ethoxyphenyl)-1,4-
dihydropyrano[2,3-c]pyrazole-3-carboxylate. Following
the above mentioned procedure, 5¢ was isolated as a
yellowish solid (60%), m.p 210-211 °C. IR spectrum, v,
cm™: 3413 (NH,), 3290 (NH), 2206 (CN), 1740 (COOE),
1660 (C=C). '"H-NMR (400 MHz, DMSO): 6.95-6.92 (m,
4H), 6.78-6.76 (m, 2H), 4.64 (s, 1H), 4.05 (m, 2H), 3.91
(m, 2H), 1.25 (t, 3H), 1.04 (t, 3H). *C-NMR (100 MHz,
DMSO): 160.4 (CNH,), 158.7 (C=0), 157.6 (quat. C),
137.4 (quat. Ar C), 129.4 (quat. C), 128.8 (Ar C), 120.9
(CN), 114.5 (Ar C), 104.5 (quat. C), 63.4 (CH,), 61.3
(CH>), 58.6 (quat. C), 36.71 (CH), 15.19 (CH;), 14.3
(CHs).Anal.calc. (%) for CisHisN,O,, C 61.01, H 5.12
Found: C 59.53; H 4.93.

(5d) Ethyl 6-amino-5-cyano-4-(4-ethylphenyl)-1,4-
dihydropyrano[2,3-c]pyrazole-3-carboxylate. Following
the above mentioned procedure, 5d was isolated as a
yellowish solid 69%, m.p 212-213 °C. IR spectrum, v, cm"
: 3433 (NH,), 3155 (NH), 2194 (CN), 1727 (COOEt),
1631 (C=C). '"H-NMR (400 MHz, DMSO): 7.08 (dd, 2H),
6.97-6.94 (m, 4H), 4.66 (s, 1H), 4.06-4.01 (m, 2H), 2.51
(m, 2H), 1.65 (t, 3H), 1.02 (t, 3H). ®C-NMR (100 MHz,
DMSO): 160.5 (CNH,), 158.7 (C=0), 156.1 (CNH), 142.8
(quat. Ar C), 142.5 (quat. Ar C), 129.4 (quat. C), 128.1 (Ar
C), 127.7 (Ar C), 120.9 (CN), 104.3 (quat. C), 61.3 (CH,),
58.4 (quat. C), 37.1 (CH), 28.1 (CH,), 16.0 (CHs), 14.2

(CHs).Anal.calc. (%) for Ci;sHisN4Os, C 63.89, H 5.36
Found: C 64.46, H 5.41.

(5e) Ethyl 6-amino-5-cyano-4-(4-nitrophenyl)-1,4-dihy
dropyranol[2,3-c]pyrazole-3-carboxylate. Following the
above mentioned procedure, 5e was isolated as a yellowish
solid 75%, m.p 235-237 -C. IR spectrum, v, cm™: 3357
(NH,), 3155 (NH), 2195 (CN), 1723 (COOEt), 1631
(C=C).'H-NMR (400 MHz, DMSO): 8.14-8.11 (m, 2H),
7.37-7.33 (m, 2H), 7.15 (s, 2H), 4.92 (s, 1H), 4.05-4.00
(m, 2H), 1.01-0.97 (t, 3H). "C-NMR (100 MHz,
DMSO): 160.7 (CNH,), 158.4 (C=0), 152.7 (CNH),
146.7 (quat. Ar C), 129.5 (quat. C), 129.3 (Ar C), 124.1
(Ar C), 1204 (CN), 102.7 (quat. C), 61.5 (CH,), 57.0
(quat. C), 37.1 (CH), 14.3 (CHj).Anal.calc. (%) for
Ci6H15N50s, C 54.09, H 3.69 Found: C 54.22, H 3.60.
(5f) Ethyl 6-amino-5-cyano-4-(3-nitrophenyl)-1,4-dihy
dropyranol[2,3-c]pyrazole-3-carboxylate. Following the
above mentioned procedure, 5f was isolated as a yellowish
solid 83%, m.p 224-225 °C. IR spectrum, v, cm™: 3432
(NH,), 3183 (NH), 2189 (CN), 1713 (COOEt), 1635
(C=C).'H-NMR (400 MHz, DMSO): 8.07-8.05 (m, 1H),
7.93 (m, 1H), 7.57 (m, 2H), 7.16 (s, 2H), 4.97 (s, 1H), 4.03
(m, 2H), 1.00 (t, 3H). "C-NMR (100 MHz, DMSO):
160.7 (CNH,), 158.4 (C=0), 155.9 (CNH), 148.1 (quat.
Ar C), 147.5 (quat. Ar C), 134.9 (Ar C), 130.5 (Ar C),
129.8 (quat. C), 122.4 (Ar C), 120.5 (CN), 102.8 (quat.
C), 61.5 (CH,), 57.3 (quat. C), 36.9 (CH), 14.2
(CH;).Anal.calc. (%) for CisHisNsOs, C 53.92, H 3.62
Found: C 54.09; H 3.69.

(5g) Ethyl 6-amino-4-(4-bromophenyl)-5-cyano-1,4-dihy
dropyranol[2,3-c]pyrazole-3-carboxylate. Following the
above mentioned procedure, 5g was isolated as a white
solid 73%, m.p 221-222 °C. IR spectrum, v, cm™": 3400
(NH,), 3174 (NH), 2189 (CN), 1770 (COOEt), 1637
(C=C).'H NMR (400 MHz, DMSO): 7.45-7.43 (m, 2H),
7.05 (s, 2H), 7.04-7.01 (m, 2H), 4.73 (s, 1H), 4.07-4.02
(m, 2H), 1.05-1.00 (t, 3H). "C-NMR (100 MHz,
DMSO): 160.5 (CNH,), 158.6 (C=0), 156.0 (CNH),
144.8 (quat. Ar), 131.6 (Ar C), 130.1 (Ar C), 129.6 (quat.
C), 120.6 (CN), 103.5 (quat. C), 61.4 (CH,), 57.8 (quat.
C), 369 (CH), 143 (CH;).Anal.calc. (%) for
Ci6H13BrN,O;, C 49.38, H 3.37 Found: C 48.40, H 3.18.
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(5h) Ethyl 6-amino-5-cyano-4-(4-hydroxyphenyl)-1,4-
dihydropyrano[2,3-c]pyrazole-3-carboxylate. Following
the above mentioned procedure, 5h was isolated as a white
solid 57%, m.p 217-218 °C. IR spectrum, v, cm™: 3406
(NH,), 3222 (NH), 2273 (CN), 1731 (COOEt), 1650
(C=C).'H-NMR (400 MHz, DMSO): 9.23 (s, 1H), 6.91 (s,
2H), 6.85-6.82 (s, 2H), 6.63-6.60 (m, 2H), 4.59 (s, 1H),
4.09-4.04 (m, 2H), 1.07-1.03 (t, 3H). *C-NMR (100 MHz,
DMSO): 160.3 (CNH,), 158.7 (C=0), 156.4 (CNH), 156.0
(quat. Ar C), 135.9 (quat. Ar C), 129.4 (quat. C), 128.8 (Ar
C), 120.9 (CN), 115.4 (Ar C), 104.8 (quat. C), 61.3 (CH,),
58.8 (quat. C), 36.7 (CH), 14.3 (CHs).Anal.calc. (%) for
CisH1aN4Oy, C 58.89, H 4.32 Found: C 58.91, H 4.31.

(5i) Ethyl 6-amino-4-(3-bromo-4-hydroxyphenyl)-5-
cyano-1,4-dihydropyrano[2,3-c]pyrazole-3-carboxylate.
Following the above mentioned procedure, 5i was isolated
as a white solid 73%, m.p 224-225 °C. IR spectrum, v, cm™:
3402 (NH,), 3320 (NH), 2196 (CN), 1712 (COOEL), 1644
(C=C). 'H-NMR (400 MHz, DMSO): 10.12 (s, 1H), 7.15
(m, 1H), 7.00 (s, 2H), 6.85-6.80 (m, 2H), 4.63 (s, 1H), 4.07
(m, 2H), 1.09 (t, 3H). “C-NMR (100 MHz, DMSO): 160.4
(CNH,), 158.6 (C=0), 155.8 (CNH), 153.1 (quat. Ar C),
137.7 (quat. Ar C), 132.1 (Ar C), 129.5 (quat. C), 128.1 (Ar
C), 120.8 (CN), 116.7 (quat. Ar C), 109.1 (quat. C), 104.0
(quat. C), 61.4 (CH,), 58.2 (quat. C), 36.3 (CH), 14.3
(CHs).Anal.calc. (%) for Ci¢H13BrN,Oy, C 47.43, H 3.23
Found: C 47.18, H 3.15.

(5j) Ethyl 6-amino-4-(3-chloro-4-hydroxyphenyl)-5-
cyano-1,4-dihydropyrano[2,3-c]pyrazole-3-carboxylate.
Following the above mentioned procedure, 5j was isolated
as a white solid 50%, m.p 228-229°C. IR spectrum, v, cm™":
3406 (NH,), 3319 (NH), 2202 (CN), 1701 (COOELt), 1649
(C=C). '"H-NMR (400 MHz, DMSO): 10.04 (s, 1H), 7.00
(s, 2H), 6.80-6.70 (m, 3H), 4.63 (s, 1H), 4.4.09-4.07 (m,
2H), 1.08 (t, 3H). "C-NMR (100 MHz, DMSO): 160.4
(CNH,), 158.6 (C=0), 152.1 (CNH), 152.1 (quat. Ar C),
137.4 (quat. Ar C), 129.5 (quat. C), 129.2 (Ar C), 127.4 (Ar
C), 120.8 (CN), 119.4 (quat. Ar C), 117.0 (Ar C), 104.0
(quat. C), 61.4 (CH,), 58.2 (quat. C), 36.4 (CH), 14.3
(CHs).Anal.calc. (%) for Ci6H,;CIN,O,, C 53.27, H 3.63
Found: C 53.02, H 3.57.

(5k) Ethyl 6-amino-5-cyano-4-(4-cyanophenyl)-1,4-dihy
dropyrano[2,3-c]pyrazole-3-carboxylate. Following the
above mentioned procedure, 5k was isolated as a yellowish

solid 74%, m.p 218-219 °C. IR spectrum, v, cm™: 3386
(NH,), 3214 (NH), 2233 (CN), 1713 (COOEt), 1650
(C=C).'H-NMR (400 MHz, DMSO): 7.74-7.72 (m, 2H),
7.28-7.12 (m, 2H), 7.12 (s, 2H), 4.85 (s, 1H), 4.05-4.00
(m, 2H), 0.99 (t, 3H). “"C-NMR (100 MHz, DMSO):
160.6 (CNH,), 158.4 (C=0), 156.0 (CNH), 150.7 (quat.
Ar C), 132.9 (Ar C), 129.7 (quat. C), 129.0 (Ar C), 120.5
(CN), 119.3 (quat. Ar C), 102.8 (quat. C), 61.4 (CH,),
57.2 (quat. C), 37.4 (CH), 14.3 (CH;).Anal.calc. (%) for
Ci7H1:N50s5, C 60.89, H 3.91 Found: C 62.02, H 3.83.
(51) Ethyl 6-amino-5-cyano-4-(furan-2-yl)-1,4-dihydro
pyrano[2,3-c]pyrazole-3-carboxylate. Following the
above mentioned procedure, 5] was isolated as a yellowish
solid 63%, m.p 216-218 °C. IR spectrum, v, cm™: 3404
(NH,), 3298 (NH), 2192 (CN), 1713 (COOEt), 1644
(C=C). 'H-NMR (400 MHz, DMSO): 7.44 (m, 1H), 7.08
(s, 2H), 6.31 (t, 1H), 6.07 (dd, 1H), 4.87 (s, 1H), 4.15-
4.11 (m, 2H), 1.13 (t, 3H). *C-NMR (100 MHz, DMSO):
161.3 (CNH,), 158.7 (C=0), 156.0 (CNH), 155.9 (quat.
Ar C), 142.4 (Ar C), 129.7 (Ar C), 120.6 (CN), 110.8 (Ar
C), 105.9 (quat. C), 61.4 (CHz), 55.2 (quat. C), 31.2 (CH),
14.3 (CHs).Anal.calc. (%) for C4sH;,N,O4, C 56.00, H
4.03 Found: C 56.29, H 4.04.

(5m) Ethyl 6-amino-5-cyano-4-(thiophen-2-yl)-1,4-di
hydropyrano[2,3-c]pyrazole-3-carboxylate. Following
the above mentioned procedure, 5m was isolated as a
yellowish solid 65%, m.p 205-207 °C. IR spectrum, v,
cm™: 3402 (NH,), 3256 (NH), 2203 (CN), 1729
(COOQEt), 1627 (C=C). '"H-NMR (400 MHz, DMSO):
7.28 (m, 1H), 7.10 (s, 2H), 6.88-6.86 (m, 2H), 5.08 (s,
1H), 4.16-4.11 (m, 2H), 1.13 (t, 3H). “C-NMR (100
MHz, DMSO): 160.7 (CNH,), 158.6 (C=0), 1554
(CNH), 141.0 (quat. Ar C), 129.7 (Ar C), 127.1 (Ar C),
124.7 (Ar C), 120.7 (CN), 104.2 (quat. C), 61.5 (CH,),
58.2 (quat. C), 32.6 (CH), 14.3 (CHs;).Anal.calc. (%) for
C14sH2N,O5S, C 53.16, H 3.82 Found: C 54.35, H 3.61.
(5n) Ethyl 6-amino-5-cyano-4-ethyl-1,4-dihydropyrano
[2,3-c]pyrazole-3-carboxylate. Following the above
mentioned procedure, 5n was isolated as a yellowish
solid 90%, m.p 180-182 °C. IR spectrum, v, cm™: 3421
(NH,), 3178 (NH), 2192 (CN), 1712 (COOEt), 1633
(C=C).'H-NMR (400 MHz, DMSO): 6.91 (s, 1H), 4.29-
4.22 (m, 2H), 3.72 (t, 1H), 1.86-1.79 (s, 1H), 1.69-1.59
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(m, 1H), 1.28-1.26 (t, 3H), 0.61-0.58 (t, 3H). *C-NMR
(100 MHz, DMSO): 162.2 (CNH,), 159.0 (C=0), 156.6
(CNH), 121.2 (CN), 103.8 (quat. C), 96.9 (quat. C), 61.6
(CH>), 54.7 (quat. C), 31.9 (CH), 28.0 (CH,), 14.5 (CH,),
8.78 (CH;).Anal.calc. (%) for C,,H1uN4Os, C 54.96, H 5.38
Found: C 53.85, H 5.57.

(50) Ethyl 6-amino-5-cyano-4-isopropyl-1,4-dihydro
pyrano[2,3-c]pyrazole-3-carboxylate. Following the
above mentioned procedure, 50 was isolated as a yellowish
solid 91%, m.p 200-201 °C. IR spectrum, v, cm™: 3427
(NH,), 3178 (NH), 2192 (CN), 1712 (COOEt), 1633
(C=C). '"H-NMR (400 MHz, DMSO): 6.98 (s, 2H), 4.30-
4.21 (m, 2H), 3.57 (d, 1H), 2.00-1.97 (m, 1H), 1.25 (t, 3H),
0.93 (t, 3H), 0.57 (t, 3H). *C-NMR (100 MHz, DMSO):
163.5 (CNH>), 159.1 (C=0), 156.9 (CNH), 128.7 (quat.
C),122.3 (CN), 105.2 (quat. C), 61.5 (CH.), 51.6 (quat. C),
37.6 (CH), 35.4 (CH), 20.7, 17.1 (CH;).Anal.calc. (%) for
Ci:Hi6N4O5, C 56.51, H 5.84 Found: C 56.18, H 5.85.

(5p) Ethyl 6-amino-5-cyano-4-heptyl-1,4-dihydropyrano
[2,3-c]pyrazole-3-carboxylate. Following the above
mentioned procedure, 5p was isolated as a yellowish solid
11%, m.p 204-206 °C. IR spectrum, v, cm™": 3427 (NHa,),
3178 (NH), 2192 (CN), 1712 (COOEt), 1633 (C=C). 'H-
NMR (400 MHz, DMSO): 6.88 (s, 2H), 4.32-4.26 (m, 2H),
3.70 (t, 1H), 1.75 (m, 1H), 1.56 (m, 1H), 1.27 (t, 3H), 1.16
(m, 10H), 0.83 (t, 3H). *C-NMR (100 MHz, DMSO): 162.0
(CNHy), 159.0 (C=0), 156.4 (CNH), 129.0 (quat. C), 121.2
(CN), 104.5 (quat. C), 61.5 (CH,), 55.2 (quat. C), 35.8
(CH), 31.6 (CH), 31.1 (CH,), 29.3 (CH,), 29.0(CH,), 24.0
(CHy), 22.5 (CH,), 14.5 (CH3), 14.4 (CHs).Anal.calc. (%)
for C,;H24N,Os, C 61.43, H 7.28 Found: C 61.44, H 7.22.
(5q) Ethyl 6'-amino-5'-cyano-2-oxo-7'H-spiro[indoline-
3,4'-pyrano[2,3-c]pyrazole]-3'-carboxylate. Following the
above mentioned procedure, 5q was isolated as a yellowish
solid 69%, m.p 270-271 °C. IR spectrum, v, cm™: 3371
(NH,), 3165 (NH), 2187 (CN), 1713 (COOEt), 1648
(C=C). 'H-NMR (400 MHz, DMSO): 0.86-0.89 (t, 3H),
3.85-3.88 (q, 2H), 6.81-6.92 (m, 3H), 7.13-7.15 (m, 1H),
7.25 (s, 2H), 10.55 (s, 1H). *C-NMR (100 MHz, DMSO):
178.0 (C=0), 161.5 (CNH,), 158.1 (C=0), 142.6 (CNH),
134.6 (Ar C), 129.0 (Ar C), 124.2 (Ar C), 122.6 (CN), 118.5
(Ar C), 109.8 (quat. C), 100.6 (quat. C), 61.3 (CH2), 57.3

(quat. C), 48.0 (quat. C), 14.0 (CHs).Anal.calc. (%) for
Ci7H15N504, C 58.12, H 3.73 Found: C 57.89, H 3.68.
(5r) Ethyl 6-amino-5-cyano-5'-(4-methoxyphenyl)-1'-
methyl-2'-oxo-1H-spiro[pyrano[2,3-c]pyrazole-4,3'-
pyrrolidine]-3-carboxylate. Following the above
mentioned procedure, 5r was isolated as a yellowish
solid 26%, m.p 212-214 °C. IR spectrum, v, cm™: 3366
(NH,), 3193 (NH), 2193 (CN), 1733 (COOQEt), 1672
(C=C).'H-NMR (400 MHz, DMSO): 1.26-1.30 (t, 3H),
1.96-2.01 (dd, 1H), 2.51 (s, 3H), 2.83-2.86 (dd, 1H), 3.72
(s, 3H), 4.31-4.33 (q, 2H), 4.63-4.67 (t, 1H), 6.89-6.92
(m, 2H), 7.09 (s, 2H), 7.33-7.35 (d, 2H). »C-NMR (100
MHz, DMSO): 173.8 (C=0), 161.0 (CNH.), 159.4 (quat.
Ar C), 158.5 (C=0), 155.6 (quat. C), 133.8 (quat. Ar C),
128.9 (quat. C), 128.0 (Ar C), 120.5 (CN), 114.6 (Ar C),
105.2 (quat. C), 62.0 (CH), 61.3 (CH), 60.9 (quat. C),
55.6 (NCHs), 40.4 (CH,), 40.2 (quat. C), 29.3 (OCH,),
14.6 (CH;).Anal.calc. (%) for C,H,NsOs, C 59.57, H
5.00 Found: C 59.72, H 5.20.

(5s) Ethyl 6-amino-5-cyano-2',3',5',6'-tetrahydro-71H-
spiro[pyrano|[2,3-clpyrazole-4,4'-thiopyran]-3-carboxy
late. Following the above mentioned procedure, 5s was
isolated as a yellowish solid 19%, m.p 190-191 °C. 'H-
NMR (400 MHz, DMSO-D6): § 6.85 (s, NH,), 4.31 (q,
2H), 3.48 (td, 2H), 2.69-2.60 (td, 2H), 2.40 (d, 2H), 1.92
(d, 2H), 1.31 (t, 3H); *C-NMR (100 MHz DMSO): 161.5
(CNH,), 158.7 (C=0), 154.6 (CNH), 129.1 (quat. C),
124.5 (CN), 110.3 (quat. C), 61.9 (CH,), 59.0 (quat. C),
36.8 (quat C), 33.2 (2XCH,), 23.4 (2XCH,), 14.63
(CHs).Anal.calc. (%) for CisHsN4OsS, C 52.49, H 5.03
Found: C 52.49, H 5.07.

(5t) Ethyl 6'-amino-5'-cyano-1-methyl-7'H-spiro[pipe
ridine-4,4'-pyrano[2,3-c]pyrazole]-3'-carboxylate [5t].
Following the above mentioned procedure, 5t was
isolated as a yellowish solid 23%, m.p 200-202 °C. 'H-
NMR (400 MHz, DMSO-D6): § 6.80 (s, NH,), 4.30 (q,
2H), 3.45 (td, 2H), 3.01 (s, CH3), 2.69-2.60 (td, 2H), 2.40
(d, 2H), 1.92 (d, 2H), 1.31 (t, 3H); *C-NMR (100 MHz
DMSO): 161.5 (CNH,), 158.7 (C=0), 154.6 (CNH),
129.1 (quat. C), 124.5 (CN), 110.3 (quat. C), 61.9 (CHs),
59.0 (quat. C), 36.8 (quat. C), 35.8 (CHs), 33.2 (2XCH,),
23.4 (2XCHs,), 14.63 (CHs).
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m  RESULTS AND DISCUSSION

First
type compounds were successfully reported by Gein et al.

dihydropyrano[2,3-c]pyrazole-3-carboxylate

via one-pot two-parallel reaction manners [13]. These
reactions proceeded by short boiling of aromatic
aldehydes and malononitrile to give intermediates of
arylidenemalonodinitrile. Subsequent addition of the pre-
formed pyrazolone upon reacting hydrazine hydrate,
diethyl oxaloacetate, and acetic acid onto the prepared
reaction of aromatic aldehydes and malononitrile led to
the cyclized products from moderate to excellent yield.
Replicating the exact Gein’s reaction protocol and using
similar of hydrazine hydrate, diethyl oxalacetate,
benzaldehyde and malononitrile as our reaction model
indeed furnished us the cyclized product 5a but in a
reasonable yield of 35%. Attempts on optimization by
changing the reaction solvent from mono- to biphasic
solvent systems also led to similar reasonable yields (Table
1, Entries 1-6) [11]. Realizing the complexity of the
previous reaction protocol we then subjected our reaction
model employing domino fashion type of reaction in
acidic ethanolic solution which surprisingly furnished us
with the cyclized product 5a in 82% yield (Table 1, Entry
7) (Scheme 1, Method A). The fact that addition of
selected known MCRs catalysts as towards optimization
steps do not contribute to much higher yield indicates that
this catalyst-free domino type MCRs was already
performed optimally (Table 1, Entries 8-11).

To probe the generality of this methodology, this
method was then extended using a variety of carbonyl
functionalities (aromatic, aliphatic, heteroaromatic and
diketo compounds). The details of the reaction protocol
and the product structure of dihydropyrano[2,3-
c]pyrazole-3-carboxylates (5a-5t) are depicted in Table
2 (Scheme 1, method A). The nature of the substituents
on the aromatic ring of the aldehydes displayed a
significant effect on the product yields. Aromatic
aldehydes bearing electron-withdrawing groups such as
nitro, cyano, and halogens (Table 2, Entries 5-11)
undoubtedly contributed to much higher yields (74-
83%) of the cyclized products as compared to those with
electron-donating groups (60-69%) (Table 2, Entries 2-
4). This was due to the induced electrophilicity of the
aromatic aldehydes from the electron withdrawing
group of compounds 5e-5h. Likewise, heteroaromatic
aldehydes of furan-2-carbaldehyde and thiophene-2-
carbaldehyde also readily underwent the same sequence
of reactions yielding their respected cyclized products in
reasonable of 63 and 65% yields (Table 2, Entries 12-13).

Previously, many aliphatic aldehydes were reported
not ready to be used as electrophiles in one-pot reaction
procedures due to their tendency to undergo self-
[19].
Nevertheless, via our domino-type reaction method,

condensation or Cannizzaro-type reactions

alkylated-pyranopyrazole-type ~ compounds  were
successfully synthesized by using propanal and 2-methyl

propanol in excellent yields (Table 2, Entries 14-15).

Table 1. Synthesis of 5a in different solvents and reaction conditions

Entry Solvent Time (min) Catalyst Yield (%)
1 methanol 90 - 18°
2 water 90 - -
3 ethanol 90 - 292
4 ethanol:water (1:1) 90 - -
5 ethanol:water (9:1) 90 - 18°
6 ethanol:acetic acid 90 - 352
7 ethanol:acetic acid 30 - 82°
8 ethanol:acetic acid 30 Triethylamine 82°
9 ethanol:acetic acid 30 Potassium carbonate 84°
10 ethanol:acetic acid 30 Ammonium acetate 86°
11 ethanol:acetic acid 30 Piperidine 87°

 Gein’s four-component two-parallel reaction manner, ® Domino one-pot four-component reaction

manners
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Table 2. Synthesis of dihydropyrano[2,3-c]pyrazole-3-carboxylates (5a-t)

Time Yield (%) m.p

Entr Product
Y " (min) Method A/B (°C)
COOEt
1 NC R 30 35¢, 82° 226-227
N
H,N™ "0 H
5a
OMe
2 NC COOEt 30 342, 65 235-236
R
HN" 07 N
5b
OEt
3 NC%COOE‘ 30 15% 60° 210-211
| [N
HN"S0" N
5¢
Et
4 NC%COOH 30 69 212-213
R
HN" >0 N
5d
NO,
5 NG COOEt 30 332, 750 235-237
|l \,:N
HN">07 N
5e
O,N
COOEt
6 NC e 30 83P 224-225
N
HN" >0 N
5f
Br
7 NG COOEt 30 374,73 221-222
R
H,N"~0" N
2 5g H
OH
8 NG COOEt 30 342, 57b 217-218
| [N
H,N" >SN0 N

[2.]
=
I

Muhammad Siddiq Maarop et al.



Table 2. Synthesis of dihydropyrano[2,3-c]pyrazole-3-carboxylates (5a-t) (Continued)
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Ent Product Time Yield (%) m.p
ntr roduc
¥ (min) Method A/B  (°C)
OH
Br
9 NG COOEL 30 73 224-225
R
HN" 07 N
5i
OH
Cl
10 NG OO 30 50° 228-229
[ N
HN" >0 N
5
CN
11 30 107, 74 218-219
12 30 22% 63" 216-218
13 30 182 65 205-207
14 30 90° 180-182
15 30 5%, 91° 190-192
16 30 5% 11° 200-203
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Table 2. Synthesis of dihydropyrano[2,3-c]pyrazole-3-carboxylates (5a-t) (Continued)

Time Yield (%) m.p
Entr Product
Y ! (min) Method A/B (°C)
17 30 69° 270-271
18 30 26° 212-214
NG COOEt
19 | | \Y 30 19° 190-191
HN" >0 N
5s
N
COOEt
20 NC | B’ 30 23b 200-202
N0 N
5t
In spite of that, the product yield of an alkylated- ? okt o N
pyranopyrazole was observed to decrease significantly Etom HoN-NH2 A e
upon increasing the aliphatic chain length (Table 2, Entry 1 2 3 4
16). Further advance of non-optimized MCRs reaction by FIOH: ACOH \ ‘ FIOH, ACOH
employing diketo compounds had also successfully 0 v en
furnished us the interesting novel spiropyrano-pyrazole Ot R>:<
. . N CN
carboxylate type of compounds in reasonable yields HO | No® o) 7
(Table 2, Entries 17-20). o CN EtO OEtH N-NH,
In a different mechanistic study, a reverse domino RXH <CN Na ?
. . . 3
one-pot reaction manner was also performed in which 4 ! 2
Refl
arylidenemalonodinitrile ~ intermediates, 7  were Reflux ey
synthesized prior to reacting malononitrile and an Method A o Method B

aromatic aldehyde. Later and diethyl

oxaloacetate were added onto the reactions. Interestingly,

hydrazine

such reverse domino one-pot reaction manner failed to
furnish high yields of the cyclized products (5-37%) as
many unwanted side products were observed from the
T.L.C (Scheme 1, Method B) (Table 2, Entries 1-3, 5, 7-8,
11-13, 15-16).

Based on the above findings, the best plausible
mechanism for the synthesis of (5) is proposed (Scheme 2).

R OEt
NC
I oN
H,N" >0 N

H
5

Scheme 1. Different approaches in synthesizing
dihydropyrano[2,3-c]pyrazoles (5)

Pyrazolone (A) was initially formed upon condensation
of the diethyl oxaloacetate salt with hydrazine, followed
by intramolecular nucleophilic cyclization and elimination
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N= R N= R

B COOEt c HN
N= - \
\ N
o=\
OOEt

69

O -H (0]
HN 20 | HN
—_— H;ﬁ —_— N ~
HO "COOEt OOEt
A
NC { L
NC: TR OH

N
N N
E D B
R cookt R
COOEt

NC { NC

L — | TN
HN= 07 ] isomerize  H,N“~0" N

Scheme 2. Plausible mechanism for the synthesis of 5(a-t)

Table 3. Antimicrobial screening results

Gram -ve

Gram +ve

Compound
E.C S.T

PV

S.A S.C S.H

5a - -
5b - -
5¢ - -
5d - -
5e - -
5f - -
5g - -
5h - -
51 - -
5j - -
5k - -
51 - -
5m - -
5n - -
50 - -

5p - -

+ve Control 17.0 19.0
-ve Control - -

16.5

18.0 22.0

Values are mean inhibition zone (mm); No inhibition (-)

E.C = Escherichia coli, S.T = Salmonella typhimurium, P.V = Proteus vulgaris, S.A = Staphylococcus

aureus, S.C = Staphylococcus cohnii (clinical strain), S.H = Staphyloccoccus haemolyticus.

of water. Pyrazolone (A) then underwent tautomerization
to a more active enolicpyrazolone (B) in which
subsequent reaction with pre-synthesized aryl/alkylidene

malonodinitriles (C) furnished intermediates (D) via
(D)
isomerized to compounds (E), which then underwent

Michael-type reaction. Finally, intermediates
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Thorpe-Ziegler intramolecular cyclization to yield the final
products of dihydropyrano([2,3-c]pyrazol-3-carboxylates
(5). In every step of the synthetic transformation, acetic
acid was anticipated to play a significant role in increasing
the solubility of the diethyl oxaloacetate sodium salt in
ethanol and also as a proton donor.

As for antimicrobial screening, study shows that the
presence of thiophene ring in the structure of 5m
enhances its activity against Proteus vulgaris (P.V),
Staphylococcus (S.C), and Staphylococcus
haemolyticus (S.H). It was also reasoned that limited

cohnii

solubility for most of the compound also contributed to
this low antimicrobial activity properties for other
pyrano-pyrazole analogs (Table 3).

m CONCLUSION

In summary, a salient reaction protocol using
domino one-pot, four-component approach towards
generating pyranopyrazole-carboxylate type compounds
has been developed. This protocol was found applicable
for both aromatic and aliphatic aldehydes which make it
a useful for the synthesis of a different class of
MCRs
reaction. Nevertheless, biological screening of this spiro-
type
potential of these compounds for antimicrobial agents.

pyranopyrazoles under green catalyst-free

pyranopyrazole compounds revealed limited
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* Corresponding author: Abstract: A series of functionalized 2-substituted benzimidazole motifs was

email: ola.ajani@covenantuniversity.edy.ng designed and successfully synthesized via thermal cyclization of 1,2-diaminobenzene

on COOH end of L- leucine to achieve benzimidazole derivatives 6 as the essential

Received: November 6, 2018 precursor. The coupling of the precursor 6 with benzaldehyde derivatives a-h, ketone
Accepted: June 28, 2019 series i-k, and aryl sulfonyl chlorides I-n led to the formation of the targeted 2-
DOI: 10.22146/ijc.40448 substituted benzimidazole motifs 7a-n in improved yields. The targeted

benzimidazole motifs were structurally authenticated through their spectral data
and microanalytical parameters. The targeted final moieties were investigated for
potential antimicrobial activity using the agar diffusion method with gentamicin as
the clinical standard. All the compounds had a broad spectrum of activity with
compound 7k having the highest remarkable activity with MIC of 0.98 % 0.02 ug/mL
and MBC value of 3.91 + 0.10 ug/mL. These findings suggest that compound 7k
containing camphor might be a good candidate for the design of new antimicrobial
small-molecule drugs.

Keywords: benzimidazole; [4+1]-cycloaddition; serial dilution; SAR study;
antibacterial

m INTRODUCTION existing nucleotides [3]. The natural occurrence of

. nzimidazol rted in vitamin B ntain N-
Over the years, heterocyclic compounds have been benzimidazole was reported in vita to contal

reported to  be  biomimetically-useful  and
pharmacophorically-sensitive frameworks with high

ribosyl-dimethyl benzimidazole, which functioned in
the form of cobalt metal axial ligand [4]. The methods

essentiality in accessing biomolecular drugs and drug-like for the benzimidazoles design and preparation have

candidates in drug design [1]. One of the N-heterocyclic
templates of high diversity in the pharmacological

gained topmost priority in the organic chemists’ scale of
preference due to the application of these scaffolds in

adventure are benzimidazole motifs, and they are known many:lr?s ofhhuman endeavors [s].d for h )
to be unavoidable rubrics in high through screening and ) .t ough, n}lme'rous met ? s ?r arnessing
. . . . . benzimidazole derivatives are available in the current
identification of valuable lead targets in therapeutic i i

. . literature; nonetheless, the most common and easily
research [2]. They possess observable biochemical ] -
interaction with many biomolecules in the body system adaptable method involves the [4+1]-cycloaddition of o-
because of their structural resemblance to some naturally phenylene diamine to alkanoic acids [6], alkanal,
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alkanols, and nitriles [7]. It is interesting to note that
benzimidazole motifs have contributed immensely as core
structures in many macrocyclic moieties with crucial
medicinal applications in drug design [8-9]. They are
widely available in commercially marketed drugs which
include, but not limited to Omeprazole 1, which is a
proton pump inhibitor used as anti-ulcer [10]; Albendazole
2 as anthelmintic [11]; Bendamustine 3 as anticancer [12];
Telmisartan 4 as antihypertensive [13] and Pimozide 5 as
antipsychotic agent [14] as shown in Fig. 1. A very recent
study showed DNA binding and antiparasitic properties
of benzimidazole bichalcophenes [15].

Many methods have been utilized in the preparation
of benzimidazole and its functionalized derivatives some
of which include reaction of ortho-phenylenediamine (o-
PDA) with substituted carboxylic acid using concentrated
HCI medium [16]; p-toluene sulphonic acid catalyst [17];
reaction of o-PDA with benzaldehyde derivative using
Na,S,0s [18], which release SO, gas with pungent smell
upon contact with water. Some of these methods involve
the tedious work-up procedure and suffer some demerits
such as the release of toxic chemicals, harsh reaction
conditions, use of expensive reagents, prolonged reaction
time, and corrosive nature.

Benzimidazole is a very important biologically
active agent in therapeutic medicine because it possesses
numerous biological and pharmacological activities. Due
to confronting issues such as drug resistance and

AN N
N s Q O—CH;
Omeprazole, 1
{Anti-ulcer drug}

~----"" Telmisartan. 4
{Antihypertensive drug}

B
’
N

e N S0 A H
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Y H \\‘ %4 \ CH; T@[ \ N
jost e S e
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consistent increase in the outbreak of new diseases
globally [19], there should be an uninterrupted quest for
the design and preparation of novel heterocyclic
moieties as efficacious antimicrobial drug candidates
with the aid of synthetic technique with fast kinetic, eco-
friendliness, and cost-effectiveness, which is part of
focus of this present study. On this note, it is highly
essential and strongly motivational to design and
synthesize an array of 2-substituted benzimidazole
derivatives with an eco-friendly approach for the
possibility of preliminary new drug discovery.

m EXPERIMENTAL SECTION
Materials

All reagents used were obtained from Sigma-
Aldrich Chemicals (St. Louis, Missouri, USA) except
ammonium chloride, L-leucine and dichloromethane
which were purchased from BDH (Poole, Dorset,
England), and concentrated hydrochloric acid and
camphor which were obtained from Alfar Aesar (Chao
Yang District, Beijing, China).

Instrumentation

Melting points determination was carried out with
the Stuart melting point apparatus. Progress was
monitored by thin layer chromatographic technique and
visualization was done accordingly. Nuclear magnetic
resonance (NMR) spectra for "H- and "C-NMR analysis

cl

H \ I
s CH5 \ \ ,
Albendazole, 2 . \.”

{Anthelmintic drug}
Bendamustine, 3
{Anticancer drug}

Q) N
:YNH :
' N\© K

Pimozide. §
{Antipsychotic drug}

F O

Fig 1. Selected commercially available benzimidazole based drugs
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were recorded on Bruker DPX 400 NMR spectrometer at
400 MHz and 100 MHz, respectively, using DMSO-d; as
the solvent and TMS as the internal standard. DEPT 135
NMR analysis was used for signal assignment to
distinguish between methyl (CH;), methylene (CH>), and
methine (CH) carbon atoms. The Infrared spectra for
functional group identification were done with the Bruker
FT-IR
analysis on the synthesized compounds was carried out in
a solution of ethanol (C,HsOH), using UV-Genesys
spectrophotometer. Sample concentration via solvent

spectrophotometer; while ultraviolet-visible

removal was achieved with IKA'RV 10 Rotary evaporator
and the vacuum-drying of the sample was done with
DHG-9023A. Vacuum Oven. Flash EA 1112 Elemental
Analyzer was used for carbon, hydrogen, and nitrogen
elemental analyses.

Procedure

Synthesis procedure

Synthesis of 1-(1H-benzo[d]imidazol-2-yl)-3-methyl
butan-1-amine (6). According to literature method [20],
15.00 g of o-phenylenediamine (138.00 mmol, 1.00
equiv.) in 80 mL of ethanol was added with ammonium
chloride (0.74 g, 13.80 mmol, 10 mol%) as catalyst followed
by gradual tipping of L-leucine (18.08 g, 138.00 mmol,
1.00 equiv.). The mixture was then stirred at ambient
temperature for 5 min after which it was heated under
reflux for 3 h (reaction was monitored with TLC). The
resulting substrate was filtered while hot to remove the
insoluble impurities. The filtrate obtained was evaporated
to dryness at reduced pressure to get a crude compound
which was recrystallized from isopropanol to afford 6 as
brown solid. Yield: 72.57%. 'H-NMR (400 MHz, DMSO-
de) 8z 7.14-7.12 (d, J = 9.10 Hz, 2H, Ar-H), 6.51-6.49 (dd,
Ji = 3.52 Hz, ], = 9.10 Hz, 1H, Ph-H), 6.39-6.36 (dd, : =
3.44 Hz, ], = 9.10 Hz, 1H, Ph-H), 4.50 (d, ] = 4.24 Hz, 2H,
NH,-CH), 3.85-3.83 (m, 1H, C-H), 2.30-1.98 (m, 2H, C-
H), 1.27-1.23 (m, 1H, C-H), 0.87-0.85 (d, ] = 6.60 Hz, 6H,
2 x CH;). "C-NMR (100 MHz, DMSO-ds) 8c: 158.4,
154.7, 147.2 (CH), 134.4 (CH), 130.7 (CH), 118.1, 116.0
(CH), 61.2 (CH), 47.3 (CH,), 30.0 (CH), 15.6 (2 x CHs).
IR (cm™):3384 (N-H), 3363 (N-H), 3179, 3037 (C-H
aromatic), 2957 (C-H aliphatic), 2865 (C-H aliphatic),

1627 (C=C), 1589 (C=N), 1457 (CH, deformation), 1407
(CH; deformation), 1294 (C=N bending), 1057 (C-N),
743 (Ar-H). UV-Vis.: Anax (nm)/log €max: 210 (5.40), 236
(5.21), 290 (4.92), 401 (3.90).
(E)-1-(1H-benzo[d]imidazol-2-yl)-N-benzylidene-3-
methylbutan-1-amine (7a). Compound 6 (1.00 g,
4.93 mmol, 1.00 equiv.) was dissolved in 10 mL of
tetrahydrofuran at room temperature and allowed to stir
for 5 min. Benzaldehyde (0.50 mL, 4.93 mmol, 1.00
equiv.) in 5 mL of tetrahydrofuran was added dropwise
to the solution of 6 above and refluxed for 3 h. The
resulting solution was concentrated under vacuum and
the crude product obtained was recrystallized from
ethanol to afford 7a as brown solid. Yield: 61%. '"H-NMR
(400 MHz, DMSO-d5) 8x: 8.69 (s, 1H, N=CH), 7.90-7.88
(d, J = 9.10 Hz, 2H, Ar-H), 7.54-7.49 (m, 3H, Ar-H),
7.14-7.12 (d, ] = 8.04 Hz, 2H, Ar-H), 6.51-6.49 (dd, ], =
3.52Hz, J,=9.10 Hz, 1H, Ar-H), 6.39-6.36 (dd, ], = 3.44
Hz, J, =9.10 Hz, 1H, Ar-H), 5.87 (s, 1H, NH), 3.74-3.72
(t, ] = 3.68 Hz, 1H, CH), 2.02-2.00 (dd, J, = 2.40 Hz, J, =
10.32 Hz, 1H, CH, of CH,), 1.96-1.94 (dd, ], = 2.74 Hz,
J. = 10.32 Hz, 1H, CH, of CH,), 1.26-1.21 (m, 1H, CH),
0.87-0.85 (d, ] = 6.60 Hz, 6H, 2 x CH3). *C-NMR (100
MHz, DMSO-ds) 8c: 162.5 (CH), 158.3 (C), 154.7 (C),
147.2 (CH), 143.9 (CH), 140.0 (CH), 134.4 (CH), 130.7
(CH), 125.0 (CH), 124.1 (C), 118.1 (C), 116.0 (CH),
112.2 (CH), 108.1 (CH), 57.2 (CH), 46.8 (CH,), 30.0
(CH), 15.3 (2 x CH3). IR (cm™): 3056 (CH aromatic),
2956 (C-H aliphatic), 2868 (C-H aliphatic), 1610 (C=C),
1579 (C=N), 1444 (CH, deformation), 1405 (CH;
deformation), 1294 (C=N bending), 1070 (C-N), 923
(=C-H bending), 742 (Ar-H). UV-Vis.: Anax (nm)/log
Emax: 209 (5.25), 293 (4.82).
(E)-1-(1H-benzo[d]imidazol-2-yl)-3-methyl-N-(2-nitro
benzylidene)butan-1-amine (7b). General procedure
described for 7a was used for reaction of 6 (1.00 g, 4.93
mmol) with 2-nitrobenzaldehyde (0.74 g, 4.93 mmol) to
produce 7b as red solid. Yield: 85%. '"H-NMR (400 MHz,
DMSO-ds) 6x: 8.71 (s, 1H, N=CH), 8.20-8.18 (d, ] = 8.00
Hz, 1H, Ar-H), 7.69-7.67 (d, J = 8.02 Hz, 1H, Ar-H),
7.31-7.27 (m, 2H, Ar-H), 7.14-7.12 (d, ] = 9.10 Hz, 2H,
Ar-H), 6.51-6.49 (dd, J; = 3.52 Hz, J, = 9.10 Hz, 1H, Ar-
H), 6.39-6.36 (dd, J; = 3.44 Hz, ], = 9.10 Hz, 1H, Ar-H),
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5.88 (s, 1H, NH), 3.74-3.72 (t, ] = 3.68 Hz, 1H, CH), 2.02-
2.00 (dd, Ji = 2.40 Hz, J, = 10.32 Hz, 1H, CH, of CH,),
1.96-1.94 (dd, Jy =2.74 Hz, J, = 10.32 Hz, 1H, CH,, of CH,),
1.27-1.23 (m, 1H, CH), 0.87-0.85 (d, ] = 6.60 Hz, 6H, 2 x
CH;). B®C-NMR (100 MHz, DMSO-ds) 8c: 162.5 (CH),
158.3 (C), 154.7 (C), 150.2 (C), 147.2 (CH), 143.9 (CH),
140.0 (CH), 134.4 (CH), 130.7 (CH), 125.0 (CH), 124.1
(C), 118.1 (C), 116.0 (CH), 108.1 (CH), 57.2 (CH), 46.8
(CHy,), 30.0 (CH), 15.3 (2 x CH3). IR (cm™): 3058 (C-H
aromatic), 2957 (C-H aliphatic), 2869 (C-H aliphatic),
1607 (C=C), 1577 (C=N), 1514 (NO; asym.), 1440 (CH,
deformation), 1406 (CH; deformation), 1295 (C=N
bending), 1343 (NO; sym.), 1078 (C-N), 923 (=C-H
bending), 746 (Ar-H). UV-Vis.: Anax (nm)/10g €max: 233
(4.78).
(E)-1-(1H-benzo[d]imidazol-2-yl)-N-(2-chlorobenzyli
dene)-3-methylbutan-1-amine (7c). General procedure
described for 7a was used for reaction of 6 (1.00 g, 4.93
mmol) with 2-chlorobenzaldehyde (0.55 mL, 4.93 mmol)
to produce 7c¢ as brown solid. Yield: 81%. '"H-NMR (400
MHz, DMSO-d;) 8u: 8.70 (s, 1H, N=CH), 8.28-8.25 (d, J
= 8.06 Hz, 1H, Ar-H), 7.68-7.66 (d, ] = 8.02 Hz, 1H, Ar-
H),7.27-7.25 (m, 2H, Ar-H), 7.14-7.12 (d, ] = 9.10 Hz, 2H,
Ar-H), 6.51-6.49 (dd, J; = 3.52 Hz, ], = 9.10 Hz, 1H, Ar-
H), 6.39-6.36 (dd, J; = 3.44 Hz, J, = 9.10 Hz, 1H, Ar-H),
5.87 (s, 1H, NH), 3.74-3.72 (t,] = 3.68 Hz’, 1H, CH), 2.02-
2.00 (dd, J; = 2.42 Hz, ], = 10.32 Hz, 1H, CH, of CH,),
1.96-1.94 (dd, J, = 2.76 Hz, J, = 10.32 Hz, 1H, CH,, of CH,),
1.27-1.23 (m, 1H, CH), 0.87-0.85 (d, ] = 6.62 Hz, 6H, 2 x
CH;). BC-NMR (100 MHz, DMSO-ds) 8¢: 162.5 (CH),
158.3 (C), 154.7 (C), 151.4 (C), 147.2 (CH), 143.9 (CH),
140.0 (CH), 134.4 (CH), 130.7 (CH), 125.0 (CH), 124.1,
118.1,116.0 (CH), 108.1 (CH), 57.2 (CH), 46.8 (CH,), 30.0
(CH), 15.3 (2 x CHj3). IR (cm™): 3058 (C-H aromatic),
2957 (C-H aliphatic), 2868 (C-H aliphatic), 1607 (C=C),
1573 (C=N), 1440 (CH, deformation), 1404 (CH;
deformation), 1295 (C=N bending), 1051 (C-N), 922 (=C-
H), 743 (Ar-H), 668 (C-Cl). UV-Vis.: Amax (nmM)/10g €max:
206 (5.27), 281 (4.77).
(E)-1-(1H-benzo[d]imidazol-2-yl)-N-(3-methoxybenzy
lidene)-3-methylbutan-1-amine (7d). General procedure
described for 7a was used for reaction of 6 (1.00 g, 4.93
mmol) with 3-methoxybenzaldehyde (0.60 mL, 4.93

mmol) to produce 7d as brown solid. Yield: 71%. 'H-
NMR (400 MHz, DMSO-ds) 8u: 8.69 (s, 1H, N=CH),
8.36 (s, 1H, Ar-H), 7.89-7.87 (d, ] = 8.12 Hz, 1H, Ar-H),
7.71-7.69 (d, ] = 8.02 Hz, 1H, Ar-H), 7.14-7.12 (d, ] =
9.11 Hz, 2H, Ar-H), 6.86-6.84 (dd, J; = 8.02 Hz, ], = 8.12
Hz, 1H, Ar-H), 6.51-6.49 (dd, J; = 3.52 Hz, ], = 9.10 Hz,
1H, Ar-H), 6.39-6.36 (dd, J; = 3.44 Hz, ], = 9.12 Hz, 1H,
Ar-H), 5.86 (s, 1H, NH), 3.74-3.72 (t, ] = 3.68 Hz, 1H,
CH), 3.13 (s, 3H, OCH), 2.03-2.00 (dd, J; = 2.42 Hz, J, =
10.32 Hz, 1H, CH, of CH,), 1.96-1.94 (dd, J; = 2.76 Hz,
J. = 10.32 Hz, 1H, CH, of CH,), 1.27-1.23 (m, 1H, CH),
0.87-0.85 (d, ] = 6.62 Hz, 6H, 2 x CH3). *C-NMR (100
MHz, DMSO-ds) 6c: 163.4 (CH), 161.8 (C), 158.4 (C),
154.7 (C), 150.9 (C), 147.2 (CH), 142.9 (CH), 137.8
(CH), 134.4 (CH), 130.7 (CH), 118.1 (C), 116.0 (CH),
111.3 (CH), 108.3 (CH), 58.4 (CH), 53.5 (OCH;), 46.0
(CH,), 30.0 (CH), 15.6 (2 x CH,). IR (cm™): 3057 (C-H
aromatic), 2956 (C-H aliphatic), 2869 (C-H aliphatic),
1608 (C=C), 1579 (C=N), 1438 (CH, deformation), 1406
(CH; deformation), 1294 (C=N bending), 1160 (C-O),
1027 (C-N), 924 (=C-H), 743 (Ar-H). UV-Vis.: Amax
(nm)/1og €max: 209 (5.25), 245 (4.99), 293 (5.06).

(E)-1-(1H-benzo[d]imidazol-2-yl)-N-(4-chlorobenzyli
dene)-3-methylbutan-1-amine (7e). General procedure
described for 7a was used for reaction of 6 (1.00 g, 4.93
mmol) with 4-chlorobenzaldehyde (0.69 g, 4.93 mmol)
to produce Compound 7e as black solid. Yield: 79%. 'H-
NMR (400 MHz, DMSO- ds) 8u: 8.71 (s, 1H, N=CH),
8.12-8.09 (d, J = 8.14 Hz, 2H, Ar-H), 7.55-7.53 (d, ] =
8.02 Hz, 2H, Ar-H), 7.27-7.25 (m, 2H, Ar-H), 7.14-7.12
(d, J=9.10 Hz, 2H, Ar-H), 6.51-6.49 (dd, ], = 3.52 Hz, ],
=9.10 Hz, 1H, Ar-H), 6.39-6.36 (dd, ], = 3.44 Hz, ], =
9.10 Hz, 1H, Ph-H), 5.89 (s, 1H, NH), 3.74-3.72 (t, ] =
3.68 Hz, 1H, CH), 2.02-2.00 (dd, J, = 2.42 Hz, ], = 10.32
Hz, 1H, CH, of CH,), 1.96-1.94 (dd, J = 2.76 Hz, ], =
10.32 Hz, 1H, CH, of CH,), 1.27-1.23 (m, 1H, CH), 0.87-
0.85 (d, ] = 6.60 Hz, 6H, 2 x CH3). *C-NMR (100 MHz,
DMSO-dq) 8¢: 162.7 (CH), 158.2 (C), 154.1 (C), 150.2
(C), 146.8 (CH), 142.6 (C), 138.3 (2 x CH), 134.4 (CH),
130.7 (CH), 121.6 (2 x CH), 118.1 (C), 116.0 (CH), 58.6
(CH), 46.7 (CH,), 29.7 (CH), 15.4 (2 x CH3). IR (cm™):
1607 (C=C), 1579 (C=N), 1439 (CH, deformation), 1405
(CH; deformation), 1295 (C=N bending), 1084 (C-N),
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921 (=C-H), 743 (Ar-H), 668 (C-Cl). UV-Vis.: Ama
(nm)/10g €max: 209 (5.28), 296 (5.14).
(E)-4-((1-(1H-benzo[d]imidazol-2-yl)-3-methylbutylimi
no)methyl)phenol (7f). General procedure described for
7a was used for reaction of 6 (1.00 g, 4.93 mmol) with 4-
hydroxybenzaldehyde (0.60 g, 4.93 mmol) to produce 7f
as red solid. Yield: 99%; '"H-NMR (400 MHz, DMSO-dj)
8u: 8.70 (s, 1H, N=CH), 7.95-7.93 (d, ] = 8.00 Hz, 2H, Ar-
H), 7.45-7.42 (d, ] = 8.26 Hz, 2H, Ar-H), 7.14-7.12 (d, ] =
9.10 Hz, 2H, Ar-H), 6.51-6.49 (dd, ], = 3.52 Hz, ], = 9.10
Hz, 1H, Ar-H), 6.39-6.36 (dd, J: = 3.44 Hz, ], = 9.10 Hz,
1H, Ar-H), 5.88 (s, 1H, NH), 3.74-3.72 (t, ] = 3.68 Hz, 1H,
CH), 2.02-2.00 (dd, J, = 2.42 Hz, J, = 10.32 Hz, 1H, CH, of
CH,), 1.96-1.94 (dd, J; = 2.76 Hz, J, = 10.32 Hz, 1H, CH,
of CH,), 1.27-1.23 (m, 1H, CH), 0.87-0.85 (d, J = 6.60 Hz,
6H, 2 x CH;). ®C-NMR (100 MHz, DMSO-d;) 6¢c: 163.4
(CH), 158.3 (C), 154.2 (C), 150.4 (C), 146.8 (CH), 144.4 (2
x CH), 141.5(C), 134.5 (CH), 130.7 (CH), 122.3 (2 x CH),
118.0 (C), 116.0 (CH), 58.8 (CH), 46.7 (CH,), 30.1 (CH),
15.6 (2 x CH;). IR (cm™): 3380 (OH), 3050 (C-H
aromatic), 2956 (C-H aliphatic), 2869 (C-H aliphatic),
1579 (C=N), 1439 (CH, deformation), 1405 (CHj;
deformation), 1295 (C=N bending), 1089 (C-N), 922 (=C-
H), 743 (Ar-H). UV-Vis.: Apax (nm)/log &max: 212 (5.31),
245 (5.21), 293 (5.29).
(E)-4-((1-(1H-benzo[d]imidazol-2-yl)-3-methylbutylimi
no)methyl)-N,N-dimethyl aniline (7g). General
procedure described for 7a was used for reaction of 6 (1.00
g, 4.93 mmol) with 4-(N,N-dimethylamino)benzaldehyde
(0.74 g, 4.93 mmol) to produce 7g as yellow solid. Yield:
80%. 'H-NMR (400 MHz, DMSO-ds) 8u: 8.66 (s, 1H,
N=CH), 7.77-7.75 (d, J = 8.08 Hz, 2H, Ar-H), 7.45-7.41
(d, ] = 8.26 Hz, 2H, Ar-H), 7.14-7.12 (d, J = 9.10 Hz, 2H,
Ar-H), 6.51-6.49 (dd, J; = 3.50 Hz, ], = 9.10 Hz, 1H, Ar-
H), 6.39-6.36 (dd, J; = 3.42 Hz, ], = 9.10 Hz, 1H, Ar-H),
5.88 (s, 1H, NH), 3.74-3.72 (t, ] = 3.68 Hz, 1H, CH), 3.32
(s, 6H, 2 x CH3), 2.02-2.00 (dd, J =2.42 Hz, ], = 10.32 Hz,
1H, CH, of CH,), 1.96-1.94 (dd, J, = 2.76 Hz, J, = 10.32
Hz, 1H, CH, of CH.), 1.27-1.23 (m, 1H, CH), 0.87-0.85 (d,
J = 6.60 Hz, 6H, 2 x CH3). *C-NMR (100 MHz, DMSO-
ds) 8¢: 164.1 (CH), 158.4 (C), 156.2 (2 x CH), 154.5 (C),
150.4 (C), 147.2 (CH), 142.0 (C), 134.5 (CH), 130.7 (CH),
122.8 (2 x CH), 118.3 (C), 116.0 (CH), 59.8 (CH), 54.3 (2

x CHs), 46.8 (CH,), 30.0 (CH), 15.3 (2 x CH,). IR (cm™):
3040 (C-H aromatic), 2956 (C-H aliphatic), 2868 (C-H
aliphatic), 1607 (C=C), 1578 (C=N), 1439 (CH,
deformation), 1405 (CH; deformation), 1295 (C=N
bending), 1063 (C-N), 923 (=C-H), 746 (Ar-H). UV-
Vis.: Amax (nm)/10g €max: 206 (5.10), 260 (4.75), 323 (4.94).
(E)-4-((1-(1H-benzo[d]imidazol-2-yl)-3-methylbutyli
mino)methyl)-N,N-diethylaniline (7h). General
procedure described for 7a was used for reaction of 6
(1.00 g, 4.93 mmol) with 4-(N,N-diethylamino)benzal
dehyde (0.87 g, 4.93 mmol) to produce 7h as orange
solid. Yield: 91%. '"H-NMR (400 MHz, DMSO-d;) Ou:
8.66 (s, 1H, N=CH), 7.77-7.75 (d, ] = 8.06 Hz, 2H, Ar-
H), 7.45-7.41 (d, ] = 8.24 Hz, 2H, Ar-H), 7.14-7.12 (d, ]
= 9.10 Hz, 2H, Ar-H), 6.51-6.48 (dd, ] = 3.52 Hz, ], =
9.10 Hz, 1H, Ar-H), 6.38-6.36 (dd, Ji = 3.44 Hz, ], = 9.10
Hz, 1H, Ar-H), 5.88 (s, 1H, NH), 4.53-4.50 (q, ] = 6.70
Hz, 4H, 2 x CH,), 3.74-3.72 (t, ] = 3.68 Hz, 1H, CH),
2.02-2.00 (dd, J; = 2.42 Hz, ], = 10.32 Hz, 1H, CH, of
CH,), 1.96-1.94 (dd, J: = 2.76 Hz, ], = 10.32 Hz, 1H, CH,
of CH,), 1.66-1.60 (t, ] = 6.70 Hz, 6H, 2 x CH3), 1.27-1.23
(m, 1H, CH), 0.87-0.85 (d, ] = 6.60 Hz, 6H, 2 x CH3); "*C-
NMR (100 MHz, DMSO-ds) 8c: 164.1 (C), 158.3 (C),
156.2 (2 x CH), 154.5 (C), 150.4 (C), 147.2 (CH), 142.0
(C), 134.5 (CH), 130.7 (CH), 122.8 (2 x CH), 118.3 (C),
116.0 (CH), 62.4 (2 x CH,), 59.2 (CH), 46.9 (CH,), 30.0
(CH), 20.7 (2 x CH3), 15.3 (2 x CH3). IR (cm™): 3058 (C-
H aromatic), 2962 (C-H aliphatic), 2929 (C-H aliphatic),
2870 (C-H aliphatic), 1609 (C=C), 1579 (C=N), 1451
(CH, deformation), 1405 (CH; deformation), 1276
(C=N bending), 1061 (C-N), 924 (=C-H), 744 (Ar-H).
UV-Vis.: Amax (nm)/10g €max: 245 (5.38), 305 (5.38), 545
(-2.48), 578 (2.48).

(E)-1-(1H-benzo[d]imidazol-2-yl)-3-methyl-N-(propan
-2-ylidene)butan-1-amine (7i). To a stirred solution
of compound 6 (1.00 g, 493 mmol) in 10 mL of
tetrahydrofuran, was added acetone (1.00 mL, 4.93
mmol) in 5 mL of tetrahydrofuran followed by the
addition of two drops of concentrated HCI. The reacting
mixture was then refluxed at 85 °C for 4 h as evident by
reaction completion through complete consumption of
starting material (monitored on TLC, CH,CL/CH;OH >
9:1, v/v). The resulting solution was cooled and
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concentrated to access crude product which was
recrystallized from ethanol to afford 7i as green solid.
Yield: 57%. '"H-NMR (400 MHz, DMSO-d;) 8: 7.20-7.18
(d, J=8.00 Hz, 2H, Ar-H), 6.51-6.48 (dd, J; = 3.52 Hz, ],
=8.00 Hz, 1H, Ar-H), 6.38-6.36 (dd, J; = 3.44 Hz, ], = 8.00
Hz, 1H, Ar-H), 5.88 (s, 1H, NH), 3.74-3.72 (t, ] = 3.66 Hz,
1H, CH), 2.20 (s, 6H, 2 x CH3), 2.03-2.00 (dd, J; =2.42 Hz,
J, = 10.32 Hz, 1H, CH, of CH,), 1.95-1.93 (dd, ], = 2.76
Hz, J, = 10.32 Hz, 1H, CH, of CH,), 1.28-1.23 (m, 1H,
CH), 0.87-0.85 (d, ] = 6.60 Hz, 6H, 2 x CH;). *C-NMR
(100 MHz, DMSO-ds) 8c: 162.0 (C), 158.4 (C), 154.5 (C),
147.2 (CH), 134.4 (CH), 130.7 (CH), 118.1 (C), 116.0
(CH), 60.5 (CH), 46.7 (CH,), 43.4 (2 x CH,), 30.0 (CH),
15.6 (2 x CHs). IR (cm™): 3368 (N-H), 3061 (C-H
aromatic), 2956 (C-H aliphatic), 2869 (C-H aliphatic),
1621 (C=C), 1554 (C=N), 1448 (CH, deformation), 1414
(CH; deformation), 1269 (C=N bending), 1020 (C-N),
926 (=C-H), 728 (Ar-H). UV-Vis.: Anax (nm)/10g €max: 239
(5.47), 269 (5.44), 431 (4.17).
(E)-3-((1-(1H-benzo[d]imidazol-2-yl)-3-methylbutylimi
no)indolin-2-one (7j). General procedure described for
7i was used for reaction of 6 (1.00 g, 4.93 mmol) with
isatin (0.73 g, 4.93 mmol) to produce 7j as brown solid.
Yield: 76%. '"H-NMR (400 MHz, DMSO-ds) 8u: 11.56 (s,
1H, NH of amide), 7.92-7.89 (d, ] = 8.96 Hz, 2H, Ar-H),
7.44-7.41 (m, 2H, Ar-H), 7.14-7.12 (d, ] = 9.12 Hz, 2H, Ar-
H), 6.51-6.48 (dd, ], = 3.52 Hz, ], = 9.12 Hz, 1H, Ar-H),
6.38-6.36 (dd, J; = 3.44 Hz, ], = 9.12 Hz, 1H, Ar-H), 5.88
(s, 1H, NH), 3.74-3.72 (t, ] = 3.66 Hz, 1H, CH), 2.03-2.00
(dd, J1 = 2.42 Hz, J, = 10.32 Hz, 1H, CH, of CH,), 1.95-
1.93 (dd, J; = 2.76 Hz, ], = 10.32 Hz, 1H, CH, of CH,),
1.28-1.23 (m, 1H, CH), 0.87-0.85 (d, ] = 6.60 Hz, 6H, 2 x
CHs;). ®C-NMR (100 MHz, DMSO-ds) 6c: 177.2 (C=0),
163.3 (C), 162.0 (C), 159.2 (C), 158.4 (C), 155.3 (C), 154.7
(C), 147.2 (CH), 145.6 (CH), 135.5 (CH), 134.4 (CH),
130.7 (CH), 116.0 (CH), 114.3 (CH), 111.5 (CH), 60.5
(CH), 46.7 (CH,), 30.0 (CH), 15.6 (2 x CHs3). IR (cm™):
3396 (N-H), 3057 (C-H aromatic), 2926 (C-H aliphatic),
2869 (C-H aliphatic), 1612 (C=C), 1580 (C=N), 1454
(CH, deformation), 1404 (CH; deformation), 1274 (C=N
bending), 1031 (C-N), 924 (=C-H), 745 (Ar-H). UV-Vis.:
Amax (NM)/10g Emax: 209 (5.36), 278 (4.92), 353 (4.49).

(E)-1-(1H-benzo[d]imidazol-2-yl)-3-methyl-N-(1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene) butan-1-
amine (7k). General procedure described for 7i was
used for reaction of 6 (1.00 g, 4.93 mmol) with camphor
(0.75 g, 4.93 mmol) to produce 7k as red solid. Yield:
80%. '"H-NMR (400 MHz, DMSO-ds) 8u: 7.24-7.22 (d, ]
= 8.00 Hz, 2H, Ar-H), 6.51-6.49 (dd, J: = 3.50 Hz, ], =
8.00 Hz, 1H, Ar-H), 6.39-6.36 (dd, J: = 3.46 Hz, ], = 9.10
Hz, 1H, Ar-H), 5.86 (s, 1H, NH), 3.74-3.72 (t, ] = 3.68
Hz, 1H, CH), 2.02-2.00 (dd, J; = 2.40 Hz, ], = 10.32 Hz,
1H, CH, of CH,), 1.96-1.94 (dd, J = 2.74 Hz, ], = 10.32
Hz, 1H, CH, of CH,), 1.65 (s, 1H, CH), 1.30-1.27 (m, 1H,
CH), 1.20 (s, 2H, CH,), 1.18-1.15 (m, 4H), 1.10 (s, 3H,
CHs), 0.99 (s, 6H, 2 x CH3), 0.87-0.85 (d, ] = 6.60 Hz, 6H,
2 x CH3). PC-NMR (100 MHz, DMSO-ds) 8c: 149.3 (C),
147.2 (CH), 134.4 (CH), 130.7 (CH), 128.1 (C), 124.5
(C), 118.5 (C), 116.2 (CH), 60.0 (CH), 46.4 (CH>), 29.3
(CH), 27.8 (CH,), 27.4 (CH,), 26.9 (CHy), 15.7 (2 x CH3),
150 (2 x CH;), 11.7 (CHs). IR (cm™): 3058 (C-H
aromatic), 2957 (C-H aliphatic), 2870 (C-H aliphatic),
1607 (C=C), 1578 (C=N), 1454 (CH, deformation), 1406
(CH; deformation), 1275 (C=N bending), 1046 (C-N),
923 (=C-H), 745 (Ar-H). UV-Vis.: Anax (nm)/log €max
209 (5.36), 254 (5.19), 437 (4.71).

(E)-N-(1-(1H-benzo[d]imidazol-2-yl)-3-methylbutyl)
benzenesulfonamide (71). Precursor 6 (5.08 g, 25.00
mmol) was transferred to Na,CO; (5.57 g, 52.5 mmol) in
H,O (30.00 mL) with continuous stirring at 0 °C in ice-
bath followed by addition of benzenesulfonyl chloride
derivatives (3.83 g, 30.00 mmol) batch-wise for 1 h and
the stirring continued at ambient condition for 5 h after
which the reaction was terminated. The worked-up was
done cautiously by adding 20% aq. HCI until complete
neutralization was achieved. The collected crude product
was purified by column chromatography on Merck silica
gel F (Mesh 200-300) using CHCL;/CH;OH, (9:1, v/v) as
eluting solvent to afford the benzimidazole-based
sulfonamide, motifs 71 as green solid. Yield: 84%. 'H-NMR
(400 MHz, DMSO-ds) 0u: 11.01 (s, 1H, NH), 7.94-7.92 (d,
J = 8.08 Hz, 2H, Ar-H), 7.61-7.54 (m, 3H, Ar-H), 7.14-
7.12 (d, ] = 9.10 Hz, 2H, Ar-H), 6.51-6.49 (dd, ], = 3.52
Hz, ], =9.10 Hz, 1H, Ar-H), 6.39-6.36 (dd, J: = 3.44 Hz,
J. =9.10 Hz, 1H, Ar-H), 5.87 (s, 1H, NH), 3.78-3.76 (t, ]
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=3.70 Hz, 1H, CH), 2.02-2.00 (dd, J; = 3.70 Hz, ], = 10.32
Hz, 1H, CH, of CH,), 1.96-1.94 (dd, ], =2.74 Hz, ], = 10.32
Hz, 1H, CH, of CH,), 1.26-1.21 (m, 1H, CH), 0.87-0.85 (d,
J = 6.60 Hz, 6H, 2 x CH;). ®C-NMR (100 MHz, DMSO-
ds) 8c: 159.2 (C), 158.3 (C), 155.6 (C), 147.8 (CH), 143.7
(CH), 140.2 (CH), 130.7 (CH), 125.7 (CH), 124.1 (C),
118.1 (C), 116.5 (CH), 113.9 (CH), 110.1 (CH), 59.4 (CH),
46.9 (CH,), 30.0 (CH), 15.3 (2 x CH3). IR (cm™): 3385 (N-
H), 3208 (N-H), 1620 (C=C), 1595 (C=N), 1460 (CH,
deformation), 1405 (CHs; deformation), 1275 (C=N
bending), 1213 (SO,), 1147 (SO,), 1032 (C-N), 916 (=C-
H), 751 (Ar-H). UV-Vis.: Anax (nm)/10g €max: 206 (5.26),
227 (5.16), 293 (4.25), 452 (3.53).

(E)-N-(1-(1H-benzo[d]imidazol-2-yl)-3-methylbutyl)-
2-methylbenzenesulfonamide (7m). General procedure
described for 71 was used for reaction of 6 (1.00 g, 4.93
mmol) with o-toluenesulfonyl chloride (0.71 mL, 4.93
mmol) to produce 7m as red solid. Yield: 91%. '"H-NMR
(400 MHz, DMSO-ds) 61: 11.00 (s, 1H, NH), 7.92-7.90 (d,
J =798 Hz, 1H, Ar-H), 7.44-7.42 (d, J = 7.84 Hz, 1H, Ar-
H),7.21-7.18 (m, 2H, Ar-H), 7.14-7.12 (d, ] = 8.00 Hz, 2H,
Ar-H), 6.51-6.49 (dd, J; = 3.52 Hz, ], = 8.00 Hz, 1H, Ar-
H), 6.39-6.36 (dd, J; = 3.44 Hz, ], = 8.00 Hz, 1H, Ar-H),
5.87 (s, 1H, NH), 3.78-3.76 (t, ] = 3.70 Hz, 1H, CH), 2.39
(s, 3H, CH;), 2.02-2.00 (dd, J, = 3.70 Hz, J, = 10.32 Hz, 1H,
CH, of CH,), 1.96-1.94 (dd, ], = 2.74 Hz, J, = 10.32 Hz,
1H, CH, of CH,), 1.26-1.21 (m, 1H, CH), 0.87-0.85 (d, ] =
6.60 Hz, 6H, 2 x CH3;). *C-NMR (100 MHz, DMSO-ds)
dc: 151.2 (C), 147.8 (CH), 143.7 (CH), 140.2 (CH), 139.2
(C), 132.6 (CH), 130.7 (C), 125.9 (CH), 124.1 (CH), 118.1
(C), 116.3 (CH), 113.8 (CH), 110.9 (C), 59.4 (CH), 46.9
(CHy,), 30.0 (CH), 22.7 (CH3), 15.3 (2 x CH3). IR (cm™):
3384 (N-H), 3208 (N-H), 1621 (C=C), 1596 (C=N), 1461
(CH, deformation), 1406 (CH; deformation), 1275 (C=N
bending), 1214 (SO,), 1146 (SO), 1032 (C-N), 915 (=C-
H), 750 (Ar-H). UV-Vis.: Anax (nm)/10g €max: 200 (5.21),
269 (5.05), 455 (4.83), 578 (3.43).

(E)-N-(1-(1H-benzo[d]imidazol-2-yl)-3-methylbutyl)-
4-methylbenzenesulfonamide (7n). General procedure
described for 71 was used for reaction of 6 (1.00 g, 4.93
mmol) with p-toluenesulfonyl chloride (0.94 g, 4.93
mmol) to produce 7n as yellow solid. Yield: 90%. 'H-
NMR (400 MHz, DMSO-ds) 8u: 11.03 (s, 1H, NH), 7.87-

7.85(d,J=8.18 Hz, 1H, Ar-H), 7.40-7.38 (d, ] = 8.22 Hz,
1H, Ar-H), 7.14-7.12 (d, J = 8.00 Hz, 2H, Ar-H), 6.51-
6.49 (dd, J; = 3.52 Hz, J, = 8.00 Hz, 1H, Ar-H), 6.39-6.36
(dd, J; = 3.44 Hz, J, = 8.00 Hz, 1H, Ar-H), 5.87 (s, 1H,
NH), 3.78-3.76 (t, ] = 3.70 Hz, 1H, CH), 2.36 (s, 3H,
CHs), 2.02-2.00 (dd, J = 3.70 Hz, ], = 10.32 Hz, 1H, CH,
of CH,), 1.96-1.94 (dd, J, = 2.74 Hz, ], = 10.32 Hz, 1H,
CH, of CH,), 1.26-1.21 (m, 1H, CH), 0.87-0.85 (d, ] =
6.60 Hz, 6H, 2 x CH;). ®*C-NMR (100 MHz, DMSO-ds)
8c: 151.4 (C), 147.2 (CH), 145.1 (2 x CH), 140.2 (C),
135.2 (CH), 130.7 (C), 125.9 (2 x CH), 124.1 (C), 118.1
(C), 116.3 (CH), 113.1 (CH), 59.4 (CH), 46.9 (CH.), 30.0
(CH), 22.7 (CH3), 15.3 (2 x CH,). IR (cm™): 3384 (N-H),
3209 (N-H), 1621 (C=C), 1596 (C=N), 1462 (CH,
deformation), 1407 (CH; deformation), 1275 (C=N
bending), 1214 (SO,), 1146 (SO,), 1032 (C-N), 916 (=C-
H), 751 (Ar-H). UV-Vis.: Anax (nm)/log €max: 206 (5.23),
257 (5.06), 437 (4.66).

Antibacterial activity assay

The targeted functionalized benzimidazole motifs’
antibacterial potential was evaluated using the agar
diffusion method [20], while the minimum inhibitory
concentration (MIC) and minimum bactericidal
concentration (MBC) testing were determined using
serial dilution technique [21] with respect to four

targeted organisms as shown in Supplementary materials.

m  RESULTS AND DISCUSSION
Chemistry

Benzimidazole is a benzo-fused imidazole known
to be highly versatile heterocyclic compounds in
therapeutic medicine, agrochemicals, and catalysis study.
In furtherance of our quest to design and evaluate the
biological activity of benzimidazole motifs [2,20], we have
herein synthesized novel functionalized benzimidazole
scaffolds so as to unveil the antibacterial potential for
probable future drug discovery. First, condensation
reaction of o-phenylenediamine (0-PDA) on the COOH
functionality of cheap and readily available amino acid,
L-leucine was carried out in ethanol solvent using the
catalytic amount of ammonium chloride (NH,Cl) as an
eco-friendly medium, as shown in Scheme 1, which was
according to our recently reported procedure [20].
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Some commonly used catalysts and the medium
used for condensation of o-PDA in the synthesis
benzimidazole led to the tedious work-up procedure and
suffered some set back such as the release of toxic chemical,
harsh reaction condition, use of expensive reagents,
prolong reaction time and corrosive nature [16-18]. Thus,
we have adopted the use of NH4Cl as an environmentally

friendly and cost-effective catalyst to achieve some
functionalized benzimidazole with bioactive efficacy in
this present study. It was worked-up as described in the
experimental section to furnish 6 in a 73% yield.
Compound 6 was then utilized as an essential
building block by coupling it with eight benzaldehyde
derivatives a-h in the presence of tetrahydrofuran (THF)

HOOC

NH,
L
NH;, NH

NH,Cl / EIOH ©: >_(_<

Reflux

Scheme 1. Synthesis of 1-(1H-benzo[d] 1m1dazol-2-y1)-3-methylbutan-l-amme, 6

Table 1. Synthesis of 1-(1H-benzo[d]imidazol-2-yl)-N-(substituted-benzylidene/ketolidene)-3-methyl butan-1-

amine, 7a-k
N
Ej: N i-k / Conc. HCI/ THF a -h f THF N
N N < N
H H / Reflux, 75°C, 3 h Reflux, 70-80°C N N
43— "4 R
7ik R4 1
Rs
Rz
7a-h
Ra
Ent R R R R R Product Yield Elemental Analysis % Calcd. (Found)
n roduc
ry 1 2 3 4 5 (%] C H N
1 H H H - - 7a 61 78.32(78.50) 7.26(7.46) 14.42(14.22)
2 NO. H H - 7b 85 67.84(67.04) 5.99(6.18) 16.66(16.80)
3 Cl H H - - 7c 81 70.04(69.88) 6.19(6.40) 12.90(12.77)
4 H OCH; H ; - 7d 71 74.74(74.82) 7.21(7.39) 13.07(12.96)
5 H H cl . . 7e 79 70.04(70.22) 6.19(6.41) 12.90(12.73)
6 H H OH - - 7f 99 74.24(74.39) 6.89(7.08) 13.67(13.86)
7 H H NMe; - - 7g 80 75.41(75.66) 7.84(7.67) 16.75(16.92)
8 H H NEt; - - 7h 91 76.20(76.14) 8.34(8.14) 15.46(15.71)
9 . - . CH;, CHs 7 57 74.03(74.22) 8.70(8.53) 17.27(17.50)
10 . . § . . \ >_<_< 76 72.27(72.45) 6.06(5.88) 16.86(16.89)
: N
M
Qrk
a
M
H
7j
11 . . - . . N >_(_< 80 78.29(78.50) 9.26(9.37) 12.45(12.67)
N

7k

Me = (CH3); Et = (CH2CH3), Calcd. = Calculated
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for the preparation of 1-(1H-benzo[d]imidazol-2-yl)-N-
(s-benzylidene)-3methylbutan-1-amine, 7a-h, as shown
in Table 1. The reaction of precursor 6 with three distinct
ketones i-k at a refluxing temperature of 75 °C in ethanol
and concentrated HCl catalyst furnished 7i-k as shown in
Table 1. Finally, the coupling of 6 with three derivatives of
aryl sulfonyl chlorides 1-n in sodium carbonate basified
medium at 0 °C to stirring at room temperature furnished
71-n, as shown in Scheme 2.

The
compounds was carried out for structural elucidation of

spectroscopic  characterization of the

the targeted compounds. The spectroscopic methods used
'H-NMR, P"C-NMR, FT-IR, and UV-Vis.
spectrophotometric analyses. The series of products was

involved

represented by 7a for a concise spectral discussion. The
azomethine proton being the most downfield signal in 7a
resonated as a 1H singlet at 8.59 ppm. The most de-
shielded aromatic proton was that of 2H doublet of the
benzenoid nucleus portion of benzimidazole and they
appeared at 7.90-7.88 ppm with a ] value of 9.10 Hz, while
their two neighboring protons on the same benzenoid
nucleus resonated as 1H doublets of doublet at 6.51-6.49
ppm (Ji = 3.52 Hz, J, = 9.10 Hz), and 1H doublets of
doublet at 6.39-6.36 ppm (J; = 3.44 Hz, ], = 9.10 Hz). The
five aromatic protons on the benzylidene portion
resonated as a 3H multiplet at 7.54-7.49 ppm and a 2H
doublet at 7.14-7.12 ppm with a J value of 8.04 Hz. The
1H singlet at 5.87 ppm depicted the presence of NH of
benzimidazole.

Other signals in the 'H-NMR spectrum of 7a
appeared more up-field because they were aliphatic
protons which included 1H triplet at 3.74-3.72 ppm,
followed by two germinal protons seen as 1H (CH. of CH,)

1. NBQCO:;!HQO

doublets of a doublet at 2.02-2.00 ppm and 1H (CHj, of
CH,) which resonated as doublets of a doublet at 1.96-
1.94 ppm. There was 1H multiplet of CH of aliphatic at
1.26-1.21 ppm. The most shielded signal was that of two
chemically equivalent methyl groups, which resonated
as a 6H doublet at 0.87-0.85 ppm with a ] value of 6.60
Hz. The first evidence for completion of the reaction was
the presence of NH, as a doublet at 4.50 ppm in the 'H-
NMR spectral data of precursor 6 which completely
disappeared from this region in the spectrum of 7a but
reappeared at a more downfield region as 1H azomethine
(C=N-H) singlet at 8.69 ppm in the spectrum of 7a.

The "C-NMR spectrum of 7a revealed it to contain
nineteen carbon atoms with chemical shift values varied
from 162.5 ppm to 15.3 ppm. This showed the presence
of twelve CH carbons (162.5-30.0 ppm) and two
chemically equivalent CH; carbon atoms (15.3 ppm) as
positive signals, while the only negative signal at 46.8
ppm revealed that there was only one CH, carbon atom
in the structure of 7a. This showed that the remaining
four carbon atoms (158.3, 154.7, 124.1, 118.0 ppm) were
quaternary in nature.

The IR spectrum of 7a showed the presence of CH
aromatic, CH aliphatic, C=C, C=N as stretching
vibrational bands which appeared at 3056, 2956, 1610,
and 1579 cm™, respectively, which agreed with an earlier
report with different scaffold but similar functionality
[21]. The assignable bending vibrational bands and
fingerprint region in agreement with the structure of 7a
were that 1294 cm™ for C=N, 1070 cm™ for C-N, 923
cm for =C-H and 742 cm™ for Ar-H. The UV-vis chart
of 7a unveiled its first peak at Anox = 209 nm (log Emax =

5.25)
N
C[ S 7l-n

SO,C
N R,
\ +

N NH
H 2

6 R
2 3. 20% HOL.

2. StratQ*Cfor1h
then stiratrt. for5h

N
H NH 7Ry =H.Ry=H
- O\\ Jm: R1 = CH:;. R2 =H
S\\o 70 Ry = H. Ry = CH;
R1
Rz

Scheme 2. Synthesis of N-(1-(1H-benzo[d]imidazol-2-yl)-3-methylbutyl)-s-methylbenzene sulfonamide, 71-n
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which depicted m>m* transition traceable to C=C of the
phenyl ring. The second signal found at Anax = 293 nm (log
Emax = 4.82) was a bathochromic shift ascribable to the
extensive conjugation and presence of C=N of imino
functionality which originated from n->m* transition
exhibited by this auxochrome [22].

The physicochemical properties of the precursor 6
and the targeted products 7a-n were reported to include
molecular formula, molecular weight, melting point, %
yields, and C, H, N analysis (Experimental). All the
products had % yields ranging from 56.58% for 7i to
99.00% for 7f. The result of elemental analytical
determination for C, H, N showed great correlation and
concordance between percentage calculated and
percentage observed with the difference of not more than
+ 0.25 in all the synthesized benzimidazole motifs.

Biological Properties

The in vitro antibacterial properties of the designed
motifs were carried out on four bacterial isolates
comprising of Staphylococcus aureus, Bacillus cereus,
Escherichia coli, and Pseudomonas aeruginosa. The
screening was done alongside that of a typical clinical

standard antibiotic (Gentamicin). The rationale beneath
the choice of Gentamicin as a clinical reference drug was
because of the mode of action, which entails the
inhibition of protein synthesis [23].

The growth of S. aureus was inhibited by all the
synthesized compounds with Z.0.1. ranging from 18.00
+0.06 mm for benzimidazole motif 7a to 31.00 + 0.09 mm
for compound 7i, whereas the Z.O.I. of Gentamicin
against S. aureus was 20.00 £ 0.08 mm (Table 2). The
other gram-positive organism used was Bacillus cereus,
and it has been reported to be the causative agent for
highly devastating non-gastrointestinal-tract infections.
It has also been tagged with most of the food poisoning
cases and secretion of tissue-destructive exoenzymes [24].

However, it is very interesting to note that, out of
the four bacteria, B. cereus had the highest susceptibility
to the efficiency of the synthesized targeted compounds
with zones of inhibition ranging from 35.00 + 0.09 mm
for compound 7g to 43.00 + 0.12 mm for compound 7j,
and these Z.0.I. were twice as large as Z.0.1. from
Gentamicin standard (20.00 + 0.08 mm). It was
discovered that E. coli was resistant to three compounds

Table 2. Result of general sensitivity testing on bacteria with zones of inhibition in (mm)

Comp. No S. aureus (G*) B. cereus (G*) E. coli (G) P. aeruginosa (G-)
6 25.00 £ 0.08 40.00 £ 0.12 22.00 £0.12 20.00 £ 0.09
7a 18.00 £ 0.06 38.00 £ 0.10 21.00 £ 0.09 20.00 £ 0.09
7b 20.00 £ 0.10 38.00 £ 0.09 20.00 £ 0.09 25.00 £ 0.08
7c 20.00 = 0.07 37.00 £ 0.09 22.00 £ 0.09 25.00 £ 0.08
7d 30.00 + 0.10 40.00 + 0.10 R 20.00 £+ 0.08
7e 25.00 + 0.10 37.00 + 0.09 31.00 £ 0.11 30.00 + 0.10
7f 23.00 £ 0.10 40.00 £ 0.15 R 30.00 £ 0.08
78 28.00 = 0.09 35.00 £ 0.09 24.00 £ 0.09 26.00 £ 0.10
7h 29.00 £ 0.08 36.00 £ 0.09 22.00 £ 0.08 23.00 £ 0.08
7i 31.00 £ 0.09 37.00 £ 0.09 21.00 £ 0.09 22.00 £ 0.08
7j 30.00 £ 0.09 43.00 £ 0.12 30.00 £ 0.08 26.00 £ 0.08
7k 30.00 £ 0.10 42.00 £ 0.13 30.00 £ 0.10 26.00 £ 0.08
71 25.00 + 0.10 36.00 + 0.10 R 30.00 + 0.10
7m 30.00 + 0.10 40.00 £ 0.13 29.00 + 0.09 28.00 + 0.08
7n 23.00 = 0.09 40.00 £ 0.12 28.00 £ 0.08 30.00 £ 0.09
Gtm 25.00 = 0.09 20.00 £ 0.08 25.00 £ 0.09 26.00 £ 0.08

S. aureus = Staphylococcus aureus (G*), B. cereus = Bacillus cereus (G*). E. coli = Escherichia coli (G"). P.
aeruginosa = Pseudomonas aeruginosa (G°), Gtm. = Gentamicin. G* = Gram positive, G = Gram negative.

7.0.1. = Zone of Inhibition. R = Resistant.
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7d, 7f and 71, which is probably due to antagonistic effect
of OCHj; and OH as the EDG at meta and para positions
respectively, but susceptible to the rest of the compounds
including the precursor 6 with zones of inhibition varying
from 20.00 + 0.09 mm for compound 7b to 31.00 £ 0.11
mm for compound 7e (Table 2).

Lastly, in vitro screening against P. aeruginosa,
revealed that all the compounds were active on this
organism with the zones of inhibition ranging from 20.00
+0.09 mm for compounds 6, 7a, and 7d to 30.00 + 0.09 mm
for compounds 7e, 7f, 71, and 7n, whereas Z.O.I. of
Gentamicin against this organism was 26.00 + 0.09 mm.
Pseudomonas aeruginosa is an opportunistic organism
with low permeability and is responsible for infectious
diseases in people experiencing altered immune systems,
some of which are burned, HIV, nosocomial and
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neutropenic conditions [25]. Despite virulent possession
in P. aeruginosa and its resistance to many antimicrobial
drugs, it is quite interesting that this organism was
susceptible to all the benzimidazole motifs designed
herein and most of their Z.0.1. were higher than that of
Gentamicin standard antibiotic used.

In addition, the activity index in this study was
measured using the comparative study of inhibition
zones of the synthesized compounds to that of
Gentamicin upon all the organisms used (Fig. 2(a-d)).
The activity index (A.L) of the synthesized compounds
against the growth of S. aureus was presented in Fig.
2(a). It was discovered therein that 47% of the
benzimidazole products (7d, 7g-k, 7m) were more
selective than Gentamicin against S. aureus; 20% of the
benzimidazoles (6, 7e, 71) had similar A.I. as Gentamicin,
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Fig 2. Activity index of the precursor 6 and targeted benzimidazole motifs 7a-n as compared to Gentamicin clinical

standard against (a) Staphylococcus aureus, (b) Bacillus cereus, (c) Escherichia coli, (d) Pseudomonas aeruginosa
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while the remaining 33% (7a, 7b, 7c, 7f, 7n) were less
active than Gentamicin against S. aureus. The activity
index against the B. cereus showed that all the compounds
(100%) were more selective than the Gentamicin (Fig.
2(b)), which buttressed the fact that synthesized
compounds 7a-n had impressive growth inhibitory
activity against B. cereus. Activity index investigation
against gram-negative E. coli unveiled that 33% of the
compounds (7e, 7j, 7k, 7m, 7n) were more selective than
Gentamicin, while the rest of the benzimidazoles were less
active than Gentamicin apart from 20% of them (7d, 7f,
71) where resistance was observed (Fig. 2(c)). Activity
index against P. aeruginosa showed that 33% of the
compounds (7e, 7f, 7l-n) were more active than
Gentamicin (Fig. 2(d)); 20% of the benzimidazole motifs
(78, 7j, 7k) possessed the same activity as Gentamicin
while the remaining 47% of the compounds (6, 7a-d, 7h,
7i) were less active than gentamicin against P. aeruginosa.

Owing to the broad spectrum of activity, a further
effort was made to determine the MIC values using serial
dilution technique [21]. The result of the MIC of the
precursor 6 and final benzimidazoles 7a-n against the
organisms varied from 0.98 + 0.02 to 62.50 + 0.59 pg/mL

(Table 3). The MIC values of the screened motifs against
S. aureus ranged from 0.98 + 0.02 to 62.50 + 0.57 pg/mL
with compounds 7k (MIC = 0.98 + 0.02 pg/mL) being
the most active. For activity on B. cereus, the MIC values
varied from 1.95 + 0.05 to 3.91 + 0.08 ug/mL with all the
screened compounds being strongly active at 1.95 +
0.05 pg/mL except 7a, 7d, 7i (MIC = 3.91 + 0.08 ug/mL)
and 7e (15.63 + 0.14 pg/mL). It was fascinating to note
that among the four organisms, the best activity of the
compounds was experienced on the B. cereus.

The screening against E. coli showed resistance to
the compounds of 7d, 7f, and 71, while motifs 7e and 7k
(MIC =1.95 £ 0.05 ug/mL) possessed the highest activity
against E. coli. The MIC values of the screened compounds
against P. aeruginosa ranged from 3.91 + 0.07 to 62.50 +
0.59 pg/mL with compound 7k and 7n (MIC =391 +
0.07 ug/mL) being the most active on P. aeruginosa. The
concise report from the MIC screened clearly identify
benzimidazole motif 7k to be the most outstanding
molecular target among the series of compound 7a-n;
therefore, can be a hit for the new antimicrobial drug as
compared to the positive control used herein. The
efficiency of the precursor 6 and final products 7a-n was

Table 3. Minimum inhibitory concentration (MIC) of 6 and final products 7a-n (pg/mL)

Comp. No S. aureus B. cereus E. coli P. aeruginosa
6 1.95 +0.05 1.95 +0.04 15.63 £0.15 31.25+0.29
7a 7.81 +£0.09 3.91+0.07 15.63 £ 0.14 15.63 £ 0.14
7b 31.25+0.29 1.95 +0.05 31.25+0.28 15.63 £ 0.15
7c 7.81 +£0.09 1.95 +0.04 15.63 £ 0.14 15.63 £ 0.14
7d 62.50 + 0.57 3.91 +£0.08 N.D. 62.50 + 0.57
7e 15.63 £ 0.14 15.63 £ 0.14 1.95 +0.05 31.25+0.29
7f 1.95 +0.05 1.95 +0.05 N.D. 15.63 £ 0.14
78 1.95 +0.05 1.95 +0.05 7.81 £0.09 62.50 +0.59
7h 1.95 +0.04 1.95 +0.05 7.81 £0.09 62.50 +0.59
7i 3.91 +£0.07 3.91+0.08 31.25£0.29 31.25+£0.28
7j 1.95 £ 0.04 1.95 +0.04 7.81 +£0.09 62.50 +0.59
7k 0.98 + 0.02 1.95 £ 0.05 1.95 £ 0.05 3.91 +£0.07
71 7.81 +£0.09 1.95 +0.04 N.D. 15.63 £ 0.15
7m 7.81 £0.09 1.95 +0.04 15.63 +0.15 15.63 £ 0.1

7n 7.81 £0.09 1.95 +0.05 31.25£0.29 3.91+0.07

S. aureus = Staphylococcus aureus (G*), B. lichenformis = Bacillus lichenformis (G*). P. vulgaris = Proteus
vulgaris (G"). P. aeruginosa = Pseudomonas aeruginosa (G°), Gtm. = Gentamicin. G* = Gram positive, G

= Gram negative, MIC = Minimum Inhibitory Concentration (pg/mL). N.D. = Not Determined
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lowest against P. aeruginosa with very big MIC values of
15.63 to 62.50 ug/mL except for 7k and 7n (MIC =
3.91 pg/mL). This might be due to the presence of ABC
transporters in the hardy cell wall of P. aeruginosa, which
utilized the porins and efflux pumps to pump out some
solution of synthesized compounds herein, immediately
after the administration and before the effective distribution
of the solution of these compounds 7a-n takes place [23].
The minimum bactericidal concentration (MBC)
test was carried out according to a known procedure [20],
and the result was shown in Fig. 3. The MBC in all titled
compounds 6, 7a-n were observed to be two-fold higher
than the MIC against S. aureus and B. cereus and their
MBC varied from 1.95 + 0.04 to 125 * 1.20 ug/mL, which
was an indication that the final benzimidazole products had
better potency as compared with the precursor 6. Against
gram-negative E. coli, the MBC of all the compounds were
two-fold higher than MIC except for precursor 6 wherein
MBC (62.50 + 0.59 ug/mL) was four-fold higher than MIC
(15.63 +0.15 pg/mL). The bioactivity of all the compounds
was least against P. aeruginosa since MBC of three
compounds 6, 7i (125 + 1.20 pg/mL) and 7¢ (62.5 + 0.59
ng/mL) were four-fold higher than their MIC which was
31.25 £ 0.29 pg/mL and 15.63 + 0.14 ug/mL respectively.

Structure Activity Relationship (SAR) Study

In order to optimize the inhibitory potential of
molecules and to understand which residues and

(MBC) pg/m L

Minim um bactericidal concentration

positions that are important for the activity [2,9,20],
series of targeted 2-substituted benzimidazole motifs 7a-
n were herein evaluated for SAR study. Thus, SAR
pattern identification is a crucial endeavor to harness a
better comprehension of the trend of activities of
biomolecules based on the pattern of substitution at the
side chain to the structurally related pharmacophoric
template portion [20]. The series of structurally related
benzimidazole derivatives synthesized herein were
evaluated for the SAR study to ascertain the effect of
substitution pattern and nature of the substituent on the
degree of bioactivity (Fig. 4). The choice of S. aureus as
an organism for SAR discussion was due to its virulent
and stubborn nature, difficulty to treat as well as the
regular trend in the pattern of bioactivity observed as the
moieties’ positions are altered on the ring.

Considering the significance of substituents on the
activity of the benzylidene side chain of benzimidazoles
7a-h based on the MIC values, the order of activity against
the growth of S. aureus was 7f =~ 7g = 7h > 7a = 7¢ > 7e
> 7b > 7d. The clear observation of this trend showed
that the presence of electron donating group (EDG:
-OH, -N(CHs), and -N(CH,CH3s),) at the para-position of
the benzylidene side chain of 7f, 7g, and 7h, led to an
increase in the antibacterial activity. This showed that
the availability of EDGs on the para-position of
benzylidene was an essential criterion for activity
enhancement. On the contrary, there was no significant
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Fig 3. Minimum bactericidal concentration (MBC) result of synthesized benzimidazoles
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Pharmacophonc core -
TU-TU stacking character

7a: R = 2.H; 7Th: R = 2.NOy; 7¢ =20l
7d: R = 3-OCHg; 7e: R = 4-Cl; 7f: R = 4-OH;
7g: R = 4-N(CH3}; 7h: R = 4-N(CH2CHz)

) Hydrophabic side chain
L as source of lipophilicity

N R h Determinant of bioactivity
AEEEd variation via SAR study

Fig 4. Structural moieties responsible for SAR study in the molecular template

bioactivity contribution to the availability of EWG (CI,
NO.) at the ortho- or/and para-position led to the loss of
antibacterial activity against S. aureus. This might be due
to the fact that the depletion of electron density at the site
of reaction led to the binding affinity reduction.
Considering the series of benzimidazole motifs 7i-k,
which had imine obtained from condensation from ketone,
the order of antibacterial activity against S. aureus is 7k >
7j > 7i. The highest activity was noticed in 7k wherein the
imine side chain was formed from a bicyclic ketone
(camphor), which constituted the steric effect followed by
7j, which contained bicyclic heterocyclic ketone (isatin).
Meanwhile, the lowest activity among the three was from
7i which was derived from straight chain, ketone acetone.
Thus, the bicyclic ring system of the imino arms
contributed a significant function in the boosting of
activity, which rendered 7k to be the most active among
7i-k. The n-m stacking character in the benzimidazole core
also worked synergistically for the improvement of the
antibacterial activity [20,26]. According to the activity
behavioral pattern of the series of sulfonamido-based
benzimidazole motifs 71-n against S. aureus, the order of
activity includes 71 = 7m = 7n. Since 7m with ortho-
substitution (2-CH3) and 7n with para-substitution (4-
CH;) had the same bioactivity with 71 that had no
substituent on its benzene nucleus, then the presence of
methyl substituent on the benzene ring of sulfonamido
portion played no significant role in activity change
whether
Benzylidene portion of benzimidazole series 7a-h and

positive or negative against S. aureus.
bicyclic core orientation, as well as -7 stacking character

in benzimidazole series 7i-k, were accountable for

diversity in bioactivity. Finally, no bioactive significant
role could be ascribable to substitution on the series of
benzimidazole with sulfonamide side group in 71-n.

m CONCLUSION

In conclusion, NH,Cl catalyzed approach was
successfully utilized as an environmentally benign
technique for the synthesis of novel benzimidazole
precursor 6 in good yield. In this present study, the 2-
functionalized derivatives of benzimidazole 7a-n were
successfully synthesized. Compound 7k containing
camphor (bulky group) was the most effective
antibacterial agent. Thus, there is a need for further
studies in order to appreciate the therapeutic efficacy
series of titled 2-substituted

displayed by this
benzimidazole motifs.
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Abstract: Poly(N-vinylcaprolactam) (PNVCL) offers superior characteristics as a
thermoresponsive polymer for various potential applications. An attractive procedure,
namely in-situ polymerization, was used to prepare NVCL/clay nanocomposite in
different clay ratios. Organo-modified clay as C20 and B30 were employed in a range
between 1-5% based on weight. Thermogravimetric analysis (TGA) and Fourier
transform infrared spectroscopy (FTIR) were used to study thermal decomposition and to
assess bond conversion during polymerization of the nanocomposite. This research was
conducted to study PNVCL characteristics with the addition of clay as a nanocomposite.
The stretch mode of the carboxylic group (C=0) and (C=C) was present in the band range
about ~1635 cm™ for the C20, but it was ranging between 1640 to 1664 cm™ for the B30
of the nanocomposite. It was observed that the decomposition was different for each type
of organoclay and the temperature peaked at 30 to 800 °C, to measure the degradation
points at 5, 10, and 50%. Comparison results for FTIR and TGA showed that the best
nanocomposite was found in the C20 (3%) case.

Keywords: polymer; clay; nanocomposite; thermoresponsive; polymerization; thermal

= INTRODUCTION

In general, the term stimuli-responsive polymer can
be described as the chemical or physical changes of
polymer responses to a small external variation in
environmental conditions [1-2]. Electric or magnetic
scope, mechanical stress, and temperature are physical
stimuli that critically affect and mutate molecular
interactions. While the change in interaction at the
molecular level between polymer chains is a chemical
stimulus, which includes ionic factors, chemical agents
and pH [3]. Research by the pharmaceutical and
biological fields showed that, between all stimuli-
responsive polymers, temperature responsive polymers
have the most significant attention because most of the
diseases that appear due to a change in temperature are
vital physiological factors in the body [4-6]. Furthermore,
an attractive development was also shown for various
applications, such as bioseparation platforms [7], tissue
engineering [8], artificial muscles [9-10], environmental
issues [11] and sensors [12-13].

Poly(N-isopropylacrylamide) (PNIPAM) and
poly(N-vinylcaprolactam) (PNVCL) are the most
popular thermoresponsive polymers due to their lower
critical solution temperature (LCST) which is about
33°C [14-16]. PNVCL is reported to have characteristics
such as biotoxicity, biocompatibility, and solubility
unlike PNIPAM [17]. The actual interest from the
comparison is that PNVCL is more promising for
bioanalytical and biomedical applications [18]. When
utilized in medical or bio-related applications, the
important factors for PNVCL are biocompatibility,
macro-porosity, thermal and mechanical properties
[19]. For instance, the mechanical characteristics
enhancement produces PNVCL that is robust enough
for scaffolds of tissue engineering and artificial cartilage
[20-21] also, the macrospore structure is able to provide
spaces for cell culture [22]. Therefore, it is a great
technological significance when the mechanical, macro-
porosity and other properties of the PNVCL are
developed.
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Table 1. Chemicals and materials utilized for the synthesis process

Chemicals Formula Purity Phase Source
Monomer CsHisNO 98% S Aldrich
Initiator (CHs3),C(CN)N=NC(CHj3),CN  98% L Aldrich
Hexane CsHia 99% L Aldrich
Diethyl ether (CH;CH,),0 99.7% L Aldrich
Cloisite C20, B30 Material S powder Chemical lab
distilled water H,O 99% L Chemical lab
Ammonium hydroxide NH,OH L Merck

It is known that monomer N-vinyl caprolactam
(NVCL) has poor solubility in aqueous solution;
therefore,  polymerization

usually  happens in

alcohol/water mixed solution, and small chemical
molecules are used for cross-linking [23]. In this scope,
Makhaeva et al. [24] synthesized PNVCL, and it was
found to have a good thermo-sensitivity and
polymerization occurred via methylene bisacrylamide
(BIS) as chemical cross-linker in ethyl/water mixed
solution. Commonly, PNVCL is chemically cross-linked
by BIS characteristic with poor mechanical properties due
to variation in reactivity among the cross-linker and the
monomer [25].

Imaz and Forcada, Kloxin et al. [4,26] attempted to
advance PNVCL mechanical properties by using other
cross-linkers such as poly(ethylene glycol) diacrylate
(PEGDA) and ethylene glycol dimethacrylate (EGDMA)
to produce homogeneous polymeric networks. Schweikl
et al. [27] also recently approved the cytotoxicity of both
organic chemical cross-linkers. For physical cross-linkers,
Loos et al. [28] used silica particles to prepare PNVCL by
interacting with the hydrogen bonds between the PVCL
carbonyl functions and silica particles in a sol-gel process.
However, PNVCL preparation modality cannot stimulate
macro-porosity in a polymeric matrix; therefore, silica
cross-linked PNVCL

applications [29]. Substantially, the fabrication and

nanocomposite has limited
enhancement of PNVCL properties are still challenging.
As mentioned before, the drawback in the previous
studies were poor mechanical properties and cytotoxicity
for most of the chemical cross-linkers. Therefore, in this
work, a novel thermoresponsive polymer PNVCL/clay
prepared by in-situ

nanocomposite  was using

polymerization depending on clay nanosheets safety as
approved by the cytotoxicity test [30-31].

m EXPERIMENTAL SECTION
Materials

N-vinyl caprolactam (VCL) was purchased from
Sigma Aldrich with a molecular weight of 139.19 g mol™,
while, a,a’-Azoisobutyronitrile, AIBN (Sigma Aldrich)
was used as an initiator. Cloisite C20 and B30 bought
from Sigma Aldrich and Hexane (Merck) were used as a
solvent. The chemicals and materials employed for
synthesis the nanocomposite are represented in Table 1.

Procedure

Preparation of PNVCL/clay nanocomposite
PNVCL/clay nanocomposite investigated in this
study was prepared by free-radical polymerization by
using clay nanosheets as cross-linking agents. Two kinds
of organoclays including C20 (Cloisite®20A, dimethyl
dehydrogenated  tallow quaternary ammonium
(2M2HT)-MMT) and B30 (Cloisite®30B, methyl tallow
bis-2-hydroxyethyl quaternary ammonium
(MT2EtOH)-MMT). Before synthesis, the clay (C20 or
B30) was dried overnight at 70 °C in a ventilated oven to
intercalate the clay layers. A magnetic stirrer linked to a
condenser was fixed, then the flask was vacuumed. A
of PNVCL/clay
nanocomposite gel can be described as follows: the

typical preparation procedure
desired amount of clay (1-5%) was put in a 100 mL
three-neck flask mixed with 5 g of NVCL and 30 mL of
hexane at 50 °C for 1 h. To start polymerization, the
solution was heated at 60 °C then 1 mL of AIBN was

dissolved in a 10 mL of hexane and injected into the
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solution by using a syringe. After a wash with methanol
and water (1:1) to remove the unreacted chemicals, the
PNVCL/clay nanocomposite was dried in the vacuum
oven to obtain a yellowish gel.

Characterization

To identify the bonding structure between the clay
particles (C20 and B30) and monomer in the in-situ
polymerization, FTIR spectrometer was utilized [32].
Nicolet (Avatar 370 DTGS) was used with a resolution of
4 cm™ from 4000 to 400 cm™. To increase the signal to
noise ratio, each spectrum was taken as an average of 64
scans. TGA measures the amount and rate of change in
the weight of a material as a function of temperature or
time [5,21,33]. The technique can characterize materials
that exhibit weight loss or gain due to decomposition,
oxidation or dehydration. Samples curves were plotted
with the mass change expressed in percent versus
temperature or time. Each sample weighted 10 mg and
was heated from 30 to 800 °C at 5 °C/min under nitrogen.

m  RESULTS AND DISCUSSION

PNVCL/clay nanocomposite and NVCL were
analyzed by using FTIR to detect if polymerization had
occurred. From the NVCL monomer spectrum, amide
group (C=0) at 1624 cm™" was detected and C-C observed
at 1430 cm™ was presented to the aliphatic group in the
caprolactam ring. Moreover, a further characteristic of
C=C peak appeared at 1648 cm™ and C-H stretching

(a)

Transmittance {a.u.)

band was observed at 3108 cm™ in correspondence with
studies by Lee et al. and Halligan et al. [8,34].

To ensure polymerization was achieved, i.e., C-H
and C=C bands disappeared in the vinyl group of the
NVCL monomer; NVCL/C20 (3%) case was
investigated. Fig. 1(a) exhibits the NVCL/C20 spectra
new peaks that were not typically associated with
PNVCL from the literature as the clay was affected. The
C-H stretch bond peaks in the range of 2852-2936 cm™
corresponded to hydroxyl (C-H) group present on the
composite surface [35]. The band, centered at ~1635 cm™,
represents the stretch mode of the carboxylic group
(C=0) [36]. The presence of the above-mentioned

carbonyl group indicates that organoclays are
chemically linked to the polymer through hydrogen
bonding, thereby, forming the polymer/clay

nanocomposite. The interaction increases with the
increase in the ratio of C20 in NVCL, thus, confirming
NVCL/C20 polymerization within the organically
modified galleries of Cloisite C20 (Fig. 1(b)).

The vibrations related to hydrogen bonding were
observed at a range of 1542-1686 ¢cm™, found more
intense with the increasing percentage of organoclay in
the nanocomposites matrix (PNVCL - C20), as
compared to neat PNVCL [37]. Furthermore, nanoclay
(Cloisite C20) has OH groups on its surface and
according to the hypothesis of Ross et al. they might
interact with -NCO groups of the isocyanate [38].

(b}

Transmittance (a.u.)

1632

4000 3600 3200 2300 2400 2000 1600 1200 800
Wavenumber {cm™}

4000 3600 3200 2300 2400 2000 1600 1200 800
Wavenumber {cm"}

Fig 1. FTIR spectra of: (a) NVCL/C20 (1-5%), (b) PNVCL, NVCL, and NVCL/C20 (3%)
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4000 3600 3200 2800 2400 2000 1600 1200 8300
Wavenumber {cm™)

Fig 2. FTIR spectra of: (a) NVCL/B30 (1-5%), (b) PNVCL, VCL, and NVCL/B30 (1%)
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Fig 3. TGA derivative curves for PNVCL and NVCL/C20
(1-5%) nanocomposite

B30 effect on the nanocomposite surface based on
the FTIR measurements in five ratios are shown in Fig.
2(a). It is clear that the B30 is present in the
nanocomposite produced in this study. The C-H stretch
band peaks in the range of 2832-2942 cm™ corresponded
to hydroxyl (C-H) group present on the composite
surface. The stretch mode of the carboxylic group (C=0)
and (C=C) was present in the band range between 1640 to
1664 cm™ [39]. Fig. 2(b) shows the C=0 peak shifting
from 1640 cm™ of NVCL to 1656 cm™ of NVCL/B30,
representing clay intercalation in the nanocomposite. The
vibration bands observed for different PNVCL-clays
ratios at about wavenumber 1000 to 1100 cm™ as shown
in Fig. 2(a) were due to Si-O stretching and this results
corresponding with the study by Sarkar et al. [40].

100 — PWNCL
— B 1%
\ B30 7%
a0 - B30 3%
—— B3 4%
g \ B3 5%
3 il '.I
= \
40 "
20
0

0 100 200 300 400 500 600 700
Temperature {°C)

Fig 4. TGA derivative curves for PNVCL and
NVCL/B30(1-5%) nanocomposite

Results of the TGA weight loss profile of the
polymer/clay nanocomposite dried powder samples are
shown in Fig. 3 and 4. Organo-modified C20 and B30
were used in this study as a clay. Weight loss occurred
when the sample was heated from 30 to 800 °C. The
curves in the figures designate the percentage of weight
loss with the effect of temperature increase. It can be
observed that the weight loss behavior for all samples
was huge. Three regions were selected in the TGA
pattern for all samples in Fig. 3 and 4. In the first region,
the degradation of the mass was very sharp at the
temperature range between 100 to 170 °C as shown in
Fig. 3 but in Fig. 4 was ranging from 90 to 150 °C. This
is due to the loss of the weakly bound OH group and
physically adsorbed water from the samples [41].
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Table 2. TGA data for PNVCL and nanocomposites under nitrogen flow

Temperature/°C at mass loss

Residue % at

Sample 5% 10% 50% 500 °C 600 °C
PNVCL 53.24 81.01 147.14 1.16 0.43
NVCL + 1% (C20) 66.95 93.87 147.80 237 0.90
NVCL + 2% (C20) 37.54 56.84 141.88 3.06 1.47
NVCL + 3% (C20) 42.93 61.88 141.94 2.44 1.60
NVCL + 4% (C20) 42.01 60.54 139.08 409 2.96
NVCL + 5% (C20) 71.18 94.21 144.72 5.84 431
NVCL + 1% (B30) 60.38 92.52 148.66 2.62 0.62
NVCL + 2% (B30) 58.06 86.58 141.57 217 0.58
NVCL + 3% (B30) 59.49 82.83 143.97 2.95 1.24
NVCL + 4% (B30) 59.05 86.08 143.19 477 3.11
NVCL + 5% (B30) 56.93 82.40 146.16 5.28 3.56

Meanwhile, the degradation of the total weight of the
samples ranged from 60 to 95% as shown in Fig. 3, as well
as the degradation, was ranging from 56 to 80% as shown
in Fig. 4. This behavior appeared in all clay types (C20 and
B30). In the second region, the gradual change of weight
at a temperature between 170 to 450 °C for C20 and 156
to 400 °C for B30 corresponded to the removal of organic
further
polymerization of the monomer network [42-43]. The

clay residues, interlayer anions and
third region showed the lowest weight loss at a
temperature above 500 °C due to the strongly bound
interlayer anions and removal of the OH group from the
sample for both clay types (C20 and B30) as shown in Fig.
3 and 4. The thermograms in Fig. 3 and 4 show that, after
an initial loss of 20% of the original weight, there is an
almost total rapid degradation of the pure PVNCL and the
nanocomposites in the range from 170 to 450 °C. For the
decomposition of the nanocomposites around 15-30% is
left, probably corresponding to the remaining clay and
polymer ashes [42].

Comparison of weight loss through TGA for all
nanocomposite samples obtained from polymer/clay
polymerization is shown in Table 2. Temperature at
weight loss 10 and 50%, and residue at 500 and 600 °C are
also presented in Table 2. It can be clearly observed that
the percentage of residue increases with the increase in
clay ratio from 1 to 5% in the nanocomposite. When the
temperature increased to 600 °C, the polymer residue was

0.425%. On the other hand, when C20 clay was used, the

nanocomposite residue ranged from 0.9 to 4.31% based
on the increase in clay ratio. The nanocomposite residue
increased from 0.618 to 3.560% with the increase of B30
ratio at a temperature of 600 °C. This is ascribed to the
continued elimination of strongly bound anions and a
small contribution of the OH group.

m CONCLUSION

In  summary, a novel biocompatible
thermoresponsive PNVCL-Clay nanocomposite was
fabricated, and the successful polymerization
conformed to the data via FTIR and TGA. This study
allows a much greater understanding of the C20 and B30
intercalation based on the polymer systems that were
influenced by the weight ratio. On the basis of the FTIR
spectrometer; the shifting of the PNVCL/C20
characteristics and PNVCL/B30 peaks, it can be
concluded that the C20 layers intercalation had taken
place at NVCL interior more than that of B30. FTIR
results confirmed the inclusion of clay in the polymer
matrix. Mainly, intercalated composites were obtained.
Furthermore, when C20 was used, the NVCL/C20
nanocomposite residue ranged from 0.9 to 4.31% based
on the increase in clay ratio per weight. Besides that, the
NVCL/B30 residue at a temperature of 600 °C also
increased from 0.62 to 3.56% with the increase in ratio.
The nanocomposites exhibited improvement in thermal
stability as determined by TGA, mainly due to its

intercalated structure. TGA data showed that the with
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higher clay loadings the depolymerization stage becomes
less important, suggesting that the clay affects the
mechanism of thermal degradation.
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Abstract: The aim of this research was to characterize and analyze the formulation of
emulsified modification bitumen (EMB) as well as the industrial wastes used in the
formulation. Bitumen being a non-renewable product with severe environmental issues
arising lately led to the use of industrial wastes such as plastic and recycled base oil in this
research. Physical characteristic studies were performed to analyze the decomposition
temperature, boiling point, flash point, density, moisture content, element content in
waste plastics, and flowability of bitumen emulsion. Eight ratios of modified bitumen
were formulated and compared with the industrial grade bitumen. The modified bitumen
with a penetration value of 103 mm and softening value at 49 °C was chosen for the
emulsification process where three emulsifiers were added into the mixture of bitumen
and water. These samples were compared with the industrial bitumen emulsion. From
the analysis, the formulated emulsion was obtained from a mixture consists of 20%
bitumen, 7% polymer, and 73% recycled base oil.

Keywords: bitumen; non-renewable; Emulsified Modified Bitumen (EMB); polyethylene;

recycled base oil

m INTRODUCTION

Bitumen is a thermoplastic material widely used in
roofing, waterproofing products, and road construction
applications [1]. The current world bitumen consumption
is estimated to be 102 million tons per year of which 85%
is used as a binder for pavements, 10% for roofing
applications, and the rest is used for other purposes [2].
Bitumen emulsion, on the other hand, is a mixture of
bitumen, water, and emulsifier which was used to provide
breaking of bitumen into smaller particles, allowing the
dispersion of bitumen suspended in the liquid [3]. It is
widely used in various surface treatment applications,
including micro surfacing, slurry seal, and chip seals.
These are recognized to be the most promising techniques
among various preventive pavement maintenance
treatments [4]. The global market size for bitumen is
expected to surpass USD150 million by 2024 [5].

In Malaysia, the urge to solve the environmental
urbanization,

issue is  getting crucial. Rapid

industrialization, and increasing population have worsened

the situation. In 2003, the average amount of MSW
generated in Malaysia was 0.5-0.8 kg/person/day and it
has increased to 1.7 kg/person/day in major cities [6]. A
survey made by Kathirvale et al. [6] concluded that plastic
is the second biggest contributor to wastes generated in
Kuala Lumpur at around 11-26% after food and organic
waste at 30-54%. Moreover, Environmental Protection
Expenditure (EPE) 2014 was reported to the tune of
RM2.244 billion with the manufacturing sector being the
highest contributor to this EPE at RM1.619 billion [7].
Wastes such as polyethylene and recycled base oil can be
used to formulate modified bitumen and essentially with
the help of suitable emulsifier, can produce emulsified
modification bitumen (EMB). The formulated EMB will
be used for insulation and coating of a building.

The EMB formulated from wastes will help to
decrease many environmentally threatening aspects
such as lowering the energy consumption and level of
CO; emission to the environment during construction
works [8]. Besides, bitumen emulsion presents a much
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lower viscosity and can be applied at a temperature as low
as 80 °C. A conventional binder is sprayed at 160-200 °C
so there is a much more additional risk of fire and
explosion [9]. Since the beginning of the evolution in
recycling technology, many studies involving EMB
formulations and applications have been conducted and
published. However, not much waste was used and
limited in terms of its application. Carrera et al. [9] stated
that using recycled polyethylene by up to 5 wt.% improved
the bitumen performance at high service temperatures of
60 °C. Carrera et al. [10] claimed that a higher content of
polymer of 4 wt.% enhanced the resistance to permanent
deformation at approximately 60 °C compared with the
standard nonmodified bituminous emulsions. Cai et al.
[11] reported the use of nonrecycled styrene-butadiene-
styrene (SBS) at 3-5 wt.% by dissolving it first in toluene.
Some properties improved such as thermal stability,
adhesion property with aggregates, and better crack
resistance compared with those of pure bitumen
emulsion. The past research has been focusing on using
one type of waste only and particularly for surface
dressing application on road constructions. Besides, in
this past few years, fungal and mold growth in the
operation theatre in hospitals has become a major
problem in the health sector [12]. It is produced when the
vapor from the air conditioner units turns to liquid, and
this wet condition leads to the growth of fungi on the wall.
These pathogens can enter human bodies via inhalation,
ingestion, and skin contact [13]. It can be life-threatening
as it may affect the respiratory system of patients and
contaminate the facilities used to treat the patients. So, it
is important to produce waterproofing surface dressing
known as EMB that can be used both for road
construction and building surface dressing to prevent
fungi contamination in health sector along with the aim
to reduce wastes in Malaysia.

m EXPERIMENTAL SECTION
Materials

The bitumen grade 80/100 supplied by industry has
been used to mix with waste materials. Industrial bitumen
emulsion used to compare between formulated bitumen
emulsions was obtained from Selangor. High density

polyethylene and polystyrene wastes having a melting
point in the range of 125-148 °C and moisture content
range from 0.27 to 0.78% were from landfills. Three types
of recycled base oil collected from Kemaman, Banting
and Kuantan and the waste sludge collected in Kemaman.

Procedure

The modified bitumen was prepared by using an
IKA C-MAG HS 7 mechanical stirrer consisting of a
three blade stirrer. This device was operated at 500 rpm
for 3 h at a blending temperature of 180 °C. Then, HDPE
polymer, recycled base oil, and bitumen were added at
80, 60, 40, and 20 wt.%. Next, bitumen emulsion was
prepared by using the same device. Three different types
of chemical emulsifier were then mixed with the
modified bitumen at an operating temperature of 70 °C.

Sample analysis such as TGA was performed to
and the
composition in a sample. This analysis measures the

determine the decompose temperature
weight loss percentage of a test sample while heated at
increasing 10 °C/min until approximately 900 °C under
inert gas 2.5 mg pf test specimen is weighed and the loss
in weight over specific temperature ranges provides an
indication to the composition of the sample. This test
was carried out using TA Instruments TGA Q-500.
Moisture content was performed using A&D MS-
70 moisture analyzer by calculating the loss of weight on
drying process employed to extract and measure the
moisture in each sample. The sample is placed on a
weighing pan located in the drying chamber then the
drying closed. A
temperature at 130 °C is entered. The instrument

chamber is standard drying
calculates the moisture content by comparing the initial
weight of the sample to the weight after complete drying.
The average complete time is below 5 min for solid
sample and 1 h for sludge and emulsion.

X-ray Fluorescence (XRF) Spectrometry was
carried out to determine the elemental composition of a
sample. Each element present in one sample will
produce a set of characteristic fluorescent X-rays when
it was excited by an external energy source which in turn
categorizes the energy by its element. First the sample is
filled in the specimen cup. The analysis is started after
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standard data is collected. The X radiation illuminates and
excites the sample which in turn emits X-rays along with
spectrum of wavelengths characteristic to atoms present
in the sample. It is conducted using SEA XRF-2000R.
Penetration test was conducted using an automatic
penetrometer to determine the bitumen grade. The
apparatus used include penetrometer with a needle, timer,
sample container, and thermometer. The melted sample
was poured into the metal container and allowed to air cool
for 45 min. Then the sample was placed in the water bath
at 25 °C for about 1 h. After that, the needle was assembled
at the penetrator and was positioned until the tip contacts
with the surface of the sample. The needle holder was then
released for 5 sec. The reading shows the depth of the
needle penetrating the sample indicating its grade.
Softening point test is used to measure the softening
point of a bitumen sample including shouldered ring, ball
cantering guide, ring holder and assembly, beaker,
thermometer, and hotplate. The heated sample was poured
into two shouldered rings and allow to a cool in ambient
temperature for at least 30 min. Then the rings were put
in a water bath for 1 h at 25 °C and once cooled, the sample
was immersed in the bath and placed in a freezer at 15 °C
for 45 min. After that, the apparatus with rings, ball, and
thermometer in the bath was assembled. While the bath
was heated from below by a hotplate, the temperature of
the bath was recorded every minute until the sample softens
and slightly touches the bottom of the ring apparatus.
Parallel plate geometry in dynamic shear rheometer
TA Instruments Ares-G2 was used with a 5 mm diameter
mold and 1 mm binder gap. Temperature sweep testing
was performed in oscillatory mode at a fixed frequency of

1.6 Hz and at temperatures varying from 30-78 °C.
From these, complex modulus (G”) was determined. In
temperature sweep testing the amplitude and frequency
were kept constant while manipulating the temperature.
First, the sample was heated and poured on the test
plates. The initial, final temperature and ramp of the 5s
are entered. Then the test is started after the desired
initial temperature is achieved at +0.1 °C.

m RESULTS AND DISCUSSION
Raw Material Characterization

Table 1 summarizes all analysis involved in which
melting point value was obtained from differential
scanning calorimeter and residue of plastic was by
thermogravimetric analysis. In order to formulate
bitumen, the oil needs to have a high flash point as this
experiment is conducted at a maximum temperature of
180 °C; and the oil was used as the medium for the
polymer to melt [14]. Base oil 3 is chosen because it has
a stable supplier besides of its high temperature. Also, to
compare in term of density, a highly dense base oil 3 is
chosen as it easily tolerates with the polymer in the
mixture. Amongst the three polymeric material, High
Density Polyethylene (HDPE) 1 sample has the least
moisture content of 0.266% followed by HDPE 2 sample
at 0.389% and polystyrene sample at 0.757%. Furthermore,
the melting point of each sample needs to be determined
so that the method developed for this work will ensure
all material used is melted accordingly based on the
temperature. To compare the material in term of
residue, HDPE 1 has the least residue of 0.1026% while
HDPE 2 has the highest residue at 2.606%. It is easier for

Table 1. Summary of analysis done on different raw materials

Sample Flash Point Density Moisture Melting Residue
(°C) (kg/m?) Content (%) Point (%) (mg)
Base oil 1 1325 0.9304 1.019 - -
Base oil 2 20.0 0.8070 0.504 - -
Base oil 3 65.0 0.8720 0.311 - -
Sludge 145.5 1.1831 14.479 - -
HDPE 1 - - 0.266 125.72 0.1026
HDPE 2 - - 0.389 123.75 2.6060
Polystyrene - - 0.757 147.79 0.1200
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a material containing less amount of filler to undergo
depolymerization process while being heated and mixed
with the bitumen. So, base o0il 3 and HDPE 1 was chosen
as the raw materials for bitumen formulation.

X-Ray Fluorescence (XRF)

Elements such as chromium, calcium, tin, and sulfur
are added to the polymers as fillers, stabilizers and
pigments. These elements are used in order to improve
the durability and flexibility of polymer but often it does
not chemically bond with molecules of plastic rather than
only to create a suspension in plastic thus may dislodge
from plastic matrix over time [15]. Table 2 depicts the
highest element in HDPE 1, HDPE 2 and polystyrene are
Ti at 88.46%, P at 44.16% and Ca at 59.71% respectively.
The same elements exist in the three plastics are C, P, S,
Ca and Fe in which HDPE 2 contained the highest
concentration of P whereas polystyrene contained the
highest amount of Ca. Besides that, polystyrene has four
extra elements namely K, Cu, Mo, and Al. It is because
polystyrene is a different type of plastic compared to
HDPE 1 and HDPE 2 as both of it came from the same
polymer group. The extra elements exist in polystyrene
compared to the other two plastics may be caused by their
different applications. Roads and Maritime Services [16]
and Munera and Ossa [17] stated that polymer-modified

bitumen grades only consist of elastomeric and

plastomeric plastics such as rubber, polyethylene,
styrene-butadiene-styrene, and ethylene vinyl acetate.
The extra elements exist in polystyrene are expected to
not contribute positive influence in bitumen properties.

Characterization Formulation of Modified

Bitumen

Table 3 shows eight modified bitumen formulation
in different ratios of bitumen, HDPE and recycled base
oil. The samples were then analyzed using standard
bitumen test which is penetration and softening point
test also thermogravimetric analysis following American
Standard for Testing and Materials (ASTM) to compare
the formulated bitumen with industrial grade bitumen.

Penetration Test (ASTM D5)

Bitumen grade is classified based on its penetration
value. This value will determine its suitability for every
application. In road construction, lower penetration
grades were chosen in high temperature regions to
prevent grease softening while higher penetration grades
were used in colder regions to limit the cracking
deformation [18]. For bitumen emulsion purposes, the
grade of bitumen will affect its setting time when applied
on a surface. The rapid setting is used for surface
dressing, the medium setting is used for patch repairs
work, and slow setting type of emulsion is used during

Table 2. XRF measurements for elements of three plastics (as percentage)

Concentration (%)

No Elements
HDPE 1 HDPE 2 Polystyrene

1 C 0.879 0.114 1.18
2 P 4.74 44.16 13.87
3 S 2.34 7.16 2.25
4 Ca 1.32 20.29 59.71
5 Fe 0.37 2.88 5.82
6 Cl - 5.61 2.59
7 Ti 88.46 - 1.09
8 Si 2.16 - 9.30
9 Zn 0.41 - 1.05
10 Pd - 1.71 -

11 K - - 0.98
12 Cu - - 0.57
13 Mo - - 0.37
14 Al - - 2.42
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Table 3. The ratio of modified bitumen formulation (of 220 g)

Ratio weight (wt.%)  8:0.7:1.3  8:0.5:1.5 6:0.7:3.8 6:0.5:3.5 4:0.7:5.3 4:0.5:5.5 2:0.7:7.3  2:0.5:7.5
Sample code A B C D E F G H
Bitumen 176.0 176.0 132.0 132.0 88.0 88.0 44.0 44.0
HDPE 15.4 11.0 33.0 22.0 15.4 11.0 15.4 11.0
Recycled base oil 28.6 33.0 55.0 66.0 116.6 121.0 160.6 165.0
rainy season. Based on the result shown in Fig. 1, the 300 277

lowest and the hardest grade of bitumen was at ratio
8:0.7:1.3 (A) which contained 80 wt.% in bitumen, 7 wt.%
in HDPE and 13 wt.% in recycled base oil whereas the
highest and the softest grade of bitumen was at ratio
2:0.5:7.5 (H) containing the least amount of bitumen at 20
wt.%. From Fig. 1, the closest penetration value is
obtained from sample G by the difference of 18 mm. This
shows the recycled base oil and bitumen contained
completely influence the grade of bitumen.

Softening Point Test (ASTM D36)

This softening value shows the temperature of the
bitumen attaining a particular degree of softening point
under the test specifications [19]. The softening point also
indicates the grade of bitumen with a higher softening
point is suitable for high temperature application. From
Fig. 2, a lower content of bitumen gave a low softening
point. It shows the sample ratio at 2:0.5:7.5 (H) was the
softest compared to others thus higher in temperature
susceptibility. Out of all the samples, the sample by ratio
8:0.7:1.3 (A) attained the highest softening point meaning
it is suitable in a warmer climate; it will not flow during
service. This can be related by the least amount of recycled
base oil since it was used as the medium to melt the
polymer. From Fig. 2, modified bitumen G has the closest
softening value to the industrial grade with a difference of
0.9 °C.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was carried out to
determine a thermal characteristic of materials such as
thermal stability, degradation temperature, and residue
left at the end of the analysis. Table 4 shows TGA results
obtained at a heating rate of 10 °C/min for pure bitumen
and different ratios of bitumen, HDPE and recycled base
oil. According to the result, pure bitumen has the highest
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Fig 2. Graph of softening value against eight modified
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thermal stability at 896.0 °C while modified bitumens
are in the range of 895.8 to 893.3 °C. Also, the residue
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Table 3. Thermogravimetric analysis result

No  Sample

Weight change and temperature

subjected to sample

Decompose
temperature (°C)

1 A

40.9% drop from 100 to 350 °C
47.6% drop from 350 to 500 °C
8.9% drop from 500 to 700 °C
Residue is 0.27 mg

895.8

23.6% drop from 100 to 380 °C
47.6% drop from 400 to 520 °C
Residue is 1.38 mg

893.3

54.1% drop from 100 to 400 °C
37.0% drop from 400 to 480 °C
Residue is 0.091 mg

893.5

39.9% drop from 100 to 380 °C
45.4% drop from 380 to 520 °C
Residue is 0.606 mg

893.6

53.9% drop from 100 to 400 °C
34.5% drop from 400 to 500 °C
Residue is 0.090 mg

894.2

33.9% drop from 100 to 380 °C
32.9% drop from 380 to 520 °C
Residue is 0.201 mg

894.2

79.8% drop from 100 to 400 °C
15.9% drop from 400 to 500 °C
Residue is 0.087 mg

894.0

57.2% drop from 100 to 400 °C
30.0% drop from 400 to 520 °C
Residue is 0.244 mg

893.9

9 Industrial grade

32.29% drop from 100 to 350 °C
38.05% drop from 350 to 500 °C
29.36% drop from 500 to 600 °C

896.03

101

Residue is 0.013 mg

content of pure bitumen at the end of analysis is 0.013 mg
which is less than modified bitumen that has residue in
the range of 1.38-0.087 mg. Lower residue content
indicates material possess lower evaporation and higher
stability against heat. The closest modified bitumen that
has approximately the same final residue are the samples
with a ratio (C) 6:0.7:3.8, (E) 4:0.7:5.3 and (G) 2:0.7:7.3.
Farahani [20] reported the use of the polymer in bitumen
to increase its stability against heat meaning polymer
modified bitumen should have less residue content about
0.62 mg lesser than pure bitumen. So in this case, the
recycled base oil affects the result by at least 0.074 mg
higher than pure bitumen. Thus, it is shown that the
degradation temperature and residue of all modified
bitumen did not deviate much from pure bitumen.

Characterization Formulation of Emulsified
Modification Bitumen

One ratio of modified bitumen among the eight
total formulations was chosen based on the penetration
and softening point value. The best ratio of formulation
which resembles the industrial grade bitumen is 2:0.7:7.3
(bitumen:HDPE:used oil). This ratio was then emulsified
by using three different emulsifiers and undergoes
moisture content, rheology analysis and comparison
with industrial grade bitumen emulsion in order to
decide which formulation is the best.

Moisture Content Test

Moisture content is one of the analyses needed to
be performed on the bitumen emulsion product as one
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of the quality control measures. Table 5 shows the result
of moisture content in comparison with the industrial
bitumen emulsion obtained from Selangor. There are three
different emulsifiers used in this experiment. The only
difference of BE 1, BE 2 and BE 3 was the emulsifier used
to mix it with water. Initially, the same polymer modified
bitumen with a penetration value of 103 mm was used
during the emulsification process. So from Table 5, BE 1
has the lowest content of moisture whereas BE 3 contains
the highest amount of moisture. The closest amount of
moisture content with the industrial grade is BE 2 at
approximately 51.12%. The moisture content is related to
its viscosity where low moisture content indicates a higher
viscosity. In all applications, the viscosity of the emulsion
is important, because too viscous emulsions will be less
pumpable and too much fluid the emulsions may not
form thick films especially in road applications [21].

Rheology

Fig. 3 shows isochronal plots of complex modulus
(G*) versus temperature at 10 Hz loading application on
samples of bitumen emulsion containing different ratios
of polymer and recycled base oil. These samples are
emulsified by using three different emulsifiers which are
two anionic and one cationic emulsifier. It can be seen
from Fig. 4 that amongst three bitumen emulsions, BE3 is
much comparable to industrial grade bitumen emulsion
which results in increased stiffness value. Normally at low
service temperatures, G* value will have small increases
causing the slope of the complex modulus isochrones to
decrease, and at high service temperature, G* will be
incrementally larger [4]. So by comparing both curves (BE3
and industrial grade bitumen emulsion), it shows BE3 is
having some improvements in temperature susceptibility
thus indicate it could perform better at average service
temperatures while showing a shoulder at 100 °C.

Table 5. Moisture content value in bitumen emulsion (%)

Sample Moisture Content (%)
Industrial BE 43.37
BE1 31.03
BE 2 51.12
BE 3 55.85

Note: BE: Bitumen emulsion
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Fig 3. Graph of complex modulus (Pa) against
temperature (°C)

m CONCLUSION

From several analyses done to the industrial wastes
from bitumen conventional analysis on penetration and
softening tests, it was found that modified bitumen
formulation with a ratio of 2:0.7:7.3 resembles an
industrial bitumen but with higher penetration value at
103 mm and softening point of 0.9 °C higher than that
of the industrial bitumen. It shows that the modified
bitumen has a higher ability in terms of temperature
susceptibility. The moisture content analysis done on
the bitumen emulsion showed that the amount of
moisture content in BE2 was 7.75% higher than the
industrial bitumen emulsion. Higher moisture content
results in an easier pumping during its application. From
the TGA result, the recycled base oil in the formulation
gave some effects to the thermal stability of the modified
bitumen since it gave lesser residue content of
approximately 0.62 mg as polymer will yield higher
stability against heat. In the rheology test, BE3 showed
higher temperature susceptibility, indicating that it
could perform better for its application. In short,
emulsified modification bitumen was comparable and
had almost similar characteristics with the industrial
emulsion.
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which begins at 387 °C and maximum at 461 °C. The interaction between ZrO, with Ni
leads to this slightly increase by 21 to 56 °C of the reduction temperature. Analysis using
XRD confirmed, the increasing percentage of Zr from 5 to 15% speed up the reducibility
of NiO to Ni at temperature 550 °C. At this temperature, undoped NiO and 5% Zr/NiO
still show some crystallinity present of NiO, but 15% Zr/NiO shows no NiO in crystalline
form. Based on the results of physical properties, the surface area for 5% Zr/NiO and 15%
Zr/NiO was slightly increased from 6.6 to 16.7 m?/g compared to undoped NiO and for
FESEM-EDX, the particles size also increased after doped with Zr on to NiO where 5%
Zr/NiO particles were 110 £ 5 nm and 15% Zr/NiO 140 * 2 nm. This confirmed that the
addition of Zr to NiO has a remarkable chemical effect on complete reduction NiO to Ni
at low reduction temperature (550 °C). This might be due to the formation of
intermetallic between Zr/NiO which have new chemical and physical properties.

Keywords: nickel; carbon monoxide; zirconia; reduction; temperature programmed
reduction

m INTRODUCTION catalyst needs to provide the highest possible active

Nickel oxide has been used as a well-established surface area [2]. The reduction of metallic oxides to

catalyst due to its surface oxidation properties [1]. It s metal has been extensively studied as it represents a class

known that catalysis is a surface effect in which the of heterogeneous reactions which are of considerable
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technological and commercial important [3]. Reduction
of nickel oxide by hydrogen was studied by several
researchers [4-7]. On the other hand, the study in the
reduction of nickel oxide using carbon monoxide is
limited due to the high possibility of carbide forming that
may cause the reaction to be disturbed or retarded.
Doping methods have been extensively utilized to modify
the electronic structures of nanoparticles to achieve new
catalytic,
chemical, and physical properties [8-9]. The reduction of

or improved electro-optical, magnetic,
undoped and doped NiO catalysts has been studied
extensively and plays an important role in many catalytic
reactions [10].

Moreover, the addition of Zr to NiO enhances the
catalytic activity and stability of NiO by improving
oxygen storage capacity, reducibility, and resistance to
sintering effect. ZrO, is an attractive material for catalysis
known for its unique reducing, oxidizing, acidic and basic
properties [11]. The reducing properties of ZrO, play an
important role in the support effects [12]. The purpose of
the present work is to enhance the reduction behavior by
studying the influence of different concentrations of
zirconia doping agents and their reduction behavior at
different temperatures.

m EXPERIMENTAL SECTION
Materials

Nickel oxide (99%) was obtained from Acros
Organics, zirconyl chloride octahydrate (98%),
CLOZr-8H,0 from Acros Organics and ethanol, C;HsO
(99.5%) from Systerm® are pure and used as supplied. Gas
mixture CO/N, (40% CO) was obtained from MOX.

Instrumentation

(TPR)
measurements were collected by using Micromeritics
Autochem 2920 Chemisorption Analyzer fed with 40%
CO in N; at the flow rate of 20 mL min™' (STP) as reducing
gas. Fifty milligrams of sample was heated up to three

Temperature programmed reduction

different maximum temperature 350, 450, and 550 °C, at
a rate of 10 °C/min. The carbon monoxide consumption
was monitored using a thermal conductivity detector
(TCD). Phase characterization was carried out by X-ray

diffraction (XRD) model Bruker AXS D8 Advance type
with X-ray radiation source of Cu Ka (40 kV, 40 mA) to
record the 20 diffraction angle from 10-80° (A =0.154 nm)
to observe the crystallinity lattice structures of the
catalyst samples. In order to identify the crystalline
phase composition, the diffraction patterns obtained
were matched with standard diffraction (JCPDS) files. In
addition, FESEM images were obtained with Zeiss
Merlin operating at 20 kV for morphological
investigation of the catalysts. A ZEISS MERLIN
Compact microscope equipped with a field emission gun
and EDX probe was employed. Physical surface analysis
of nitrogen adsorption at 77 K (liquid nitrogen) was
ASAP 2020
instrument to obtain the isotherm of each sample. The

conducted using a Micromeritics
Brunauer-Emmett-Teller (BET) formula to get surface
area technique was used to calculate the surface area,
pore volume, and pore size [14]. The calcined samples of
undoped NiO, 5% Zr/NiO and 15% Zr/NiO amounting
to 100-300 mg were degassed at 300 °C for 4 h prior to
the BET surface area analyses.

Catalyst Preparation

Two different concentrations of Zr doped nickel
oxide: 5 and 15% w/w were prepared through the
impregnation method. The impregnation method was
prepared by wusing zirconyl chloride octahydrate
(CLOZr-8H,0) and nickel oxide (NiO) powder. The
amount of zirconia added was 5 and 15 w/w % of total
metal cations. The compounds were dissolved in water
followed by adding ethanol at 40 °C with stirring for 4 h
which produced a viscous mixture. The solution was
evaporated to dry while stirring for 4 h. It was then dried
at 120 °C overnight followed by calcination in the air at
400 °C for 4 h [13]. The NiO samples with Zr were
denoted as 5% Zr/NiO and 15% Zr/NiO while sample
without Zr was denoted as NiO.

m RESULTS AND DISCUSSION
Thermochemistry

The reduction reaction of nickel oxide using
carbon monoxide environment follows the chemical
equation NiO(s) + CO(g) = Ni(s) + CO; (g) and the
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reduction of zirconia oxide by carbon monoxide follows
the chemical equation ZrO,(s) + 2CO(g) = Zr(s) + 2CO;
(g). The thermodynamic quantities for NiO and ZrO,
reduction by carbon monoxide are shown in Table 1. The
Gibbs free energy change (AG;) showed that the reduction
of NiO to Ni is favorable and it occurred spontaneously at
AG; = -48 kJ-mol™. The calculated AG; became very
negative from -48 to -50 kJ-mol™ when the temperature
increased from 350 to 550 °C. This showed that the
reaction might occur more spontaneously at a higher
temperature. Unlike the reduction of NiO to Ni, the
reduction of ZrO, to Zr is not favorable which might due
to the value of AG, = +524 kJ-mol™" which is positive. The
calculated AG; became less positive as the temperature
increased, but it is still very positive to induce the reaction.
The combination of NiO and ZrO, increased the
reduction temperature due to the difficulty of zirconia
oxide to reduce.

Adsorption Isotherm of N,

The BET specific areas, average pore size and
average pore volume of undoped ZrO, and NiO and
doped NiO with 5 and 15 mol % Zr samples are
summarized in Table 2. The isotherm of the samples is
shown in Fig. 1. The catalysts showed type IV isotherm,
which is typical for mesoporous materials (1.5-100 nm
pore diameter) [14]. Table 2 shows that the BET surface
area of NiO and ZrO; are 4.6 and 39.0 m?/g, respectively,
while BET surface area of doped NiO with 5 and 15% Zr

are 11.2 and 21.3 m?/g, respectively. The catalysts have a
low surface area due to high crystallinity. It was found
that the surface area increased with increased loading of
Zr to NiO which is in agreement with Salleh et al. [13] as
ZrO; has higher BET surface areas than NiO. This
suggested that there are more active sites that might be
attributed to the higher temperature reduction of NiO
after doping. Moreover, Wang et al. [15] suggested in
their report that the specific surface area for metal oxide
is one of the important factors in a chemical reaction.
NiO surface coordination sites were exposed to the
reduction gas when a specific surface area is higher.
Thus, higher specific surface area provided the best
result in reducibility of the nickel oxide. The addition
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Fig 1. Nitrogen adsorption-desorption isotherms plot of
undoped ZrO, and NiO and doped NiO with 5 and 15
mol % Zr catalyst

Table 1. Thermodynamic calculation for formation of nickel and zirconium

Reaction Enthalpy, Entropy, AS; AG:350°C  AG;450°C  AG;550°C
AH, kJ'-mol?  kJ-mol! K™ kJ-mol™! kJ-mol! kJ-mol™!

Nickel oxide reduction -43 +8 -48 -49 -50

Zirconia reduction +535 +17 +524 +523 +521

Table 2. BET analysis of undoped ZrO, and NiO and doped NiO with 5 and 15 mol % Zr

Catalyst BET surface area  Average pore size  Average pore volume
(m?/g) (nm) (cm’/g)

ZrO, 39.0 5.90 0.062

NiO 4.6 40.6 0.047

5% Zr/NiO 11.2 17.5 0.054

15% Zr/NiO 21.3 8.1 0.050
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of Zr to NiO significantly increased the BET surface area
of NiO due to the formation of new external pore on the
NiO surface. In addition, the average pore size of undoped
NiO was 40.6 nm, and the pore sizes of doped NiO with 5
and 15% Zr were decreased to 17.5 and 8.1 nm,
respectively. The pore volume of undoped NiO was
0.047 cm’/g and decreased from 0.054 to 0.050 cm’/g
when the concentration of Zr was increased from 5 to
15%. In this case, it is more likely that the Zr atoms had
occupied the NiO mesopores which resulted in the
average pore volume reduced when the concentration of
Zr was increased.

Catalyst Characterization by TPR

The TPR patterns of non-isothermal 40% CO
reductant for ZrO,, NiO, 5% Zr/NiO and 15% Zr/NiO are
shown in Fig. 2. The overall reactions involved a reaction
between two different percentage of in mol of Zr/NiO,
NiO, and ZrO, with carbon monoxide as reductant gas in
a gas-solid reaction. The TPR profiles of ZrO, showed no
peak. Meanwhile, NiO obviously showed one sharp peak
that which indicates the reduction of ZrO, does not occur
below 700 °C. The reduction process uses a one-step
reduction profile, temperature region around 387 °C
represents the reduction of NiO — Ni. Whereas, for 5%
Zr/NiO, the reduction temperature shifted slightly to the
right at around 406 °C. While 15% Zr/NiO, the reduction
temperature shifted to a higher temperature at around
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=

=

=
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Fig 2. TPR profile of (a) undoped ZrO,; (b) undoped NiO;
(c) 5% Zr/NiO, and (d) 15% Zr/NiO samples (obtained
after reduction at 400 °C for 4 h) under 40 vol.% CO at
40-700 °C

461 °C. There is a trace of NiO and Ni observed in the
XRD analysis throughout the reduction process at the
specified temperature; the peaks are attributed to state
that the reduction process is incomplete. Furthermore,
the addition of Zr element to NiO would delay the
reduction process to a higher temperature and complete
at above 550 °C.

Crystallinity Analysis using XRD

The XRD patterns of undoped ZrO, and NiO and
doped NiO with 5 and 15 mol % Zr obtained after
calcination at 400 °C for 4 h are shown in Fig. 3. The
diffractogram of these samples was identical to the ZrO,
phase (zirconia oxide, JCPDS 37-1484) and cubic NiO
phase (nickel oxide, JCPDS 00-047-1049). The 26 values
revealed that the contribution of NiO main peaks was at
37.2, 43.4, 629, 75.5, and 79.5°. Furthermore, the
diffractogram of 5 and 15% Zr/NiO showed no
additional peak which suggested that the Zr particles
loaded on the NiO are well dispersed. In addition, there
is a reduction in the crystallinity of the prepared 5%
Zr/NiO and 15% Zr/NiO when it is loaded with Zr,
which is corresponded to the smaller NiO peaks
intensity. This is due to the surface of NiO was covered
or well dispersed by Zr atoms which are in amorphous
form. No Zr peak was detected in the diffractogram due
to Zr is in a highly amorphous form or well dispersed on
the surface. Zr is in nanoparticles form that can be detected
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Fig 3. XRD patterns of (a) undoped ZrO,; (b) undoped
NiO; (¢) 5% Zr/NiO and (d) 15% Zr/NiO samples
obtained after calcination at 400 °C for 4 h
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in the range of 0.1-1.0° for wide scan in XRD analysis
[16].

In order to investigate the role of Zr in the reduction
process of NiO in CO atmospheres, all samples were
collected at various reduction temperatures, i.e.: (i) 350,
(ii) 450, and (iii) 550 °C for comparison purposes. The
characterization using XRD as shown in Fig. 4 at different
percent Zr element does give influence on the reduction
of NiO in CO atmosphere. The reduction of undoped NiO
and doped NiO with 5 and 15 mol % Zr were found to
have different results. The diffractogram patterns for
these samples at 350 °C showed strong peaks of crystallite
cubic phase NiO [1,1,1], NiO [2,0,0], NiO [2,2,0], NiO
[3,1,1] and NiO [2,2,2] (JCPDS 00-047-1049). All samples
showed the formation of crystallite cubic phase NiO and
Ni® [1,1,1], Ni® [2,0,0], Ni® [2,2,0] (JCPDS 01-071-4654) as
the temperature is approaching 450 °C. This suggested
that the reduction process was initiated. However, as the
temperature reached to 550 °C, 15% Zr/NiO sample
showed only metallic Ni peaks which implied that the
reduction process was completed. This result is contrary
to the results of undoped NiO and 5% Zr/NiO samples in
which these samples still consists of remaining crystalline
phases of NiO. It suggested that there was a change in the
properties of solid surface that particularly generates new
active sites and promotes a strong modification to the
behavior of the catalyst. In addition, the nature of the
sample itself is also important, which in this case, the
involvement of zirconia element in the structure of nickel
oxide may contribute to the enhancement of reducibility
process.

The additional Zr does give some advantages as
illustrated in Fig. 5. From the illustration, the addition of
15% Zr to NiO completed the reduction of NiO — Ni at
550 °C but for undoped NiO, there was still a residue of
NiO which was not reduced to Ni. In addition, based on
the observations, we can anticipate that the catalyst has
encountered some physical and chemical changes as
shown in Fig. 6 with different temperatures for three
samples producing different percentages of NiO reduction.

Surface Morphology by FESEM-EDX

Catalyst morphology was investigated by using
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Fig 4. XRD patterns of non-isothermal reduction of
undoped NiO and doped NiO with 5 and 15 mol % Zr
catalyst using 40% CO in N,. Note: (a) NiO after
reduction 350 °C; (b) 5% Zr/NiO after reduction 350 °C;
(c) 15% Zr/NiO after reduction 350 °C; (d) NiO after
reduction 450 °C; (e) 5% Zr/NiO after reduction 450 °C;
(f) 15% Zr/NiO after reduction 450 °C; (g) NiO after
reduction 550 °C; (h) 5% Zr/NiO after reduction 550 °C;
(i) 15% Zr/NiO after reduction 550 °C samples with 40
vol.% CO in nitrogen

c

2 €0,
_ NiO
=
67> & CO,
%

Fig 5. Proposed schematic sketch of CO interaction with

undoped NiO and 15% Zr/NiO during reduction
process in CO atmosphere
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Fig 6. Graphical assumption of reduction for undoped
NiO and doped NiO with 5 and 15 mol % Zr in CO
atmosphere
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Fig 8. FESEM images of zirconia doped nickel oxide (a) Undoped NiO; (b) Doped NiO with 5 mol % Zr; (c) Doped
NiO with 15 mol % Zr (Magnification: 30K x) after reduction with 40% CO in nitrogen

FESEM and the results are shown in Fig. 7. The NiO = Doped NiO with 5 and 15 mol % Zr catalysts exhibited
catalyst was observed as a rod structure. The addition of  irregular shape and non-uniform particle size
Zr to NiO altered the morphology significantly. The  distribution. The structure and morphology of the
morphology of NiO catalysts was influenced by the Zr.  catalyst were influenced by doped metal oxide [17].
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Compare to undoped NiO, the particle size is smaller than
doped NiO with 5 and 15 mol % Zr. The average sizes of
the undoped NiO and doped NiO with 5 and 15 mol % Zr
were measured by using the Scion image program
averaged over 100 particles. The average sizes of the
undoped NiO were found to be 45 + 5 nm, while doped
NiO with 5 mol % Zr particles 110 + 5 nm and doped NiO
with 15 mol % Zr/NiO 140 + 2 nm. These numbers
showed that there is a change in the particle size due to
the loading of big particles such as Zr. As an exhibit in Fig.
8, it is observed that at reduction temperature of 550 °C,
the particle size of undoped NiO and doped NiO with 5
mol % Zr remain the same. Meanwhile, the doped NiO
with 15 mol % Zr particle size was increased due to the
formation of Ni metal. This result showed the formation
of metallic Ni after reduction of doped NiO with 15 mol
% Zr with CO contributed in the formation of
agglomeration of particle surfaces which is in agreement
with Zielinska et al. [18] report. Furthermore, the
agglomeration will increase the availability of the surface
area and thus influences the rate of the reduction process.

m CONCLUSION

Analysis by TPR showed the addition of Zr has a
remarkable influence on the reduction process where the
peak is shifted to the right from lower to higher
temperature (387 to 461 °C). Zr dopant enhances the
reduction process with the reduction completed at
temperature 550 °C with only metallic phase detected by
XRD compared to undoped NiO and doped NiO with 5
mol % Zr which has residue NiO detected. This is due to
the catalytic effect of doped NiO with 15 mol % Zr.
Therefore, Zr species played an important role in
enhancing the reduction of NiO by completing the
reduction at temperature 550 °C, due to Zr particles were
fully dispersed on the NiO surface. Moreover, the
addition of Zr to NiO provides higher surface area, and
for FESEM the particles size become larger as with the
increase of Zr concentration.
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Abstract: In recent years, environmental protection has gained a major concern. In line
with the rapid growth of various industries, high amount of effluent has been generated
and discharged to the environment. One of the concerns is the presence of synthetic dye
in the wastewater stream, as it may endanger human and aquatic life. In this experiment,
the Electrical Arc Furnace (EAF) slag has been used as an adsorbent to remove methylene
blue from the aqueous solution. Batch experiments have been conducted, and the effects
of initial dye concentration, pH, adsorbent dosage and temperature were studied
respectively. Chemical treatment has been performed to modify the adsorbent. The results
reveal that treated EAF Slag has higher efficiency in removing methylene blue compared
to raw EAF slag. More pores have been exposed, and impurities on the adsorbent’s surface
have been removed, to enhance better removal efficiency. The maximum adsorption
capacity for treated EAF is 14.2029 mg/g and for raw EAF Slag is 9.615 mg/g. The
maximum removal percentage for treated EAF Slag is 71.01%, whereas raw EAF shows
37.19% removal at pH 10. Both raw EAF Slag and treated EAF slag fits the data for the

Langmuir isotherm model which obeys the monolayer adsorption process.

Keywords: adsorption; Electrical Arc Furnace (EAF) slag; batch experiment

= INTRODUCTION

Wastewater can be defined as any water that leaves
from houses and industries through the main drain pipe
which is contaminated by chemical residues through
human activities. The wastewater must be treated in order
to remove the dyes before releasing it to the environment
[1]. The release of industrial wastewater has a significant
negative impact on the ecosystems which could harm the
environment and hydrosphere organisms [2].

Methylene blue or known as methylthioninium
chloride is a dark green crystalline powder. It is a basic
synthetic dye which commonly used to impart color for
cotton, wool, and silk, for an attractive finishing [3]. The
overexposure to methylene blue may cause the following
effects: dizziness, nausea, and abdominal pain.

The textile manufacturing process is one of a water-
intensive process which discharges a huge amount of
wastewater. Approximately 200 L of water is required to
produce 1 kg of textile [4]. Wastewater from the textile
industries is contaminated with other chemical

substances such as soap of metals, hydrogen peroxide,
acids and alkali [5]. High pH and temperature may poses
threats to the aquatic life, eventually will lead to the
species distinction. Carcinogens compounds from
textile wastewater can cause damage to human living
tissues through metabolism disruption and eventually
lead to cancer [6]. The presence of dyes will limit the
light penetration in water, which will cause retardation
of the photosynthesis process and eventually will disrupt
the food chain of the aquatic life [7].

The application of EAF slag as an adsorbent in this
experimental work has double benefits, transforming
the waste product generated from the Electric Arc
Furnace operation, which can be used in wastewater
treatment as well as reducing the amount of EAF slag to
be disposed to the municipal landfill. In steel production
industries, iron ore as the primary raw material are
melted at high temperature, in the equipment known as
electric arc furnace. There are two possible expected
products generated which are carbons steel or ferrous
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steel, which later will be used in various applications. At
the same time, the undesirable product from the process
is a substance called Electric Arc Furnace Slag has been
generated. An adsorbent can be considered as a low cost
adsorbent if its presence in abundance in nature, requires
less processing or it is a waste materials, which is the by-
product from other industries [8]. Generally, it is
composed of impure components such as metal oxide and
lime [9]. It has been fully utilized and widely used in the
field of agriculture as a fertilizer and also a field of civil as
road construction material [10]. Slag has been an
alternative compound, apart from granular activated
carbon in wastewater treatment due to its sportive
characteristics [11]. Apart from having a high melting
point and its porous structure, slag can be chemically
treated to modify the surface charge to adsorb the desired
adsorbate on its active sites [12].

The application of slag as an adsorbent has been
conducted, and it was found that 80.03 mg/g of reactive
dyes have been removed by using the surface modified
EAF slag [9]. Steel slag is capable to remove Manganese
ions, positively charged ions, with the removal percentage
of more than 95% in batch experimental adsorption process
[13]. Thus, it has shown that the EAF slag is a potential
adsorbent for the real application. Adsorption is an
effective method for water decontamination process [14].
In addition, the adsorption method is known to be low
cost operating process, as well as an easy operation method
compared to other wastewater treatment methods [15].

m EXPERIMENTAL SECTION
Materials Preparation

The EAF slag was obtained from a local steel
manufacturing company located in Peninsular of
Malaysia. The slag was sieved using a mechanical sieve
shaker, followed by washing thoroughly with distilled
water to remove the debris trapped on the surface of the
EAF slag particles. 600-micron slag particles were used in
this study. It was then dried in the oven for 24 h at 90 °C.

The treated slag was prepared by adding the EAF
slag into 1 M of hydrochloric acid. The solution was
allowed for mixing for 2 h. The treated EAF slag was then
washed with distilled water to remove the acid residue and
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dried in the oven for 24 h at 90 °C. Hydrochloric acid is
used to activate EAF, and it is expected to improve
uptake of dye by EAF through altering of physical
properties which leads to increase in surface porosity
and surface area of the treated EAF slag [16].

All the chemicals and reagents used in this
experimental work were analytical grade, from Merck.

Procedure

The methylene blue stock solution with a
concentration of 1000 ppm was prepared by adding an
accurate amount of methylene blue powder with
distilled water. Few series of dilution were performed to
prepare a different concentration of the dye solution
which was used to develop the calibration curve.

To determine the effect of pH, adsorbent dosage
and initial concentration, batch adsorption experiment
are carried out by adding raw EAF slag and treated EAF
slag into the dye solution. A series of dye solution was
prepared with the pH of the solution ranging pH 2 to 10,
adsorbent dosage ranging from 0.1 to 0.5 g and a
concentration ranging from 60 to 180 ppm.

Raw EAF slag (0.5 g) and treated EAF slag (0.5 g)
were mixed with 100 ppm of methylene blue dye
solution in a series of conical flasks for 2 h at 150 rpm.
The pHs of the solution was adjusted by using 0.1 M
hydrochloric solution and 0.1 M sodium hydroxide
solution. The solution was then filtered, and the
concentrations were determined using the UV-
spectrophotometer.

Characterization of adsorbent

The surface morphology of raw EAF slag and
treated EAF slag were observed using a Scanning
The

elemental composition on both samples was analyzed

Electron Microscope (SEM Hitachi, Japan).

using Energy Dispersive X-ray Spectroscopy (EDX)
using the same instrument.

The specific surface area and single point pore
volume were analyzed using a Surface Area Analyser
(Micromeritics, USA) by applying Brunaeur Emmet and
Teller (BET) test method. The surface area was
determined by physical adsorption of a gas on the
surface of the adsorbent and by calculating the amount
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of adsorbate gas corresponding to a monomolecular layer
on the surface.

Removal efficiency, and
adsorption isotherm

The removal percentage (%) is calculated by using

adsorption capacity,

Eq. 1 and the amount of adsorbate adsorbed per unit mass

of adsorbent is calculated using Eq. 2 [13].

C,-C
Co

Co-C,
m

Co and C. are the initial and final concentration of the

€ %100 (1)

xV (2)

Methylene blue solution in mg/L. C, is the concentration
of contact time. V is the volume of the dye solution in L
whereby m is the mass (dosage) of adsorbent used in the
experimental work.
Equilibrium data were analyzed using the
Freundlich isotherm model and Langmuir isotherm
model for both samples. The Freundlich isotherm model
is given in Eq. 3, whereby k and n are the Freundlich

constant which can be obtained from the graph plot [13].
logq, =logk, +llogCe (3)
n

The Langmuir isotherm model is given in Eq. 4,
whereby b and qn are the Langmuir constant which can
be obtained from the graph plot [13].

e 1 Ce (4)
de bdpm dm

m  RESULTS AND DISCUSSION

Characterization of Raw EAF Slag and Treated EAF
Slag

The surface morphology of both raw EAF slag and

treated EAF slag were examined using a Scanning
Electron Microscope (SEM). The results reveal that the
pores on the surface are more significant after the
treatment process as shown in Fig. 1(b), as the flocs - like
impurities as shown in Fig. 1(a) has been removed and
exposing the coarser surface. The presence of pores on
the surface of the EAF slag confirmed its porosity. The
removal of those impurities has exposed more pores on
the adsorbent’s surface, which eventually increased the
efficient removal of the adsorbate.

The samples were further analyzed using the
Energy Dispersive X-ray (EDX) spectroscopy. The
results revealed that the elemental composition in
weight percentage (wt.%) has a significant difference in
the elements, before and after the chemical treatment.
The results for the chemical characterization are shown
in Table 1.

From the data tabulated in Table 1, the existing
elements in the EAF slag were C, Mg, Al, Si, S, Ca, Mn
and Fe. Treatment with acid has removed 13.4% of
silicon and 29.38% of calcium, as shown in Table 1.

Table 1. Elements present in raw EAF slag and treated
EAF slag

Composition (wt.%)

Element Raw EAF slag Treated EAF slag
C 11.63 31.65
Mg 3.19 261
Al 9.28 6.77
si 19.03 5.99
S 0.66 0.00
Ca 35.49 6.11
Mn 3.58 3.49
Fe 17.14 43.39

Fig 1. Surface morphology of (a) raw EAF slag and (b) treated EAF slag
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Hence, the flocs-like impurities as observed in Fig. 1(a),
were mainly composed of silicon and calcium as the major
component. After treatment, the composition of carbon
and iron were dominant. The composition of carbon has
increased by 20.02% whereby the composition of iron has
increased by 26.25%. EAF slag typically contains more
than 25% of iron oxide [17]. More pores will be available
for adsorption to occur when the impurities have been
removed after the treatment process.

As the pores were observed from the Scanning
Electron Microscope (SEM), further analysis to evaluate
the particle size, specific surface area, and pore diameter
has been conducted. The Brunaeur Emmet and Teller
(BET) test has been performed, and the results are shown
in Table 2.

The data shown in Table 2 reveals that the surface
area and pore volume of treated EAF slag was higher
compared to raw EAF slag. Particle size, pore diameter,
and specific surface area are the main factors affecting the
adsorption capacity of the adsorbent [16].

Adsorption Study

Effect of pH
The pH of dye solution is one of the significant

factors affecting the uptake of methylene blue by both raw
EAF slag and treated EAF slag. pH is an important factor
for dye adsorption, which it directly affects the dissociative
and adsorptive ability of the dye onto the surface of the
adsorbent [20]. Based on Fig. 2, both raw EAF slag and

80.0 1
70.0 1 =

E i
& 30.0 1 _—*

—+—Haw =lag
" —=— Treated =lag

0.0

012 3 456 7 8 9101112
pH
Fig 2. Removal percentage of methylene blue dye against

pH of dye solution

treated EAF slag showed the maximum removal at pH
10, which are 37.19% and 71.01%, respectively. At pH 10,
the adsorption capacity demonstrates by the raw EAF
slag is 7.44 mg/g and it has shown a significant increase
for treated EAF slag which is 14.21 mg/g.

In the lower pH solution, the presence of H" ions
will compete with methylene blue, which is a cationic
dye to occupy the adsorption site, which will eventually
reduce the dye uptake [13]. As the pH of the solution
increase, the removal of methylene blue increased due to
the electrostatic attraction forces between the adsorbent
and the dye, as it will attach to the vacant binding sites
on the adsorbent.

Effect of adsorbent dosage

The removal percentage of methylene blue dye and
adsorption capacity by both raw EAF slag and treated
EAF slag increases when the amount of adsorbent
increase due to the availability of surface area for the
adsorption site [10]. In this batch adsorption study, the
adsorbent dosages varied from 0.1 to 0.5 g. As shown in
Fig. 3, treated EAF slag showed higher removal percentage

Table 2. Surface area and pore volume data

Parameter Raw EAF slag Treated EAF slag
BET Surface Area 1.38000 1.477100
(m*/g)
Single Point Pore 0.05498 0.054860
Volume (m*/g)
70.0 4
]
60.0 4 _
50.0 M
g -
= 40.0 g
=
E 30.0 g A
g [ o
20.0 e
o —s— Raw slag
10.0 4 v —=— Treated slag
0.0 r r r 3

] 01 02 03 04 05 06
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Fig 3. Removal percentage of methylene blue dye against
adsorbent dosage
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compared to raw EAF slag at a fixed adsorbent dosage.
The highest dye uptake is 66.01% by using the treated EAF
slag which is 29.26% higher compared to the removal
percentage by using the raw EAF slag. The adsorption
capacity increases from 7.35 to 13.203 mg/g, by using the
treated EAF slag.

Effect of initial concentration

The results represented in Fig. 4 reveals that the
removal percentage of both raw EAF slag and treated EAF
slag is inversely proportional to the initial concentration
of the dye solution. At lower concentration, the dye can
be easily occupied onto the adsorption sites. Increasing
the concentration will result in decreasing the dye uptake
due to the limited active sites on the adsorbent’s surface,
lowering the adsorption process to take place [19]. At a
fixed value of initial concentration, treated EAF slag
demonstrates higher removal efficiency compared to raw
EAF slag. Raw EAF slag demonstrates the highest removal
0f49.24% at 60 ppm, with the adsorption capacity of 5.909
mg/g. Treated EAF slag demonstrate the highest removal

1.2 4

1.0 4 A

0.8 1 R= = 0.8821

i

= 0.6 1

=]
04
0.2 4

0.0

1.6 18 2.0
log Cs

1.2 1.4
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of 80.12% at 60 ppm, with the adsorption capacity of
9.615 mg/g.

Adsorption isotherm
Based on the Freundlich isotherm model as shown
in Fig. 5, the linear coefficient for raw EAF slag is 0.9872

100 «
—s— Treated slag
a0 —s=—Haw slag
1 *
\‘u.._.
E ‘\
= *
g w
E . \13
] "~
& 40 4 -‘__‘ ‘t..__.
50 Lo
L% .
0 v T T %
0 100 200 300

Initial Concentration {ppm})
Fig 4. Removal percentage of methylene blue dye against
initial concentration

1.2 1

Fig 5. Freundlich isotherm model for (a) raw EAF slag and (b) treated EAF slag
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Fig 6. Langmuir isotherm model for (a) raw EAF slag and (b) treated EAF slag
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and treated EAF slag is 0.8821. As for the Langmuir
isotherm model shown in Fig. 6, the linear coefficient for
raw EAF slag is 0.9916 and treated EAF slag is 0.9868.
Based on the results, it reveals that both raw EAF slag and
treated EAF slag fits the data for the Langmuir isotherm
model compared to the Freundlich isotherm model. It
may be due to the homogeneous distribution of active
sites on the surface of the EAF slag surface, as the
surface is

Langmuir equation assumed that the

homogeneous [20].
m CONCLUSION

Treated EAF slag improved the methylene blue
removal efficiency, as more surface area has increased
after the treatment process, as shown in the BET test
results. As the impurities have been removed through the
chemical treatment process, more adsorption sites were
exposed to the adsorption process to occur and increase
the dye removal efficiency. The results reveal that treated
EAF slag has higher removal efficiency compared to raw
EAF slag. The maximum removal percentage for treated
EAF slag is 71.01%, whereas raw EAF shows 37.19%
removal at pH 10. Both raw EAF slag and treated EAF slag
fits the data for the Langmuir isotherm model which
obeys the monolayer adsorption process.
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results clearly indicate the presence of hydroxyl and carboxylic groups. These
functionalized MWCNTs were dispersed into distilled water with various concentrations
at 25, 50 and 75 ug/mL. By utilizing an immersion time of 24 h, mustard (Brassica
juncea) seeds were soaked in each functionalized and non-functionalized MWCNT
solution. Functionalized MWCNT solution at a concentration of 50 ug/mL was found to
affect the growth of mustard seeds more significantly.

Keywords: multi-walled carbon nanotubes; functionalization; mustard; seed;
germination

= INTRODUCTION absorptional fixation, and increase bioavailability.

. . Nanometer-sized fertilizers have been used to increase
Currently, the application of nanotechnology in

agriculture is important. Various problems related to yields [3]. The use of nano silica fertilizer to improve the

agriculture have been solved by utilizing nanotechnology. yield of rice and horticulture can be implemented by

Such technology has supported modern agriculture in spraying onto the leaves through the mouth of the leaf.

1 . Nanosilica particles enter the mouth of a micrometer-
terms of providing, for example, pesticide sensor

technology as well as both pesticide and fertilizer delivery sized leaf with relative ease [4].

systems [1]. Nanoparticles can reduce the loss rate of Several nanoparticles with different characteristics
fertilizer nutrients into the soil by leaching and/or leaking
and can extend the effective duration of the nutrient

supply of fertilizers into soil [2]. Nano-sized material of

have recently gained interest because of the possibility of
their application in the treatment of plant growth [5].
Nanoparticles of varying composition,  size,

. . . . 1 ion, her physical/chemical i
mineral micronutrients may improve solubility and concentration, and other physical/chemical properties

. . . . . . ) h n repor i iti n i
dispersion of insoluble nutrients in the soil, reduce soil ave been reported to provide positive or negative

effects, particularly with respect to influencing growth
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and development of various plant species. Multi-Walled
Carbon Nanotubes (MWCNTSs) is a nanomaterial with
new interest for many scientists in terms of agricultural
applications as a biosensor, fertilizer, catalyst, and
pesticide adsorbent [6-12]. Penetrating MWCNTSs in seed
as well as the root system significantly affects their
biological activity by enhancing the amount of water
present inside the seed during the germination period
[13]. However, it is necessary to optimize the diameter
size of MWCNTs to allow them to enter into the seed and
root walls. There are several methods used for the
production of MWCNTs including arc discharge, laser
ablation, chemical vapor deposition and spray pyrolysis
[14-19]. One of the easier methods used to produce
MWCNTs by adjusting its diameter is spray pyrolysis.
The length and diameter of MWCNT's can be determined
by growth temperature, which is a crucial consideration
for MWCNT applications.

MWCNTs produced by several methods of growth
as mentioned above have hydrophobic properties
meaning that it is difficult to disperse them, particularly
in water. This fundamental issue becomes a technical
barrier to its wider application. To overcome this
problem, the functionalization of MWCNTs or SWCNT's
needs to be done through the reflux process, which
increases its biocompatibility capabilities, particularly in
terms of adsorption ability, electrostatic interactions, and
covalent bonds by the presence of carboxylic groups on
the walls [20-21]. However, the reflux process carried out
using nitric, sulfuric, and peroxide acids or a combination
of them causes significant damage to MWCNT bonds if it
is not optimally controlled [22-24]. Therefore, the acid
concentration and duration of the reflux process are still
a substantial challenge to be addressed by future research.

Biological and bioactive species such as proteins,
carbohydrates, and nucleic acids can be conjugated with
MWCNTs [5]. MWCNTSs can be applied as a nutrient
transfer path within the plant tissue. Soaking plant
germination seeds in carbon nanotube material which has
been dispersed in aquadest assists the growth process [25].
However, issues arise if the MWCNT concentration is
excessive, and it is thus necessary to optimize the
concentration of carbon nanotubes in various types of

plants. Khodakovskaya et al. [20] reported the increasing
tomato seed germination through better moisture
permeation using carbon nanotube material. MWCNTSs
function as providing new pores to allow water to
permeate by penetrating the seed layer and acting as a
part to channel water.

The use of MWCNTs as a pore medium for water
canals is interesting because excessive MWCNT use also
causes toxicity to plants [26]. Srivastava and Rao [13]
explored the potential influence of 0-50 pg/mL of
MWCNT on different seeds at varying concentrations
on wheat, maize, peanut, and garlic. MWCNTs at low
doses were able to increase water absorption and have an
impact on the faster germination process and hence
shorten germination time.

In this study, the influence of functionalized
MWCNT material for the treatment of mustard plants by
soaking mustard seeds in a functionalized MWCNT
solution at various concentrations was analyzed. The
growth temperature of MWCNTs, the process of
functionalized MWCNTs, their characterization using
X-ray diffraction (XRD), Fourier transform infrared
spectrometry (FTIR), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) were
also studied. The mustard plants were soaked in
nanotubes, and their impact was then investigated by
observing the growth of the plants and analyze differences
in root and cell sizes. Based on this research, particular
characteristics of MWCNT's will be obtained, especially
the dimension and composition of the functionalized
MWCNTs for treatment of mustard plant growth.

m EXPERIMENTAL SECTION
Materials

Materials used in this study were benzene (CAS 71-
43-2, 109646 - Merck Millipore) as a carbon precursor
for MWCNT, ferrocene (Aldrich-F408; Ferrocene 0.98;
CAS No.: 102-54-5) as a precursor for Fe catalyst, argon
gas, nitric acid solution, and distilled water.

Instrumentation

A spray pyrolysis system was used to make the
MWCNT material. The morphology images of the
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functionalized MWCNTSs were obtained using SEM
(JEOL JSM-6390A) equipped with an Energy Dispersive
X-ray (EDX) system which permits sub-micrometer
elemental identification and compositional analysis. The
structures of the functionalization of MWCNTSs were
obtained using XRD (Phillip analytical X-Ray B.V) with
CuKa radiation (A = 1.5418 A) at 40 KV. TEM images
were obtained on a JEOL 2011. The functionalized groups
present in the MWCNTSs were obtained using FTIR
(Thermo Scientific Nicolet IS 10).

Procedure

MWCNT material was produced using a spray
pyrolysis method (Fig. 1) at varying temperatures (800,
900, 1,000 °C). The source of the material used for making
the MWCNTSs was benzene and ferrocene. The optimal
parameter of benzene as a carbon source and ferrocene as
a catalyst was 3 g of ferrocene and 50 mL of benzene. The
solution of ferrocene in benzene was introduced into the
quartz reactor. MWCNTs produced from this method
were still relatively difficult to disperse, and there were
still residual Fe impurities from ferrocene. To resolve
these issues, the work was directed towards developing
methods to modify surface properties of MWCNT's with
functionalization. This work was carried out using a
reflux process with a nitric acid solution for 3 h to attach
the carboxylic group to the tube wall. The MWCNT was
washed with nitric acid only using MWCNT grown at the
optimum temperature of 900 °C. Another effect of this
reflux process is that the MWCNT wall will be damaged
and lead to the attachment of the carboxylic group on the
outer tube wall. For the application of the seed
germination method, functionalized MWCNTs were
dispersed into distilled water at various concentrations (0,

25, 50, and 75 pg/mL). By utilizing an immersion time
of 24 h, the mustard (Brassica juncea) seeds were soaked
in each functionalized MWCNT solution. Monitoring of
seed growth of mustard seeds was performed, and
growth of roots and stems was recorded.

m  RESULTS AND DISCUSSION

Temperature determines the pyrolysis process of

hydrocarbon compounds and catalyst into its

varying
temperatures affects the diameter and length of
MWCNTs. It was found that lower temperatures of 800 °C
will produce shorter MWCNTs, which were larger in

constituent  carbon  elements.  Using

diameter compared to when using higher temperatures.
Low temperatures not only produce shorter MWCNTs
but also bend the resulting MWCNTs (Fig. 2(a)). If the
temperature is increased to 900 and 1,000 °C, the
pyrolysis process takes place more rapidly and
effectively, leading to MWCNT tubes being formed that
are longer (Fig. 2(b) and 2(c)). At these temperatures, the

Furnace

Quartz tube

Carbon source
& catalyst

Fig 1. Schematic representation of spray pyrolysis

method
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source will split into more constituent carbons, a process
which causes increasing diffusion of carbons on the
surface of the catalyst metal [19]. Therefore, more
MWCNTs form and their diameters will be smaller.
MWCNTs produced at a growth temperature of 1,000 °C
are slightly damaged; other studies have also determined
that structural graphite cannot be formed at such
temperatures [5].

The reflux process, as shown in Fig. 3, illustrates that
nitric acid treatment releases Fe particles and attaches
COOH groups to the walls of the MWCNT tubes. The
reflux process leads to defects in the MWCNT wall due to
the presence of nitric acid. These intrinsic defects are
supplemented by oxidative damage to the nanotube
framework. In particular, the treatment of MWCNTs
with strong acids such as HNO;, H,SO, or a mixture of
them will tend to open these tubes that serve to tether
many different types of chemical moieties onto the ends
and defect sites of the tubes. MWCNTs functionalized
using this method have an advantage in that they are
soluble in various organic solvents due to possessing
many functional groups such as carboxylic (COOH) ones
derived from the reflux process with nitric acid [27-28].
The longer reflux process tends to produce increased Fe
particle content derived from ferrocene catalysts and a
decreasing Fe particle content between the before and
after the reflux process, as explained from the EDX
characterization.

Fig. 4 provides SEM images of MWCNT material
before and after purification. It can be seen that many

Lo B20 1 Fe- TRl

Fig 4. SEM images of MWCNT with temperature of-growt
process following spray pyrolysis. The red circle insert is part of amorphous carbon

123

material morphologies are not patterned (amorphous)
and white spots are present. Cleary, these white lumps
and spots are not a representation of MWCNTs, but
rather other materials which are by-products or waste
materials from the process of MWCNT synthesis,
namely amorphous carbon. The red circle insert is part
of amorphous carbon. Removal of Fe impurities and
amorphous carbon can be done through a reflux process
with several acid solutions. The use of strong acids to
reflux MWCNT materials such as hydrochloric acid
(HQ), nitric acid (HNO3) and sulfuric acid (H.SO4) is
particularly effective in reducing Fe particles and
amorphous carbon. In this research, HNO; was used to
reflux MWCNT.

Fig. 5 demonstrates that MWCNT material that
has been refluxed has tube ends not covered by Fe
impurities. During spray pyrolysis, Fe particles typically

Fe” released

Reflux process COOH
with nitrid acid

COOH

COOH

MWCNT
Fig 3. Illustration of MWCNT reflux process — from

MWCNTs to functionalized MWCNT's

Functionalized MWCNT

BTt A% 'urle-y!?'?_ 5

I .rE.- _ - 5 ; : ! %
h of 900 °C (a) without reflux process and (b) with reflux
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move and act as the head followed by the tail in the form
of carbon bonds so that the position of Fe particles is at
the end of the tube. The reflux process is intended to
release Fe particles from the end of tubes. Furthermore,
for MWCNTs that have been purified, the morphological
form appears more orderly and uniform; the morphology
that is not patterned disappears completely, with only a
few white spots remaining. As reported by Edward et al.
the purification of carbon nanotubes using acids can
reduce Fe attached to the end of the MWCNT surface
[29]. In addition, purification with acid is also able to
reduce amorphous carbon which is not shaped as
nanotubes [30].

The diameter of MWCNTs produced by spray
pyrolysis ranges from 20 to 50 nm. There are several walls
forming a tube with an inner diameter of 5 to 10 nm, as
shown by TEM characterization in Fig. 6(a). The
MWCNT production using a ferrocene catalyst on the
spray pyrolysis method will leave Fe as an impurity at the
end of the tube (Fig. 6(b)). Therefore, the purification
process of MWCNT from Fe catalyst residue needs to be
carried out using a reflux treatment.

Fig 6. TEM image of (a) inner and outer diameter of MWCNT tube and (b) the presence of Fe impurities at the end
of the MWCNT tube EDX was used to identify the quantitative amounts of different elements present in MWCNTs

Indones. I. Chem., 2020, 20 (1), 120 - 129

Table 1 shows the results of the EDX analysis of
MWCNT treatment with and without reflux. It can be
seen that reflux treatment will reduce the atomic
percentage of Fe compared to without reflux. The
mechanism of Fe reduction has been explained previously.

Pt 4 ... 4000715
Fig 5. TEM image of MWCNT material which was
refluxed. The insert red circle shows that the Fe particle

f)’j'-J:" 4

has escaped from the end of tube after reflux process

(b)

F'v mparity

Table 1. Results of EDX analysis of MWCNT treatment with and without reflux

Chemical composition in atomic %

No Sample

C Fe
1 MWCNT without reflux 96.40 3.60
2 MWCNT reflux 99.64 0.36
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Fig. 7(a) and 7(b) illustrate XRD analysis of MWCNT's
before and after the functionalization process, respectively.
There are two graphite crystal orientations at 2 theta angles
0f 26.4 and 43.7° corresponding to the main plane of (002)
and the additional plane of (100) [31]. The results also show
that the peaks of CNT (002) are in symmetry, indicating
good crystallite dimensions and in agreement with Das et
al. [32]. MWCNT has different chiralities, consisting of
different layers and shows the same peak diffraction pattern
(002) with a graphite sheet. In addition, the honeycomb
lattice structure of a single graphene cell caused the peak
family (hk0) to be related to the (100) plane. The peak
(hk0) is generated because of the curved nature of
nanotubes [33]. The small peak at 37.4° in the MWCNTs
prior to functionalization suggests the presence of Fe;C in
the sample. The metal carbide acts as an active catalyst in
the formation of tubular structures of graphitic carbon
and indicates the impurity of the sample [19].

FTIR is
functionalization of MWCNTSs, particularly for assaying
the existence of groups attached to MWCNT tube walls.
The level of functionalization would change MWCNTs
properties and lead to them dissolving in water if it were

generally used to investigate the

used for appropriate applications. In this research, FTIR
analysis was carried out to determine the functional
groups present in both non-functionalized and
functionalized MWCNTSs. The resulting MWCNTs
typically contain C-H, C=C, and C-C groups due to the
spray pyrolysis process [24,31]. The reaction between

g g
= =
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Sl rec 2
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3
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)
]
=
=
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10 20 30 40 50 80 70 20

2 theta (deqg)
Fig 7. X-ray diffraction pattern of MWCNTs (a) before
and (b) after functionalization

benzene and ferrocene as a catalyst at high temperatures
produces carbide bonds. The carbides formed will tend
to bind themselves in chains or rings, not only with one
bond (C-C) but also as double bonds (C=C).

Fig. 8(a) presents spectra of functionalized
MWCNTs, comprising C-O groups at the wave number
of 1,027 cm™!, the wide transmission band at 3,450 cm™!
indicates the presence of O-H groups [17]. Wave
numbers of 2,350 cm™ are characteristic of C=C groups
[34]. The weak peak at around 2,850 cm™ is assigned to
vibration modes of C-H or C-H; while the wave number
of 1,720 cm™ is attributed to C=0O stretching vibrations
in carboxyl groups [35]. Fig. 8(b) shows the spectra of
non-functionalized MWCNTs. The
number 1,157 cm™ is the absorption of C-O groups,

band at wave

while the wave number of 2,850 cm™ is associated with
the vibration modes of C-H or C-H,. Wave numbers of
2,350 cm™ are characteristic of the C=C group due to the
integrity of the hexagonal MWCNT structure.

In the case of functionalized MWCNTs, the
characteristic O-H band appeared significantly broad and
with higher intensity. This higher intensity is attributed
to the increase in the number of hydroxyl groups on the
MWCNT surface after functionalization. Decreasing the
absorbance of C=C at 2,350 cm™! indicates oxidation of
carbon with the emergence of a peak at 1,645 cm™ as
carbonyl (C=0) stretching vibration of carboxyl groups,
indicating the expansion of carboxylation on the
surfaces of functionalized MWCNTs. The FTIR results

(b)

c.0

Transmittance (a.u.}

C-0 o.H

00 1000 1500 2000 2500 3000 3500 4000

Wavelength [cm-1)
Fig 8. FTIR spectra of (a) functionalized and (b) non-
functionalized MWCNTSs
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clearly demonstrate that the hydrophilic groups such as
hydroxyl and carboxylic have been introduced onto the
treated MWCNT surfaces. Thus, the functionalization of
MWCNTs by the change in properties from hydrophobic
to hydrophilic with the emergence of hydroxyl and
carboxylic groups on its surface can be utilized as a
nutrient transfer path within the plant tissue.

Fig. 9
functionalized MWCNT solutions at several concentrations
used for immersion of mustard seeds. Non-functionalized
MWCNT cannot be dissolved in water and tend to float
on the surface. At the functionalized MWCNT solution
with a concentration of 25 ug/mL, the solution still appears

illustrates  non-functionalized and

clear because several MWCNTs are still dissolved, while
at concentrations of 50 and 75 ug/mL, it appears black due
to the presence of more MWCNT material. This result
shows that the functionalization process of MWCNTs has
been able to help the dispersion process in water because

Indones. I. Chem., 2020, 20 (1), 120 - 129

there is a carboxylic group on the surface of MWCNTSs
which will increase the surface energy and reduce
chemical affinity with dispersing media [36]. Surface
functionalization can be developed to improve their
dispersion, stability, and biocompatibility by introducing
carboxylic groups.

Observations on the growth of germination of
mustard plants are shown in Fig. 10. A significant positive
effect on root and stem growth was seen to be very
different between seeds treated by immersion in non-
functionalized MWCNT solution of (a) 50 ng/mL and
functionalized MWCNT with different
concentration of (b) 25 pg/mL, (c) 50 pg/mL and
(d) 75 pg/mL. The functionalized MWCNT solution of
50 pg/mL has an effect on maximum growth compared

solutions

to concentrations of 25 ng/mL and 75 pg/mL. This result
demonstrates that a concentration of 50 pg/mL is the

Fig 9. Photos of non-functionalized MWCNT solution of (a) 50 ng/mL and functionalized MWCNT solutions with
different concentration of (b) 25 ng/mL, (c) 50 pg/mL and (d) 75 pg/mL

Non-
functionalized
MWCNT
F

25 pgimL
\
L]

MWCNT
50 pg/miL
z

Fig 10. Photos of the effect of soal;i-ng mustard seeds for five days in non-functionalized MWCNTs solution of
(a) 50 pg/mL and functionalized MWCNTs solutions with different concentration of (b) 25 png/mL, (c) 50 pg/mL and

(d) 75 pg/mL
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Fig 11. Effect of functionalized MWCNTs on mustard cell

growth

optimum concentration where MWCNT material can
enter the cell wall of mustard seeds and root systems and
significantly affect their biological activity by increasing
the amount of water that penetrates inside the seed during
the germination period [13]. At the functionalized
MWCNT solution of 75 pg/mlL, aggregation of MWCNT
within the roots can occur, potentially causing negative
effects such as inducing nanotoxicity, inhibiting nutrient
transport, and affecting plant growth [37].

Differences in the size of mustard plant cells were
observed due to immersion treatment in functionalized
MWCNTs (Fig. 11). Mustard plants soaked in the
functionalized MWCNT solution of 50 pg/mL had a larger
cell size than those soaked in concentrations of 25 pg/mL,
75 pug/mL, and control. The optimum concentration at
50 pg/mL gives the opportunity to transfer water into the
wall of mustard seeds at a higher rate than other
concentrations. However, the excess of MWCNTs in
plants is still a question for researchers.

m CONCLUSION

This work has demonstrated that the process of
MWCNT functionalization can be successfully carried
out to activate MWCNT walls in the presence of
carboxylic groups. Functionalized MWCNT solutions at
a concentration of 50 pug/mL led to the highest mustard
seed growth rates. These functionalized MWCNTSs enter
the germination wall and allow the water absorption
required for mustard germination to be more effective.

m ACKNOWLEDGMENTS

The authors gratefully acknowledge Ministry of
Research, Technology and Higher Education of the
Republic of Indonesia (National Strategic Research Grant
2015-2017, 007/SP2H/LT/DRPM/V/2017) for financial
support.

m REFERENCES

[1] Veronica, N., Guru, T., Thatikunta, R., and Reddy,
S.N., 2015, Role of nano fertilizers in agricultural
farming, Int. J. Environ. Sci. Technol., 1 (1), 1-3.

[2] Kottegoda, N., Munaweera, I., Madusanka, N., and
Karunaratne, V., 2011, A green slow-release
fertilizer composition based on urea-modified
hydroxyapatite nanoparticles encapsulated wood,
Curr. Sci., 101 (1), 73-78.

[3] Manjunatha, S.B., Biradar, D.P., and Aladakatti,
Y.R., 2016, Nanotechnology and its applications in
agriculture: A review, J. Farm Sci., 29 (1), 1-13.

[4] Subagio, A., Prihastanti, E., Ngadiwiyana, Rowi, K.,
and Gufron, A., 2015, Fabrication of NanoChiSil for
Application of Fertilizer, Proceeding of the 5"
International Seminar on New Paradigm and
Innovation on Natural Sciences and Its Application
(5™ ISNPINSA), 7-8 October 2015, Semarang,
Indonesia, 113-116.

[5] Aguilar-Elguezabal, A., Antunez, W., Alonso, G.,
Espinosa, F., and Miki-Yoshida, M., 2006, Study of
carbon nanotubes synthesis by spray pyrolysis and
model of growth, Diamond Relat. Mater., 15 (9),
1329-1335.

[6] Mukesh, T., and Jha, AK, 2017, A review on:
carbon nanotubes are vital for plant growth, Am. J.
Agric. For., 5 (5-1), 1-9.

[7] Tiwari, D.K., Dasgupta-Schubert, N., Cendejas,
L.M.V., Villegas, ]J., Montoya, L.C., and Garcia,
S.E.B., 2014, Interfacing carbon nanotubes (CNT)
with plants: Enhancement growth, water and ionic
nutrient uptake in maize (Zea mays) and
implications for nanoagriculture, Appl. Nanosci., 4
(5), 577-591.

[8] Rameshaiah, G.N., Pallavi, J., and Shabnam, S,

Agus Subagio et al.



128 Indones. J. Chem., 2020, 20 (1), 120 - 129

2015, Nano fertilizers and nano sensors — an attempt
for developing smart agriculture, Int. J. Eng. Res. Gen.
Sci., 3 (1), 314-320.

[9] Yatim, N.M., Shaaban, A., Dimin, M.F., and Yusof,
F., 2015, Statistical evaluation of the production of
urea fertilizer-multiwalled carbon nanotubes using
Plackett Burman experimental design, Procedia Soc.
Behav. Sci., 195, 315-323.

[10] Tonucci, M.C., Gurgel, L.V.A., and de Aquino, S.F.,
2015, Activated
byproducts (pine tree and coconut shell), coal, and

carbons from agricultural
carbon nanotubes as adsorbents for removal of
sulfamethoxazole from spiked aqueous solutions:
Kinetic and thermodynamic studies, Ind. Crops
Prod., 74, 111-121.

[11] Park, S., and Ahn, Y.]., 2016, Multi-walled carbon
nanotubes and silver nanoparticles differentially
affect seed germination, chlorophyll content, and
hydrogen peroxide accumulation in carrot (Daucus
carota L.), Biocatal. Agric. Biotechnol., 8, 257-262.

[12] Shen, X., Li, S., Zhang, H., Chen, W., Yang, Y., Li, ],
Tao, S., and Wang, X., 2018, Effect of multiwalled
carbon nanotubes on uptake of pyrene by cucumber
(Cucumis sativus L.): Mechanistic perspectives,
Nanolmpact, 10, 168-176.

[13] Srivastava, A., and Rao, D.P., 2014, Enhancement of
seed germination and plant growth of wheat, maize,
peanut and garlic using multiwalled carbon
nanotubes, Eur. Chem. Bull., 3 (5), 502-504.

[14] Sharma, R., Sharma, A.K., and Sharma, V., 2015,
Synthesis of carbon nanotubes by arc-discharge and
chemical vapor deposition method with analysis of
its morphology, dispersion and functionalization
characteristics, Cogent Eng., 2 (1), 1094017.

[15] Kumar, M., and Ando, Y., 2010, Chemical vapor
deposition of carbon nanotubes: A review on growth
mechanism and mass production, J. Nanosci.
Nanotechnol., 10, 3739-3758.

[16] Arora, N., and Sharma, N.N., 2014, Arc discharge
synthesis of carbon nanotubes: Comprehensive
review, Diamond and Relat. Mater., 50, 135-150.

[17] Chrzanowska, J., Hoffman, J]., Malolepszy, A.,
Mazurkiewicz, M., Kowalewski, T.A., Szymanski, Z.,

and Stobinski, L., 2015, Synthesis of carbon
nanotubes by the laser ablation method: Effect of
laser wavelength, Phys. Status Solidi B, 252 (8),
1860-1867.

[18] Vilatela, ].J., Rabanal, M.E., Cervantes-Sodi, F.,
Garcia-Ruiz, M., Jiménez-Rodriguez, J.A., Reiband,
G., and Terrones, M., 2015, A spray pyrolysis
method to grow carbon nanotubes on carbon fibres,
steel and ceramic bricks, J. Nanosci. Nanotechnol.,
15 (4), 2858-2864.

[19] Annu, A., Bhattacharya, B., Singh, P.K., Shukla,
P.K., and Rhee, H.W., 2017, Carbon nanotube using
spray pyrolysis: Recent scenario, J. Alloys Compd.,
691, 970-982.

[20] Khodakovskaya, M.V., Dervishi, E., Mahmood, M.,
Xu, Y., Li, Z., Watanabe, F., and Biris, A.S., 2009,
Carbon nanotubes are able to penetrate plant seed
coat and dramatically affect seed germination and
plant growth, ACS Nano, 3 (10), 3221-3227.

[21] Tripathi, S., Sonkar, S.K., and Sarkar, S., 2011,
Growth stimulation of gram (Cicer arietinum) plant
by water soluble carbon nanotubes, Nanoscale, 3
(3), 1176-1181.

[22] Ahmed, D.S., Haider, A.]., and Mohammad, M.R,,
2013,
multiwalled carbon nanotubes treated by oil olive

Comparison of Functionalization of
and nitric acid and their characterization, Energy
Procedia, 36, 1111-1118.

[23] Takada, T., Santida, D., and Abe, S., 2010, Suitable
conditions for sidewall carboxylation of
multiwalled carbon nanotubes, Nano Biomed., 2
(2), 147-152.

[24] Jun, LY., Mubarak, N.M.,, Yon, L.S., Bing, C.H.,
Khalid, M., and Abdullah, C, 2018, Comparative
study of acid functionalization of carbon nanotube
via ultrasonic and reflux mechanism, J. Environ.
Chem. Eng., 6 (5), 5889-5896.

[25] Khodakovskaya, M.V., de Silva, K., Biris, A.S.,
Dervishi, E., and Villagarcia, H., 2012, Carbon
nanotubes induce growth enhancement of tobacco
cells, ACS Nano, 6 (3), 2128-2135.

[26] Begum, P., Ikhtiari, R., and Fugetsu, B., Matsuoka,

M., Akasaka, T., and Watari, F., 2012, Phytotoxicity

Agus Subagio et al.



Indones. J. Chem., 2020, 20 (1), 120 - 129 129

of multi-walled carbon nanotubes assessed by
selected plant species in the seedling stage, Appl. Surf.
Sci., 262, 120-124.

[27] Jeon, LY., Chang, D.W., Kumar, N.A., and Baek, ].B.,
2011, “Functionalization of Carbon Nanotubes” in
Carbon Nanotubes-Polymer Nanocomposites, Eds.
Yellampalli, S., IntechOpen, London.

[28] Hamilton, R.F., Wu, Z., Mitra, S., and Holian, A,
2018, The effects of varying degree of MWCNT
carboxylation on bioactivity in various in vivo and in
vitro exposure models, Int. . Mol. Sci., 19 (2), 354.

[29] Edward, E.R., Antunes, E.F., Botelho, E.C., Baldan,
M.R,, and Corat, E.J., 2011, Evaluation of residual
iron in carbon nanotubes purified by acid
treatments, Appl. Surf. Sci., 258 (2), 641-648.

[30] Stancu, M., Ruxanda, G., Ciuparu, D., and Dinescu,
A., 2011, Purification of multiwall carbon nanotubes
obtained by AC arc discharge method, Optoelectron.
Adv. Mater. Rapid Commun., 5 (8), 846-850.

[31] Pisal, S.H., Harale, N.S., Bhat, T.S., Deshmukh, H.P.,
and Patil, P.S., 2014, Functionalized multi-walled
carbon nanotubes for nitrogen sensor, IOSR J. Appl.
Chem., 7 (11), 49-52.

[32] Das, R., Abd Hamid, S.B., Ali, M.E., Ramakrishna, S.,

and Yongzhi, W, 2015, Carbon nanotubes

characterization by X-ray powder diffraction - A
review, Curr. Nanosci., 11 (1), 23-35.

[33] Lambin, P., Loiseau, A., Culot, C., and Biro, L.P,,
2002, Structure of carbon nanotubes probed by
local and global probes, Carbon, 40 (10), 1635-
1648.

[34] Wulandari, S.A., Arifin, Widiyandari, H., and
Subagio, A., 2018, Synthesis and characterization

functionalized multi-walled carbon

(MWCNT-COOH) and NH;
functionalized multi-walled carbon nanotubes
(MWCNT-NHo,), J. Phys. Conf. Ser., 1025, 012005.

[35] Cui, H., Yan, X., Monasterio, M., and Xing, F., 2017,
Effects of various surfactants on the dispersion of
MWCNTs-OH in
Nanomaterials, 7 (9), 262.

[36] Lee, J., Kim, M., Hong, C.K., and Shim, S.E., 2007,
Measurement of the dispersion stability of pristine

carboxyl
nanotubes

aqueous solution,

and  surface-modified multiwalled carbon
nanotubes in various nonpolar and polar solvents,
Meas. Sci. Technol., 18 (12), 3707-3712.

[37] Chen, G., Qiu, J., Liu, Y., Jiang, R., Cai, S., Liu, Y.,
Zhu, F., Zeng, F., Luan, T., and Ouyang, G., 2015,
Carbon nanotubes act as contaminant carriers and

translocate within plants, Sci. Rep., 5, 15682.

Agus Subagio et al.



130

Indones. I. Chem., 2020, 20 (1), 130 - 140

Adsorption Study of Rhodamine B and Methylene Blue Dyes with ZSM-5 Directly
Synthesized from Bangka Kaolin without Organic Template

Ani Iryani'?, Hadi Nur’, Mardi Santoso?, and Djoko Hartanto>

!Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Pakuan,
JI. Pakuan, Tegallega, Bogor 16143, Indonesia

*Department of Chemistry, Faculty of Sciences, Institut Teknologi Sepuluh Nopember, Keputih, Surabaya 60111, Indonesia

*Ibnu Sina Institute for Scientific and Industrial Research, Universiti Teknologi Malaysia, Johor, Malaysia

* Corresponding author:
email: djokohar@its.ac.id

Received: November 27, 2018
Accepted: March 8, 2019

DOI: 10.22146/ijc.41369

Abstract: Rhodamine B (RB) and Methylene Blue (MB) dyes adsorption using
adsorbent ZSM-5 synthesized from Bangka kaolin were investigated in this study. The
effects of the initial concentration, contact time, and temperature on the adsorption
process were also analyzed. The effect of the initial concentration and contact time played
an important role in the adsorption process; however, the effect differs significantly in
both dyes. The temperature plays little role in the dye adsorption process. The results
showed that the adsorption process occurred in ZSM-5 adhere to Langmuir isothermal
adsorption model showing that the adsorption process occurred to be monolayer. Based
on the kinetics studies, the pseudo-first-order kinetic model represents the adsorption
kinetics that occurs for both dyes onto the synthesized ZSM-5. Thermodynamic
parameters namely Gibbs free energy (AG°), standard entropy changes (AS°) and
standard enthalpy (AH®) reveal that the adsorption process onto ZSM-5 for both dyes was
spontaneous and exothermic.
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m INTRODUCTION

be carcinogenic, mutagenic, and poisonous to animal

The presence of dye effluent on the environment has
become a major world problem due to their damaging
effects on aquatic life and ecosystem [1]. Discharge of dye
effluent also has a great health threat to all forms of life as
a dye is either toxic or mutagenic and also carcinogenic
compounds [2]. On water bodies, dye effluent leads the
changes in water color, which reduce light penetration
and inhibit photosynthesis of aqueous organism and
flora. Moreover, the dye is not only highly soluble and
stable in water, but also not easily degraded in the aqueous
system that makes removal efforts complicated and
arduous [3]. Rhodamine B (RB) and Methylene Blue
(MB) are two cationic dyes that commonly used as dyes
in the textile industry for cotton, leather, and wool
coloration. These dyes come from thiazine and xanthate
class, respectively, which also used in the cosmetics and
pharmaceutical industry [4-5]. RB and MB are known to

and human life. Also, it is nonbiodegradable and persists
into the environment at high concentration [6-7]. Thus,
the treatment of colored effluents before discharge as
wastewater become a major concern.

Several processes had been developed by experts to
solve this problem such as sonochemical degradation [8],
photochemistry [9], electrochemistry [10], membrane
separation [11], adsorption [12] oxidation or ozonation
[13]. From the mentioned methods, the adsorption
process has attracted the attention of researchers
because of its advantages in terms of flexibility, cost, and
simplicity. The adsorption process was proven as an
effective method to remove metal ions in water.
Interestingly, the adsorption process is also
commercially efficient, versatile and feasible to remove
textile dyes from wastewater [14].

Several studies have been performed on dyes
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adsorption to investigate the factors that affect adsorption
performance including isotherm models, kinetics, and
thermodynamic studies. Many adsorbents were studied
on their performance to remove dyes from wastewater,
including bamboo dust, coconut shell, bagasse, and
activated carbon [15]. However, the high cost of
treatment and activation limit the usage of these
adsorbents. This is the reason why researchers have to
study the feasibility of using cheap and commercially
available materials with large pore-space and special
surface property such as clay-based material like MCM-
41 and zeolites [16]. Zeolites are a series of microporous
aluminosilicate crystal with interconnected pores and
channels in size range from 0.3 to 1 nm. Their three-
dimensional framework facilitates the adsorption of an
organic molecule into its channel [17].

ZSM-5 is a type of zeolite that very potential to be
developed as an adsorbent for an organic molecule. This
material is usually prepared using an organic template or
well known as organic structure-directing agent (OSDA)
template to alter the formation of pores in their particles.
However, the usage of OSDA templates, for example
tetrapropylammonium [18], cetyl trimethylammonium
bromide (CTAB) [19], organosilane compounds [14,18]
or carboxymethyl cellulose (CMC) [20], during the ZSM-
5 synthesis implies the increase in the production costs
and air pollution due to thermal decomposition of this
OSDA. Moreover, a tedious step must be employed to
prepare ZSM-5 from this method [21]. In addition, the
ZSM-5 is usually synthesized using fine chemicals such as
sodium aluminate (NaAlO,) as an alumina source and
Ludox or TEOS as a silica source. In this works, kaolin
Bangka was used as an alumina source. Kaolin is an
aluminosilicate clay mineral that consists of alumina and
silica with a ratio of 1:1. The relatively high alumina
content in kaolin Bangka can reduce the use of expensive
and less environmentally-friendly chemicals [22]. Thus, it
is expected to reduce the production cost as well as the
environmental impact of ZSM-5 synthesis.

The adsorption of RB and MB, indeed, have been
reported by several researchers. Damiyine et al. reported
the usage of clay to adsorb RB, and the result suggested
that the adsorption process preferably at higher pH with

the adsorption capacity of the material reached
89.28 mg/g of RB [23]. Turning to MB, Ngapa et al.
reported adsorption of MB wusing natural zeolite
(Mordenite) from Ende [24]. It was found that the
modification of natural zeolites could significantly
increase the adsorption of MB. The unmodified natural
zeolite could only adsorb as much as 16-17 mg/g of MB,
and this number increase twofold (reaching 36-37 mg/g)
after modification using the hydrothermal process [24].
Vezentsev et al. also reported adsorption of MB using
bentonite clay and hydroxyapatite, and it was found that
bentonite clay could adsorb MB significantly higher
than hydroxyapatite. The adsorption using Bentonite
was 175.4 mg/g, 17.8 times higher than hydroxyapatite
ones. [25]. Lately, Santosa et al. adsorb MB using peat
soil humin. They revealed that this material could
adsorp the MB up to 60.77 mg/g. Despite these reports,
the adsorption of this dye should still be improved to
reach the practical application [26]. In this case, the
adsorption process using ZSM-5 synthesized of kaolin
Bangka as starting material and without organic
template has not been reported yet. The usage of
different starting material and different synthesis route
compare to conventional ZSM-5 synthesis could lead to
the formation of a specific characteristic of the yielded
ZSM-5 powders. Therefore, the adsorption of RB and
MB dyes on ZSM-5 synthesized using kaolin Bangka and
without organic template was investigated in this study
to understand the effectiveness of this ZSM-5 and its
The
characteristics of the ZSM-5 were characterized by

characteristic in adsorption of both dyes.
Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), N»-sorption (BET and BJH methods),
and scanning electron microscopy (SEM). Then, the
ability of ZSM-5 as adsorbents to adsorb RB and MB
dyes from aqueous media was evaluated.

m EXPERIMENTAL SECTION
Materials

ZSM-5, in this work, was synthesized from Bangka
kaolin without pre-treatment nor without using organic
(OSDA) template. The synthesis process was adopted
from previous work taking the Si/Al molar ratio of 60
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[27]. Two types of dyes materials were used as adsorbate
in this experiment which are RB and MB. RB has a
chemical formula of C,sHsCIN,Os and molecular weight
of 479.02 g/mol, melting point 210-211 °C and Ama 355
and 543 nm, whereas MB has a chemical formula of
CisHisCINsS and molecular weight of 319.85 g/mol, a
melting point between 100-110 °C and Amax 665 nm.

Procedure

Synthesis procedure

ZSM-5 was synthesized from kaolin directly without
the addition of organic (OSDA) template. The synthesis
was started by dividing 16.59 g of aqua DI into two parts.
Then, 0.8 g of NaOH was dissolved into the first half of
the aqua DI followed by addition 0.93 g of kaolin under
constant stirring. Subsequently, 22.58 g of Ludox was
added to the mixture step by step. The second half of
water was added to the mixture to give a final ratio of
10Na,0:120Si0,:2A1,05:1800H,0O. This mixture was then
aged at room temperature for 12 h. The silicalite-1 seed
was then added to the mixture and continued by constant
stirring for 30 min. The mixture was then moved into
stainless-steel Teflon autoclave for a hydrothermal
process. The hydrothermal process was performed under
a closed condition at 448 K for 24 h. The resulted powders
were separated by centrifugation (5000 rpm) and washed
with aqua DI until reaching neutral pH and were then
dried at 373 K for 12 h. This process produced Na-ZSM-
5. The resulted powders were calcined at 773 K under air
atmosphere. After calcination, 1 g of Na-ZSM-5 was
placed into 20 mL ammonium chloride solution 0.6 M.
The mixture was then stirred for 1 h. The powders were
then filtered and were washed using aqua DI to reach
neutral pH (pH = 6-7). The resulted powders were dried
and were calcined at 773 K for 6 h. This process resulted
in H-ZSM-5 or mentioned as ZSM-5.

Characterization of ZSM-5

The synthesized ZSM-5 was characterized using X-
ray diffraction (XRD) by powder technique and with
CuKa irradiation (A = 1.54 A) at 20 range of 5-40°. The
textural properties of the sample were characterized by
Nitrogen adsorption at 77 K on Micromeritics ASAP 2020
instrument. Prior to sorption measurements, the samples
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are placed into the U-shaped tube at 400 °C for 8 h for
degassing. The determination of the total surface area
was based on the Brunauer-Emmett-Teller (BET)
adsorption isotherm model. Meanwhile, the Barrett—
Joyner-Halenda (BJH) is used to calculate the pore size
distribution and the pore volume. Scanning electron
microscopy (SEM) was conducted to examine the
particle morphology of the zeolite particles. This analysis
was conducted using a Zeiss EVO MA at 20 kV. The
infrared Spectroscopy was carried out using Fourier
Transform Infrared (FTIR) Shimadzu Spectrum One
8400S to analyze function group of the synthesized
material.

Adsorption procedure

Adsorption of RB and MB dyes were conducted by
the batch method. The experiment procedure conducted
on a container that filled with 50 mL dyes solution (both
RB and MB) with variation concentration of 50, 100,
150, 200 and 250 mg/L for each dye. The initial pH of the
solution is 7, and the amount of adsorbent (ZSM-5) is
0.05 g. The tube was then stirred at a determined
temperature until equilibrium is reached. Upon
equilibrium, the solution then filtered through 0.1 pm of
membrane filter (Millipore, Japan) and the absorption
were measured at maximum absorbance of dyes with
UV-Visible Spectrophotometer (Thermo GeneSYS 10S)
to determine the residual of dye concentration. The
adsorption capacity was calculated by Eq. (1):

C,-C
Qe:( o e)
m

where Q. is the adsorption capacity per unit of adsorbent

xV (1)

(mg/g), C, is the initial dye concentration (mg/L), C. is
the residual dye concentration (mg/L), V is the volume
of the solution (L) and m is the weight of the adsorbent
(g)-

The results of this study were analyzed using the
isotherm adsorption model of Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich (DR) [28-29].
Calculation of the isotherm adsorption model is taken
from data obtained between contact time 0-180 min.
The sample solution was taken every 10 min along
contact time and directly analyzed with UV-Visible
spectrophotometer. This analysis is carried out with dye
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(adsorbate) concentration of 50, 100, 150, 200 and
250 mg/L. The variation temperature applied are 303, 313,
and 323 K.

m  RESULTS AND DISCUSSION

ZSM-5 was successfully synthesized from Bangka
kaolin using silicalite-1 seeds and without an organic
template. For this synthesis process, the molar ratio of
reactants is determined based on the previous study
reported by Prasetyoko et al. who synthesized ZSM-5 with
a molar ratio of 10Na,0:120Si0,:2A1,03:1800H,O [30].
However, this study uses kaolin Bangka as a source of
alumina and silica.

Characterization of ZSM-5

Fig. 1 illustrated the powder XRD diffractogram of
Bangka kaolin and synthesized ZSM-5. The comparison
of the diffractogram shows that the specific peak of kaolin
did not appear in the diffractogram of synthesized ZSM-
5. These results point out that kaolin phase was fully
transformed into ZSM-5 after synthesis process. The
main peaks of Synthesized ZSM-5 at 20 = 7.9, 8.9, 23.2,
and 24.5° are identical with reference of ZSM-5, which
mean that pure ZSM-5 was obtained without impurities
[30]. High intensity shows that the ZSM-5 was
synthesized with good crystallinity.

The FTIR spectra of kaolin and synthesized ZSM-5
can be seen in Fig. 2. The spectra show that there is great
difference between Bangka kaolin and Synthesized ZSM-
5, which suggest that the kaolin bond was disconnected
and transformed into novel ZSM-5 bond by synthesis
process. The characteristic peak of ZSM-5 at 1221 and
1102 cm™ represent the asymmetric stretching vibration
of TOT bond; peak at 796 cm™ displays symmetric
stretching vibration of T-O-T bond; 546 cm™ shows the
framework vibration of pentacyclic ring that is
characteristic vibration of the MFI-type structure and
peak at 450 cm™ is a result of the bending vibration of
TOT, where T is Si or Al atoms [31-32].

The SEM micrograph of the synthesized ZSM-5 is
presented in Fig. 3. The morphology of ZSM-5 reveals the
typical smooth and fine hexagonal structure with a size of
about 9.6-3.3 um. However, there is some part that exhibits
irregularly layered and cracked structure with a rectangular
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Fig 1. Diffractogram XRD of (a) Bangka kaolin and

(b) synthesized ZSM-5
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Fig 2. Infrared spectra of (a) Bangka kaolin and
(b) synthesized ZSM-5
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shape in size of about 9.6-3.8 pm.

The textural properties of synthesized ZSM-5 were
evaluated by nitrogen physisorption and can be seen in
Fig. 4. The N, Sorption of ZSM-5 shows the significant
increase of adsorption in two steps, as can be seen in the
relative pressure (P/P,) < 0.02 and (P/Po) > 0.95. The first
increase at (P/Py) < 0.02 indicates the filling of the
micropore exists in the ZSM-5 surface. In contrast, the
increase in a higher pressure at (P/P,) > 0.95 indicates the
presence of interparticle void caused by aggregation of
primary crystal.

The ZSM-5 also shows the hysteresis loop at
~0.5<P/P0<0.9, which the of
mesopore. The relatively large hysteresis indicates the

indicates presence
existence of interconnected open mesopore to the
external surface of ZSM-5. This interconnected mesopore
could improve the molecular transport due to the reducing
of diffusion length to the micropore. The surface area of
the sample is found to be about 333 m?/g based on BET
calculation. Meanwhile, the pore diameter of ZSM-5
calculated using the BJH method was found to be 5.72 A
and 24-26 A [33-34].

Batch adsorption studies of RB and MB in aqueous
media was performed to examine the adsorption
performance of ZSM-5 from Bangka kaolin. The effect of
initial concentration, contact time, and the temperature
are explained detail in the following discussion.

Effect of Initial Concentration and Contact Time

The initial concentration of dye and contact time are
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two important factors influencing the adsorption
process, since initial concentration can affect the driving
force of dye molecules to overcome limited mass
transport between solid-liquid phase boundaries.
Contact time also a crucial factor in revealing
equilibrium adsorption point of dye molecules [16]. The
effect of initial dyes concentration and contact time on
the adsorption capacity of RB and MB by ZSM-5 is
illustrated in Fig. 5. The curve in Fig. 5 shows that the
adsorption capacity of the ZSM-5 synthesized from
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Fig 4. Nitrogen sorption equilibrium at 77 K of
Synthesized ZSM-5 from Bangka kaolin adsorption
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Fig 5. Effect of initial dyes concentration and contact time on adsorption of (a) RB and (b) MB
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Bangka kaolin increased along with the increase of initial
concentrations. This result suggests that the removal of
dyes depends on initial dyes concentration [18].

In general, the adsorption capacity of the ZSM-5
rises rapidly in the early time of the adsorption process,
and it remains stable above 100 and 80 min of contact
time, for both dyes. This phenomenon suggests that the
adsorption has reached the equilibrium [14,16,18].
Apparently, the adsorption behavior for both dye
solutions of RB and MB is not the same. The adsorption
of RB is more irregular than the MB one. This is likely due
to adsorption that takes place on the adsorbent ZSM-5 is
less moderate on RB adsorbate than MB dye, which
appears more regular and systematically. Of course, this is
concerned with the structural difference of the 2 dyes,
where MB molecule with a dimension of 5.9 A x 13.8 A is
smaller and straight whereas RB molecule with a
dimension of 9.8A x 15.0 A are bulkier and would occupy
larger areas [35-36]. This property leads to more irregular
adsorption behavior of RB dyes due to similarity pore of
ZSM-5 (24-26 A) with RB molecule dimension.

Temperature Effect

The effect of temperature on the adsorption of RB
and MB dyes summarized Fig. 6. Based on those results,
both dyes are rapidly adsorbed in the low temperature and
decreased with increasing temperature. The increasing
temperature can affect kinetics energy of adsorbate, which
reduces the interactions between adsorbent-adsorbate.
Although there is some difference among both dyes, MB
dye is decreased more rapidly than RB. This fact
correlated with the molecular size of MB that contributes
to this phenomenon.

Adsorption Isotherm

Adsorption isotherm was calculated to understand
the adsorption behavior of RB and MB dyes onto ZSM-5
from Bangka kaolin. By this analysis, the interaction
between adsorbate and adsorbent could be examined. The
analysis is carried out by fitting with four types of
isotherm model, i.e., Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich. The Langmuir model assumes
that the adsorption occurs on a specified surface of
homogeneous adsorbents. This adsorption could only form
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Fig 6. Effect of temperature on adsorption capacity

one layer of adsorbate in the surface of the adsorbent,
meaning that each part of the surface in adsorbent could
only hold one molecule or atom. This Langmuir model
is presented in Eq. (2):

C_1 .G @
de dmb dm

where C. (mg L) is the equilibrium concentration, qe
(mg g') is the amount of adsorbed adsorbate per unit
mass of adsorbent, and qn, is the adsorption capacity, and
b is the rate of adsorption [37-40]. The Freundlich
isotherm is wused to non-ideal
heterogeneous behavior of the adsorption process. This

model is presented in Eq. (3):

represents the

Lnq, =Lnk; +anCe (3)
n

where k¢ is the Freundlich constant (mg g™' (mg L™")n),
and 1/n is the heterogeneity factor ranged from 0 to 1
which is a characteristic of surface heterogeneity,
becoming more homogeneous as its close to unity [37-
40].

The Temkin isotherm assumes that the adsorption
heat of the adsorbate constantly decreases with
adsorbent layer coverage rather than logarithmic due to
the interaction of adsorbate and adsorbent. This model
is presented in Eq. (4):

q. =BLnA+BLnC, (4)
where B is the constant related to the heat of sorption,
and A (L mg") is the Temkin equilibrium isotherm
constant [38-40]. The Dubinin-Radushkevich isotherm
model can be used to examine the porosity in relation to
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the free energy, E, and the characteristics of the
adsorption process. This model is more general than the
Langmuir model because it does not assume a
homogeneous surface or constant adsorption potential.
This isothermal equation is expressed in Eq. (5):

Lnq, =Lnq ¢ —[382 (5)
where g. and Qm. are defined above, b is the activity
coefficient related to mean adsorption energy (mol® kJ2),
and e is the Polanyi potential [38-39]. The calculation of
all model is compiled in Table 1.

Based on the important parameter mentioned in
Table 1, the correlation coefficient (R?) was used to
determine the most suitable model for the adsorption of
RB and MB dye onto ZSM-5. The results show that the
Langmuir model possesses higher approximation to the
value of one rather than the other models. The detailed
trend is as follow: Langmuir > Freundlich > Temkin >
Dubinin-Radushkevich. This result suggests that the
adsorption process of both dyes into adsorbents can be
described better using the Langmuir model, which
consider the adsorption to be monolayer rather than
multi-layer adsorption [16,18]. This Langmuir adsorption
is in good accordance with the isothermal adsorption type
reported by several researchers. Vezensev et al. [25]
reported in his findings that the adsorption of MB in
bentonite-like clay and hydroxyapatite also followed the
Langmuir model. The more recent findings reported by
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Santosa et al. [26] also shows the same result. So did the
result reported by Ding et al. [12]. This similarity is quite
reasonable since the adsorbent material possessing
active functional groups in its surface, such as activated
carbon, zeolite material as well as pit soil humin could
bind the dye molecules via those functional groups [26].

Another crucial finding based on this calculated
provided in Table 1 is the adsorption capacity of the
ZSM-5. The Qn, values, which represents the maximum
adsorption capacity for RB and MB, are 97.08 and
128.21 mg/g, respectively. This MB adsorption capacity
is quite higher than other reported adsorbent materials
such as hydroxyapatite with an adsorption capacity of
9.88 mg/g [25], mordenite (37.362 mg/g) [41], but it is
lower than bentonite (136.98 mg/g) [25]. Turning to the
rhodamine B, the adsorption capacity in this works is
higher than mordenite (3.61 mg/g) [23], montmorillonite
(42.19 mg/g) [42] and bentonite (98.62 mg/g). However,
the adsorption capacity of ZSM-5 in this works is much
lower than activated carbon that has adsorption capacity
up to 478.50 mg/g [12]. The difference in adsorption
capacity is reasonable as the certain parameter in the
adsorption process could influence the adsorbent
performance. However, in adsorbent with the Langmuir
model, it seems that the pore diameter and the
functional groups that exist in the surface of the
adsorbent play an important role in determining the
adsorption capacity [12,26].

Table 1. Parameters of several adsorption isotherm models for the adsorption of RB and MB on ZSM-5

Mathematical Methods Parameters RB MB
Langmuir Isotherm R? 0.9962 0.993
Ko 0.007 0.009
Qum (mg/g) 128.21 97.08
Freundlich Isotherm R? 0.978 0.949
K 4.6 x 10° 13.6 x 10*
N 0.54 0.48
Temkin 0.0033 0.0036
B (mol/K]J) -776.02 -788.91
0.975 0.933
D-R qm (mg/g) 161.95 137.15
B 0.0032 0.0035
E (KJ/mol) 12.500 11.952
R? 0.9228 0.855
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Kinetic and Thermodynamic Studies

The kinetics profile of RB and MB dyes adsorption
on ZSM-5 adsorbent were conducted by batch method at
an initial dye concentration of 50 mg L™'. The procedure
of kinetics studies was similar to equilibration
experiments with several preset intervals of sampling
time. Three different kinetic models were used to
investigate the kinetics studies, namely pseudo-first-
order, pseudo-second-order, and intraparticle diffusion
models [38,43-45]. The results are shown in Table 2.
Based on the obtained coefficient of correlation from the
adsorption of RB and MB dye onto ZSM-5, the pseudo-
first-order model kinetics are more adequate than those

obtained from the pseudo-second-order model. It can

137

also be concluded that adsorption of RB and MB dye
onto ZSM-5 has physically occurred because the
pseudo-first-order-reaction was driven by one variable
that is correlated with our result that the adsorption
capacity depends on the concentration of adsorbate. The
higher concentration of adsorbate increases the
adsorption kinetics. Based on the intra-particle diffusion
model, it seems that the intraparticle diffusion is not the
rate limiting step as the straight line did not pass through
the origin (C value not equal to zero). This implies that
other factor also plays a crucial role in adsorption such
as film diffusion, adsorption of adsorbate on the interior
surface of adsorbents or their combination [12,45]. The
plot of the intra-particle kinetics model is shown in Fig. 7.

Table 2. Kinetic and thermodynamic parameters for the adsorption of RB and MB on ZSM-5

Mathematical Methods Parameters RB MB
Pseudo-First-order kinetics R? 0.9983 0.9952
Ky 0.0309 0.0274
Q. (mg/g) 789.66 977.01
Pseudo-Second-order kinetics  R? 0.9762 0.9364
K, 2.244 x 107 7.199 x 107
Qd(mg/g) 909.09 1250
Intra-particle diffusion R? 0.9024 0.9590
kia (g/mg/min'?) 58.668 69.085
C (mg/g) 24.706 101.84
Thermodynamic study R? 0.9648 0.8894
AH® (J/mol) -188.201 -161.414
AS° (J/mol K) 0.5940 0.517
-AG® x 10? kJ/mol
303K (kJ/mol) -8.234 4.859
313K (kJ/mol) -2.294 -0.307
323K (kJ/mol) -3.645 -5.474031754
500 1(a) 800 1)
700 y = 69.085x — 101.84 4 ¥ =63.085x - 101.84 5,
600 Rz = 0.95%04 g00 - Rz = 0.95%04
500 - &
& 400 & app A
300
200 1 & 200
100
0 ] 0 " - ]
0 15 0 15
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Contact time (min)
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Fig 7. The kinetic plot of intra-particle diffusion model on (a) RB and (b) MB
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The effect of temperature in the adsorption process
could be studied by analyzing the thermodynamic
parameters. These thermodynamic parameters are
presented in Table 2. The data shows that the adsorption
of RB and MB is an exothermic reaction indicated by the
negative value of AH®. In the same way, the value of AG®
is also found as a negative value indicating that this
adsorption process could occur spontaneously in nature.
This happened in all studied temperatures. However,
those values are varied. The higher negative value of AG®
indicates the energetically preferred process. Also, it
seems that the AG® decrease in line with the increase of
temperature, suggesting that at a higher temperature, the
driving force become lessen, thus lowering the adsorption
uptake.

m CONCLUSION

In this paper, the ability of ZSM-5 from Bangka
kaolin as an efficient adsorbent for RB and MB removal
had been demonstrated. The fitting of the isothermal
adsorption model revealed that the adsorption process
follows the Langmuir model. The kinetic study revealed
that the adsorption of both RB and MB follow the pseudo-
first model indicating the intraparticle diffusion is not
only the rate-limiting step but also is influenced by
another factor such as film diffusion, adsorption of
adsorbate on the interior surface of adsorbents. In
addition, the thermodynamic studies indicate that all the
adsorption process could occur spontaneously and
that ZSM-5
synthesized from Bangka kaolin could be promising as an
adsorbent for RB and MB removal.

exothermic. These findings confirm
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= INTRODUCTION Coastal lagoons are particular ecosystems where

. i flict, f fisheri ism,
Worldwide, coastal areas are densely populated many interests may conflict, from fisheries to tourism

. . . . and from aquaculture to harbor facilities or urban
ecosystems of high ecological, economic, and social

importance. Coastal lagoons, in particular, play an development. In developing countries, water-related

. . L tourism is an increasing source of incomes. Clean water
important role as productive ecosystems, species-rich

. . . i h i ism i s th
habitats, and areas for storm protection and tourism. The contributes to the recreation and tourism industry; that

main services provided by coastal systems include food is why quality water availability is often considered the

provisioning (mainly fish and shellfish), freshwater storage, main limiting factor for developing tourism [4]. In the

hydrological balance, climate regulation, flood protection, touristic city of Cartagena, which is visited by millions of
water purification, oxygen production, fertility,

recreation, and ecotourism [1-2]. Nowadays, coastal

tourists every year, there is an inner water body named
Cabrero lagoon, which is highly impacted by subnormal

. lati h h ivities. Peopl
lagoons are one of the most threatened ecosystems in the f) OPu ation g;owlt and other umarll activities deO}f ¢
world, because of population growth, habitat destruction, Iving near the agoo.n ar.e extremely poor, a.n ¢ e‘y
. I . . found a place to live in the shores of it. This
pollution, wastewater, overexploitation and invasive thorized urbanizati ¢ the 1 has b
species which are the main causes of their degradation [3]. unauthorized urbanization of the fagoon has been
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bringing untreated wastewater that is discharged without
any treatment directly into the lagoon. Solid wastes and
fecal matter are also a problem for the ecosystem because
people throw them into the water, leading to serious
issues on lagoon health [5].

Descriptive statistics (mean, SD, among others) and
some graphical tools may give a simple assessment of
water behavior. Inferential statistics have tools like
hypothesis testing and confidence intervals that may help
to assess the performance of a water body in a period [6].
The problem of evaluating water quality becomes more
and more complicated as we increase the number of
measured variables; then the use of both multivariate
techniques and data reduction are almost mandatory to
satisfactory
techniques such as principal components analysis (PCA)

achieve results. Multivariate analysis
may be used to analyze large databases without losing
valuable information [7] and allow monitoring of all the
variables and their relations simultaneously. PCA
technics have been widely used to evaluate water quality,
identify the latent sources that influence surface water,
and offer a valuable tool for reliable management of water
resources as well as effective solutions to pollution in the
last decade [6,8].

Mitra et al. assessed the water quality in Hooghly
River Estuary, India, using PCA and cluster analysis [9].
Taoufik et al. studied the variation of water quality in the
River Wadi El Bey for two years using PCA and cluster
analysis [10]. Hajigholizadeh and Melesse [11] used
cluster analysis and discriminant analysis to study
southern Florida water quality, analyzing a 15-year
database and over 35,000 observations to assess the state
of water pollution and its time-space variation. Tosic et al.
[12] used basic descriptive statistics to explain the
temporal variation of water quality and sediments in the
Bay of Cartagena. Yoon et al. [13] studied the temporal
and spatial variation in Chilika lagoon using PCA and
data collected from 1999 to 2009. Jung et al. [14] analyzed
the behavior of water quality in the Nakdong River basin
by principal component analysis and cluster analysis.
Through principal component analysis and cluster
analysis, Jiang et al. [15] studied the distribution of arsenic
and other compounds in groundwater in Mongolia.
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Marinovic and Ruzdjak [16] by PCA and CA analyses
determined a baseline of water quality of the Sava River
in Croatia after the war in this country.

The aim of this research was to analyze the
temporal variability and the fulfillment of the
Colombian environmental law of marine water quality
in Cabrero lagoon using a data set of 9 years (2008-2017)
which contains parameters such as: pH, salinity,
dissolved oxygen (DO), total suspended solids (TSS),
total coliform (TC), (FC), total
phosphorus (TP), ammonium (NH,"), biochemical

fecal coliforms

oxygen demand (BOD5) and chemical oxygen demand
(COD), in order to provide better tools for the
environmental management of this marine resource.

m EXPERIMENTAL SECTION
Study Area

Cabrero lagoon located at coordinates 10° 25' 52.8"
N 75° 32' 27" W, has an approximate length of 1.38 km,
a water area of about 26 hectares and an average depth
of 2.3 m. This Cartagena’s inner lagoon is connected to
different highly polluted water bodies through channels,
which are also connected to the Caribbean Sea. In this
lagoon, the mangrove ecosystem is constituted by
Rhizophora mangle L., Avicennia germinans L.,
Laguncularia racemose L., and Conocarpus erectus. The
study area is characterized by exhibiting two climatic
periods; one of rainfall between April and November,
and the other period is dry and goes from December to
April [17].

Analytical Procedures

In situ studied parameters were dissolved oxygen
(SM 4500-O G), pH (SM 4500-H+) and salinity (SM-
2520-B), measures were done with the help of a portable
water analysis kit (multi-parameter - Hach 5465011
Senslon). Parameters of biological oxygen demand was
performed by Winkler method (SM 4500-O G),
chemical oxygen demand (COD) by closed reflux, and
total phosphorus by ascorbic method (SM 4500-P B, E).
In addition, ammonium (SM 4500-NH3 B, C), total
coliforms (SM 9222B), fecal coliforms and total
suspended solids (SM 2540D) were analyzed in the
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laboratory following the standard methods for water and
wastewater analysis. Data were then compared to the
threshold values of the water quality law (decree 1594-
1984) adopted by the government of Colombia [18-19].

Data Analysis

In order to evaluate the compliance of the
Colombian environmental law in Cabrero lagoon,
confidences intervals, and hypothesis testing were
conducted toward the  physicochemical and
microbiological data gathered from 2000 to 2017. Non-
parametric Wilcoxon signed-rank test was used to detect
possible differences between the medians of water quality
variables during dry and rainy periods. Principal
components analysis was applied to obtain composite
variables, which was expected to identify factors affecting

water quality and latent pollution sources.

Hypothesis testing and confidence interval

A statistical hypothesis is a statement about the
parameters of one or more populations; it involves
measuring the strength of evidence provided by sample
data. In particular, hypothesis testing involves formulating
opposing statements- the null and alternative hypothesis-
about the population parameter of interest. The goal of
hypothesis testing is to decide whether or not to support
the original claim, based on whether we reject the null
hypothesis. To do so, a sample statistic is measured or
observed, and a decision is made to reject or fail to reject
the null Hypothesis based on the extremity of the sample
statistic. This decision is based on the probability, called
the p-value, of observing the sample statistic, under the
assumption that the null hypothesis is true. If the p-value
is smaller than 0.05, then we reject the null hypothesis.
Hypothesis testing is an effective tool to compare the
mean of a population to a specified value. In this research
hypothesis testing will be wused to evaluate the
accomplishment of the Colombian water law (see Table 1).

A confidence interval gives an estimated range of
values which is likely to include an unknown population
parameter. The estimated range is calculated from a given
set of sample data. The interval has an associated
confidence level that quantifies the level of confidence
that the parameter lies in the interval [20-21].
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Wilcoxon signed-rank test

Wilcoxon signed-rank test is a nonparametric test
procedure used for the analysis of matched-pair data or
the one-sample problem. For a matched-pair setting,
this procedure is used to evaluate the hypothesis that the
probability distribution of the first sample is equal to the
probability distribution of the second sample [22]. In
this research, such a test will be used to compare the two
(Dry-Wet) during the
monitoring program (see Table 2).

different weather seasons

Principal component analysis

The principal component analysis is a multivariate
analysis technique that can be used to find new variables
represented by a linear combination of variables having
correlations via the variance-covariance matrix of
The
components (PC) are orthogonal variables obtained by

several  multivariate  variables. principal
multiplying the original correlated variables with the
eigenvector. Principal components may be written as:

Zij =Xy +a1pXg5 o+ 8 Xy

where z is the component score, a is the component
loading, x is the variable value, i is the component number,
j is the sample number and m is the total number of

variables. Based on the loading coefficient and correlation

Table 1. Hypothesis testing for Colombian water law

Null Hypothesis Alternative Hypothesis
Hy: ppo <4 Hy: ppo>4
Hy: Mpop, 23 Hy: ppop, <3
Hy: Heop 21000 Hp: peop <1000
Hy: ”NHZ >1 H;: “NHZ <1
Hy: ppp >0.003 H,: ppp <0.003
Ho: Wrgs 290 Hp: prgs <90
H,: HpH <6.5 H;: HpH >6.5
Hy: pre 5000 Hy: ppe <5000
Hy: ppe >1000 H,: ppe <1000
Hy: pgy <33 H;: pgy >33

Table 2. Hypothesis testing for dry-wet season

comparison
Null Hypothesis Alternative Hypothesis
HO : eDry = eWet Hl : eDry # ewet
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value with the PC. It explains most of the total variations
with some important principal components. The new
axes lie along the directions of maximum variance. PCA
provides an objective way of finding indices of this type so
that the variation in the data might be accounted for as
concisely as possible [23-24].

m RESULTS AND DISCUSSION
Statistical Resume

A summary of the mean value and standard deviation
of 10 measured variables in the lagoon water samples and
the recommended value allowed by Colombian law for
secondary contact is provided in Table 3.

Hypothesis tests showed that the oxygen values were
above 5.70 mg/L, which complies to the Colombian law
with a confidence interval of 5.70-6.50 mg/L. OD may
present high values, probably due to the presence of algae
in the water, which during the photosynthesis process,
consume carbon dioxide and produce oxygen. For BOD5
there was not enough information to conclude that the
mean was lower than 3, in fact, 90% of the time the value
of this parameter was between [4.47-5.62 mg/L] which
means that wastewater and solid wastes are deteriorating
the quality of water in terms of organic material in the
lagoon water [25]. The values for COD are high with
values above the norm; this is possible due to the addition
of chlorine from the sea because the lagoon is connected
to it through different channels and also probably due to
the chemicals coming from solid waste and anthropogenic
activities like car wash services near the zone. Ammonium
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showed a confidence interval of 0.39-0.57 mg/L
complying with environmental law. With a confidence of
90%, the mean value for phosphorus was in the range
0.16-0.21 mg/L. This parameter is out of the acceptable
this level
eutrophication which may be a threat for any species

interval; indicates that water is near
living in this habitat and may cause a bloom of different
algae [26-27]. This is possible maybe due to the poor
disposal of wastewater, water with soup or other kind of
chemicals. Total suspended solid showed improvements
because in the first years of the monitoring, the values
were out of range, but lately, they became under control.
In addition, pH showed good behavior with a confidence
interval of 7.79-7.92, which complies with the law limits.
Total and fecal coliforms are totally out of control in the
Cabrero lagoon; this is evident due to the high number
of outliers presented in the data above the threshold for
this parameter. Total coliforms presented a confidence
interval of 5509-29288 MPV, and fecal coliforms
1975.8-22648 MPV. These values represent a real threat
for flora and fauna and the community around this
lagoon, and the local government should take measures
immediately in order to low these levels. Salinity varied
from 26.1 to 27.5 possibly due to the entrance of
freshwater from the communities around the lagoon.
Results are depicted in Fig. 1.

Temporal Variation in Water Quality

Non-parametric Wilcoxon signed-rank test was
performed in order to assess differences in the behavior

Table 3. Summary of descriptive statistics for water quality in Cabrero lagoon

Parameter Mean SD Min Max Guide level*
DO 6.11 1.82 1.02 9.04 >4
BOD5 5.10 5.62 1 13.58 <3
COD 1014 379.5 261 2019 < 1000
NH,* 0.49 0.42 0.07 1.65 <1

TP 0.19 0.12 0.02 0.92 <0.003
TSS 48.82 54.53 7 289 <90
pH 7.85 0.304 7.17 8.64 6.5-8.5
TC (mpv) 17398 54633 1.8 33.x 10* <5000
FC (mpv) 12312 47496 1.8 33.x 10* <1000
Sal (%o0) 27.79 7.81 9.2 37.3 33-36

*Levels according to Colombian water law
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Fig 1. Time series for water quality parameters in Cabrera lagoon
of water quality in the dry and rainy season. As shown in Values were above the threshold values during

Fig. 2, dissolved oxygen values were higher during the  both seasons. COD presented no statistical difference
rainy season probably caused by the addition of between the dry and rainy season. Ammonium
freshwater. BODS5 presented a wider range during thedry =~ parameter was affected by the season (p < 0.05). During
season, possibly caused by the dilution of organic matter ~ dry season the values were higher and exceeding the
in the rainy season. limits according to Colombian laws. Total phosphorus
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Fig 2. Temporal variation of water quality parameters

also presented statistical differences depending on the
season (p < 0.05). In both seasons, values were outside of
the allowed limits, especially during the dry season where
the values were higher than in the rainy season.
Correlation between the seasons and suspended
solids may also be explained in terms of the increased
quantity of eroded material and urban run-off expected
while raining; this is the reason for multiple outliers in the
data. Comparing seasonal behavior for total coliforms,
there is no significant difference between the seasons, but
the values in both seasons are outside of the Colombian
law limits. For fecal coliform, results showed that during
the rainy season, values were higher, however there was
no significant differences between the seasons. The non-
significant correlation of total and fecal coliforms with
seasons indicates the contribution of anthropogenic

sources in the catchment areas. Salinity, as expected,
presented a statistical difference between the dry and
rainy season, which is caused by the entrance of
freshwater during the rainy season. According to Fig. 2,
levels of contaminants are out of limits no matter the
season. The values reached by these parameters suggest
the need for alternatives to reduce contaminants in
aquatic ecosystems. It is also important to educate
the the
environmental impacts of throwing garbage and

communities  nearby lagoon  about

developing social projects around ecotourism activities.
Principal Components Analysis

The purpose of this analysis is to obtain a reduced
number of linear combinations of the 10 variables that
explain 79.4% of the total variance in the data set. In this
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Table 4. Loadings of experimental variables on significant components for all lagoon water samples

Parameters PC1 pPC2 PC3 PC4 PC5
DO (mg/L) 0.289 -0.479 0.032 -0.468 0.147
BOD:s (mg/L) 0.116 0.167 0.631 -0.289 -0.135
COD (mg/L) 0.296 0.340 -0.302 -0.251 0.421
NH,* (mg/L) -0.299 0.281 0.268 0.101 -0.320
TP (mg/L) -0.126 0.538 0.210 -0.388 0.126
TSS (mg/L) 0.194 0.096 0.250 0.676 0.332
pH 0.236 -0.271 0.561 0.029 0.289
TC (MPV) -0.517 -0.024 0.036 -0.062 0.297
FC (MPV) -0.481 -0.149 0.021 -0.079 0.371
Sal (g/kg) 0.340 0.387 -0.113 0.049 0.492

case, 5 components were extracted since 5 components had ?

eigenvalues greater than or equal to 1.0. ae

An eigenvalue gives a measure of the significance of
the factor; the factors with the highest eigenvalue are the
most significant. The scree plot (see Fig. 3) was used to
identify the number of Principal Components graphically.

The loading of five retained components is presented
in Table 4. PC1 explains 28.56% of the variance and is highly
contributed to the microbiological variables (total and fecal
coliforms), this fecal factor represents the bacteriological
pollution, essentially, originated from the domestic waste
and poor disposal of human excrement. PC2 explains
15.15% of the variance and includes DO and TP. This factor
mainly indicate the point sources of pollution by nutrients
from domestic sewage. PC3 (13.89% of variance) is
positively contributed by BOD and pH; it represents the
variability of chemical and biological sources of discharge.
PC4 (11.3% of variance) is positively contributed by TSS,
and negatively by DO; it represents pollution generated
by eroded material and urban run-off. Finally, PC5, which
explains 10.46% of the variance is positively contributed by
COD and salinity and indicates the variability of different
natural and anthropogenic ions entering the lagoon.

With these results (see Table 4) and in order to use
Cabrero lagoon as an ecotourist attraction for its natural
beauty, local authorities should carry out pollution
prevention strategies focus on the reduction or
elimination of waste from the source. This effort should
involve the community living around the channel.
Prevention is widely regarded as the most effective way to

protect the environment.

A
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-
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T T T T T T T
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Fig 3. Scree plot for Principal Components Analysis in

(=1

Cabrero lagoon

m CONCLUSION

In this study, surface water quality data for 10
parameters collected from 2008 to 2017 were analyzed
using inferential statistics and multivariable statistical
techniques. Most of the studied parameters presented
many outliers which produced a non-normal distribution
of data. Due to the high amount of data, hypothesis testing
could be performed without any normalization technique.
Microbiological and biochemical parameters were above
the threshold values and reached dangerous levels.
According to analysis results, Cabrero lagoon is presenting
eutrophication problems in the dry and rainy season that
may be caused by wastewater. The eutrophication leads
to the high concentration of oxygen in the water due to
the presence of algae that consume CO,, nitrogen and
phosphorus during daylight in order to perform the
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photosynthesis process. The principal component analysis
determined a reduced number of components that
explained over 79% of the data set variance. Components
obtained from PCA indicate that the parameters
responsible for water quality variations are mainly related
to anthropogenic and seasonal factors. Finally, this analysis
showed the usefulness of inferential and multivariate
statistical techniques serving as an exceptional exploratory
tool in analysis and interpretation of complex data set on
water quality, identification of pollution sources/factors
and understanding temporal variations in water quality
for effective management of the lagoon water quality.
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Abstract: Toothpaste is one of the daily essentials, and good quality control practices
over it are very important to protect the oral public health from adverse effects. The
current study aimed to assess the concentration of fluoride and heavy metals,
physicochemical properties in ten different toothpaste samples in Bangladesh, followed by
related health risk analysis. pH, moisture content, F, As, Cu, Pb contents were measured
by membrane electrode, thermogravimetric, SPADNS, HG-AAS, flame-AAS methods,
respectively. The results were compared to the specification of the packet and Bangladesh
Standard and Testing Institute (BSTI) standard. The physicochemical properties well-
matched the formulation standard values. The moisture content was 27.18 £ 2.20 to 52.10
+ 5.01%, with 50% of the samples in permissible limit but the pH of all the samples (6.40-
8.60) was within the standard limit. Available F-, Cu, Pb, and As content ranged from
803-1617, 2.78-13.10, 0.27-2.12, and 0.027-0.637 mg/Kg, respectively. F- content in 80%
toothpaste did not meet the packet specification and was higher than BSTI standard,
though heavy metals were within the BSTI limit. Hazard quotient (HQ) and HI (Hazard

Index) analysis revealed that toothpaste safe from heavy metal related to health risk.

Keywords: toothpaste; fluoride; heavy metals; health risk

m INTRODUCTION

Toothpaste is absolutely necessary for our daily oral
hygiene routine. It is used for cleaning and polishing the
surface of teeth to remove dental plaque formed on teeth
and gums as well as it prevents from the most common
oral disease like dental cavities and periodontal usually
caused by bacteria in the mouth [1]. Principal ingredients
in toothpaste formulations are polishing agents, binding
agents, foaming agents, flavoring agents, humectants, and
water [2]. In modern toothpaste, sodium fluoride or
monofluorophosphate is added as anticaries agents
because fluoride is widely believed to prevent dental decays
[3]. However, various studies have shown that excessive
fluoride (F) intake causes fluorosis, cancer, arthritis and
it has also been linked to symptoms of stomach pain and
indigestion [4-7]. It is an additional source to other

different means (polluted air, water, and the food chain)
of entering excessive amounts of fluoride in the form of
various compounds into the human body [8]. There are
several previous reports which claimed questionable
anti-caries effectiveness of commercial toothpaste as a
result of lack of free available fluoride or inhomogeneity
in total and free fluoride concentrations of toothpaste
[9-10]. Thus, research and monitoring of the fluoride
contents in commercial toothpaste in many parts of the
world have got interested [11-18]. In addition to fluoride
content, physicochemical and microbial properties of
the toothpaste are also very important for oral health
[19-20].

On the other hand, heavy metals are regarded as
micropollutants since their excess presence has an
adverse effect both on health and the environment.
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However, their occurrence in nature is not harmful to our
environment as they are present only in very small
amounts [21-22]. They have gained significant importance
due to their persistence, high toxicity, and bioaccumulation
properties. Heavy metals like lead, arsenic, copper,
cadmium, mercury have been proved to have a negative
impact on human health and their chronic toxicity to
humans is associated with many chronic diseases like
mental disorders, hypertension, pneumonia,
gastrointestinal disorders, vascular disease, coronary
heart disease, myocardial infarction, central nervous
functions, kidney disorder and cancer [23-24]. They can
be exposed through direct and indirect sources like
drinking water [5,22], food [25-26], air [27-28], soil [29-
30] and body care products [6,31-33]. Besides the reports
on the evaluation of the possible contact and adverse
health effects of the heavy metals from traditionally
regulated sources, the exposure to metal toxins from
toothpaste and mouthwashes have also gained importance
in the recent years [6-7,10-12,18-21,34]. However, the
investigation on toothpaste or oral care products
remained comparatively ignored and needs more study
especially in developing countries like Bangladesh.

As far as we know, there are still no evaluation
reports on the toothpaste and mouthwashes available in
the markets of Bangladesh. Therefore, we have aimed to
assess some physicochemical properties, concentrations
of fluoride ion, and heavy metals (Cu, As, and Pb) in
different commercial kinds of toothpaste available in the
local markets in Bangladesh and the related potential

health risk. Eventually, this study will help to find an idea
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about these products, which will help to build up
awareness of good quality control over the toothpaste to
protect public oral health.

m EXPERIMENTAL SECTION
Materials

All reagents were of analytical grade like Nitric acid
(Merck,
Germany), Sodium Borohydride (Organic, Belgium),

(Merck, Germany), Hydrochloric acid
Potassium Iodide (Kanto, Japan), while deionized water
used for the preparation of all solutions were stored in
polyethylene bottles. SPADNS reagent, fluoride, metals,

and buffer standards were purchased from HACH, USA.
Instrumentation

The electric oven (Digi system, Taiwan) was used
for drying. pH was measured with HACH sensION 156
Multi-Parameter Meter, USA, while fluoride was
determined with DR/2010 Spectrophotometer, HACH,
USA. Heavy metals were estimated with an atomic
absorption spectrophotometer (AA-6200, Shimadzu,
Japan).
Procedure

Sample collection

A total of 10 widely used toothpaste samples of
different brands were collected from local markets of the
Jashore city in Bangladesh and labeled TP-1 to TP-10.
Among these samples five (TP-1-5) were general, one
medicated (TP-6), two herbal (TP-7 and 8), and two were
baby toothpaste (TP-9 and 10) (Tablel). The samples

Table 1. List of toothpaste samples along with their category, chemical formulation, and color

Sample ID. Brand name Category ~ Chemical formulation  Color
TP-1 Pepsodent General Cream White
TP-2 Close up General Gel Green
TP-3 White plus General Cream White
TP-4 Fresh gel General Gel Green
TP-5 Colgate active salt ~ General Cream Blue
TP-6 Medi plus Medicated Cream White
TP-7 Pepsodent herbal Herbal Cream Light Green
TP-8 Colgate herbal Herbal Cream White
TP-9 Meril baby Baby Gel Red
TP-10 Kodomo Baby Cream White
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were properly checked for their physical appearance,
of the
manufacturing date, expiry date, manufacturing license

name manufacturer, batch number, and
number, testing board seal, and dental foundation seal at

the time of purchase.

Sample preparation

Ten grams of raw samples were oven-dried at 105 °C
until a constant weight was obtained on cooling in a
desiccator. Toothpaste samples (1 g each) were soaked in
a 250 mL glass beaker with 100 mL water for 24 h. The
mixture was filtered into the 100 mL volumetric flask
through Whatman-1 filter paper, the residue was washed
thoroughly, and the filtrate was made up to volume with
deionized water [35-36].

The homogeneity test

To test the homogeneity of the toothpaste samples,
the normal force was applied at the crimped end of the
tube at room temperature, and the nature extrusion of
paste from the collapsible tube was observed [36-37].

Determination of gritty matter

A small amount of each toothpaste sample was
rubbed with a finger for about 15 to 20 cm long on a butter
paper. The number and intensity of scratches that
appeared on the butter paper were judged for the presence
of solid particles [36-37].

Determination of fineness

The toothpaste samples were checked on two
standard sieves of 150 and 75 microns. For this, 50 mL of
water was added into 10 g of toothpaste in a
100 mL beaker. The mixture was stirred occasionally for
30 min until the toothpaste was completely dispersed and
was passed through sieves. Then the sieve was washed
with running tap water until all the soluble matters passed
through the sieves. The residue retained on sieves was
collected and dried in an oven at 105 °C. The dried residue
was weighed, and the fineness was calculated with the Eq.
(1) [37]:

M,
% Mass =—x100 (1)
M

where, M, = Mass of residue retained on the sieve (g); M
= Mass of material taken for the test (g).
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Determination of spreadability

A dry and clean glass plate (10 cm x 10 cm) was
taken, and 1 g of sample was kept at the center of the
plate. Another glass plate was carefully placed over it. To
avoid the sliding of the plate’s 2 Kg weight was placed
above the glass plates at the center and allowed for 30 min.
The diameter of the spreading paste was measured in
centimeters [36].

Determination of foaming power

In a typical process, 5 g of toothpaste sample was
taken in a glass beaker (100 mL), and 10 mL of water was
added into it, which was kept for 30 min for complete
dispersion. The volume was adjusted to 50 mL by adding
sufficient water. The mixture was then was transferred
to a 250 mL measuring cylinder. It was ensured that no
residue was left in the beaker, no foam was formed, and
no lump paste was transferred during the transfer of
slurry into a measuring cylinder. A uniform suspension
was also confirmed at a temperature of 30 °C. The
stoppered cylinder was given 12 complete shakes and
was allowed to stand for 5 min. The volume of foam with
water and water only were recorded. Foaming power
was calculated using the Eq. (2) [36].
Foaming power =V, -V, (2)
where, V, = Volume of foam with water (mL); V, =
Volume of water only (mL).

Moisture content estimation

For moisture content analysis, 10 g of sample was
taken in a pre-weighted glass dish and put it in an
electric oven to dry it at 105 °C for 24 h. The dried
sample was taken in desiccators for cooling, and the
weight of the dried sample was taken by the electric
balance. Moisture contents were calculated from the
differences between the weight of the raw wet sample
and the oven-dried sample using the Eq. (3) [35-36].
(w1 -w, ) x100

W

3)

% moisture =

where, w; = weight toothpaste (g); w, = weight of raw
dried toothpaste (g).

pH measurement
pH was measured by the membrane electrode
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method in 1% (w/v) aqueous suspension of each toothpaste
and de-ionized water with a pH meter [35-36].

Fluoride estimation

In this process, 10 mL of sample was taken in a test
tube, and 2.00 mL of SPADNS reagent was added into it
for color development. The pink color was developed and
absorbance was measured by UV-VIS spectrophotometer
(HACH, DR/2010, USA) at 570 nm [35-36]. Before
the UV-Vis
calibrated by the fluoride ion reference solution.

measurement, spectrophotometer was

Heavy metals estimation

The heavy metals in toothpaste were analyzed by
atomic absorption spectrophotometer using flame-AAS
method for copper and lead, and HG-AAS methods for
As [36-38]. In brief, 5g of dried toothpaste sample was
digested with concentrated nitric acid and 30% hydrogen
peroxide at 95 °C following USEPA guidelines [38]. A
solution of 100 mL was prepared with necessary dilution
with dilute nitric acid and distilled water. The metal
content by mass of sample (mg/Kg) was calculated
automatically by the instrument and manually with the
Eq. (4).

. (A-B)C

Metal concentration (mg/Kg) T (4)
where, A = concentration of metal in sample, as
determined by AAS; B = concentration of the metal found
in blank (mg/L); C = volume of extract (mL); D = weight

Data analysis

The experimental data were analyzed with SPSS
software. Daily intake of fluoride and heavy metals (Cu,
Pb, and As), Hazard Quotients (HQ) and Hazard
Index(HI)were calculated using the Eq. (5-7) [37-38].

D

C. xD.
Daily Intake, DI (mg/Kg/day): i *Yintake (5)

weight

where, C; = Concentration of 1 in sample taken for
analysis (in mg/Kg); Dinute = the daily intake of toothpaste
(0.264 g/person/day); Bycignt = the body weight (60 Kg in
this study).

Hazarad Quotient, HQ _br (6)

R;D

where, DI = Daily intake (mg/Kg/day); RD = Oral
Reference Dose (mg/Kg/day); Oral Reference Dose
(mg/Kg/day) for F, Cu, Pb and As are 6.0 x 107, 4.0 x
1072 4.0%x107,3.0 x 10

Hazard Index, Hi= ZfHQi (7)
where, HI = Hazard Index; HQ; = Hazard Quotient.

m  RESULTS AND DISCUSSION

Ten most widely used toothpaste samples were
analyzed following standard methods [36]. From the
results of physical parameters (Table 2), all the kinds of
toothpaste were found to be homogeneous, i.e., they
released from the collapsible tube in the form of a
homogeneous mass at room temperature, indicating no
toothpaste solidified out of the tube and too thin to be

of sample (Kg).
Table 2. Physical parameters study data
| dabili . Fineness
Sa;rlljp ¢ Sprezlcri)l 1y Gritty Matter P:V(z:rn(lgi) Homogeneity 150—.micron 75—r.nicron
sieve sieve
TP-1 7.75 Absent 65 Homogeneous 0.30 1.38
TP-2 6.50 Absent 53 Homogeneous 0.23 1.22
TP-3 7.91 Absent 54 Homogeneous 0.21 1.14
TP-4 7.45 Few granular 58 Homogeneous 0.35 1.65
TP-5 7.34 Few granular 70 Homogeneous 0.26 1.32
TP-6 9.33 Absent 55 Homogeneous 0.18 1.07
TP-7 7.38 Absent 72 Homogeneous 0.22 1.12
TP-8 6.95 Absent 74 Homogeneous 0.31 1.43
TP-9 8.25 Absent 51 Homogeneous 0.11 0.85
TP-10 7.89 Absent 52 Homogeneous 0.16 0.96

Chanchal Chayan Paul et al.



154 Indones. . Chem., 2020, 20 (1), 150 - 159

held in the tube. The samples were also free from hard and
sharp-edged abrasive particles, i.e., the ingredients added
to these toothpastes were grounded properly and
uniformly mixed. So, the toothpaste samples are safe for
the gums and enamel since the regular use of toothpaste
with gritty matters may wear off the teeth in the long run.
According to the BSTI standard, the maximum particles
retained on the sieve is 0.5% by mass for 150 microns and
2.0% by mass for 75 microns [36]. The fineness of the
toothpastes varied from 0.11-0.35% (w/w) and 0.85-1.85%
(w/w) for 150 and 75-micron sieve, respectively (Table 2),
which satisfied the BSTI standards. It is also inferred that
there were no coarse particles in the toothpaste which
may cause scratching on the enamel surface.

The spreadability of the samples (6.50-9.33 cm) was
within the standard value (maximum 8.5 cm) except
sample no. TP-6 (Table 2) [36]. Thus, there was no difficulty
in the filling and extrusion of toothpaste from the tubes.
In the case of the foam formation, all the toothpastes
revealed the standard foam formation (minimum 50 mL),
ranged from 51-74 mL, and indicated sufficient cleansing
action in terms of the foam formation property.

The obtained results for moisture contents, pH
values, fluoride, and heavy metals content (Table 3) were
compared with the specification of the packets and BSTI
standard [36]. Moisture content prevents toothpaste from
hardening on exposure to air during storage and

preservation. The average moisture content found in
toothpaste samples was 35.26%, which matched with
standard values (35%). However, 50% of the samples had
higher values and the rest 50% had below the standard
value. Maximum and minimum moisture contents
observed were 52.10 + 5.01% and 27.18 + 2.20% in TP-
10 and TP-4, which were specialized for children and gel
type toothpaste, respectively (Table 3). The pH value
indicates the inorganic constituents in toothpaste.
Acidic pH encourages the growth of mouth bacteria that
causes dental caries [4]. The average pH of toothpaste
samples was detected 7.52 which is within BSTI standard
(6.50 to 10.50). The maximum and minimum pH was
found 8.60 + 0.40 and 6.40 + 0.28 in Tp-6 and TP-4. Fifty
percent of the samples were nearly neutral pH, and 50%
of the samples were slightly alkaline. Thus the toothpaste
having alkaline pH value contain inorganic ingredients
like calcium carbonate and phosphate, and the neutral
values are silica-based [10].

Fluoride is believed to prevent tooth decay and most
of the dental diseases [3]. So, the fluoride level determines
the activity, potency, and commercial acceptability of
toothpaste [36,39]. The average fluoride concentration
in the samples was 1251.03 mg/Kg, which is greater than
the maximum recommended value (1000 mg/Kg) [37].
Only one sample (TP-1) contained the tolerable fluoride
concentration and another one (TP-10) sample below the

Table 3. Moisture content, pH, F, Cu, Pb and As content

Sample ID Moisture oH Conc. of F- Conc. of Heavy Metals (mg/Kg)
content (%) (mg/Kg) Cu Pb As

TP-1 36.51 £5.22 8.15+0.32  1000.12 + 52.09 4.64+0.78 0.88 £ 0.09 0.044 + 0.02
TP-2 32.08 £ 3.51 7.12+0.13  1351.21 £+ 24.69 4.26 £0.59 0.77 £0.10 0.085 +0.03
TP-3 28.16 + 4.62 8.33+£0.21 1169.02 +40.12 2.78 £0.48 0.27 £0.03 0.027 + 0.01
TP-4 27.18 £2.20 6.40 £0.28  1427.65 £ 33.12 5.63 £1.02 1.34 £ 0.12 0.224 + 0.08
TP-5 39.80 + 4.10 6.93+0.15 1617.33 +51.20 5.38 £0.96 1.27 £0.15 0.153 +0.05
TP-6 36.05 + 4.25 8.60 £0.40 1298.18 +46.23 13.10 £ 1.68 2.12+0.26 0.637 £0.12
TP-7 37.56 + 3.82 8.23 £0.28  1446.51 + 36.21 502 +1.12 1.23+£0.22 0.098 = 0.04
TP-8 32.63 + 2.69 8.38+£0.35 1355.12 +25.32 4.49+0.51 0.34 £ 0.01 0.183 +0.07
TP-9 30.54 + 2.58 6.42+£0.46  1042.08 £ 41.25 4.37 £0.39 0.98 £0.10 0.042 + 0.01
TP-10 52.10 £ 5.01 6.60 £ 0.52 803.08 £ 20.13 3.71+£0.88 0.57 £ 0.06 0.076 + 0.03
Maximum 52.10 8.60 1617.33 13.10 2.12 0.64
Minimum 27.18 6.40 803.08 2.78 0.27 0.03
Average 35.26 7.52 1251.03 5.34 0.98 0.16

“+” indicates SD, n = 3

Chanchal Chayan Paul et al.



Indones. . Chem., 2020, 20 (1), 150 - 159 155

permissible range, while 80% of the samples exceeded the
BSTI level. The highest concentration of fluoride ion,
1617 + 51.20 mg/Kg, was detected in sample TP-5, which
is a medicated toothpaste. The least concentration, 803 +
20.13 mg/Kg, was in the sample TP-10 which was the
special toothpaste for children (Table 3). Two pediatric
types of toothpaste (TP-9 and TP-10) contained 1042 +
41.25 mg/Kg and 803.08 + 20.13 mg/Kg fluoride ion,
respectively. However, the recommended permissible
limit for fluoride in pediatric toothpaste is 425-625 mg/Kg,
and for adults is 825-1250 mg/Kg [36,40-41]. Hence, both
of the baby toothpaste contained excess fluoride
concentration, and 70% of the adult toothpaste samples
contained higher fluoride, which can be a threat to oral
health [6-7].

Fluoride toothpaste is recommended to be more
effective in preventing tooth decay at higher fluoride
concentrations. Nevertheless, excess fluoride ion
(> 1000 mg/Kg) could cause tooth enamel decay, skeletal
fluorosis, abdominal pain, excessive saliva, nausea,
vomiting, seizures and muscle spasms, death due to
respiratory paralysis [10-12,40-41]. In addition, being an
endocrine disrupter higher fluoride concentration can
affect the bones, brain, thyroid gland, pineal gland, and
even the blood sugar levels [7,40]. Therefore, the high
fluoride concentrations measured in the adult toothpaste
pose a serious health concern. However, if fluoride is
ingested during the development of the tooth, it resists the
attacks of acids on the enamel in the future [41]. Hence,
the concentration of fluoride in the pediatric toothpaste
(TP-9 and 10) may be beneficial to children. It is interesting
to observe that some of the toothpaste did not mention
the maximum fluoride content on the packet level. This
means the fluoride concentration has not been properly
checked for those samples.

On the other hand, the samples having packet
leveling, simply mentioned the maximum fluoride
content 1000 mg/Kg instead of the exact concentration.
Unfortunately, almost none of them meet their demand
rather contained excess fluoride. As a result, the use of these
kinds of toothpaste may create a threat to public health.

Heavy metals are considered as mere contaminants
for toothpaste as their roles are not clearly defined in the

toothpaste formulation. However, their presence in the
toothpaste may be accounted for abrasives, materials
used from the plant sources [42-43], accidental cross-
contamination during processing, and the deliberate
introduction of metals as therapeutic ingredients for more
efficacy [43]. Consequently, these metals may become
harmful when they are ingested above the tolerance level,
and daily use may have a significant adverse health effect.

Table 3 represents the concentration of arsenic,
copper, and lead in different toothpaste samples. The
average concentration of arsenic, copper, and lead was
0.16, 5.34 and 0.98 mg/Kg, respectively, which are within
the permissible range for toothpaste. However, the
average concentration of As exceeded the threshold
value (max 0.05 mg/Kg) for drinking water [40]. The
maximum concentration of arsenic, copper, and lead
was found 0.637 + 0.12, 13.10 £ 1.68, and 2.12 + 0.26
mg/Kg in TP-06, which are higher than USEPA standard
as well as BSTT [36,39]. The higher level may be due to
the coloring active salt contents in creamy toothpaste.
On the other hand, the minimum concentration of
arsenic, copper, and lead was detected 0.27 + 0.01, 2.78
+0.48 and 0.27 + 0.03 mg/Kg in TP-03, a white creamy
toothpaste, which satisfies the USEPA standard [38-39].
It is surprising to note that the presence of these heavy
metals in the specification on the labeling of the packets
was not mentioned in any of the samples. This should be
mentioned since the excess presence of these heavy
metals may be toxic to human health [36].

The Pearson correlation indicates positive
correlation among the metals present in the toothpaste
samples, having R* value for Pb and As, Pb and Cu, and
Cu and As are 0.5990, 0.7537, and 0.9345, respectively
(Fig. 1-3). So, these metals might have been incorporated
in toothpaste from the same sources.

Table 4 shows the acceptable upper limit (UP) of
Pb, Cu, As, and F~ [40] whereas, Fig. 4 and 5 represent
the fluoride, and the metals intake through the daily
intake of toothpaste. It is seen that in 90% of toothpaste
samples, the daily intake of fluoride is greater than the
tolerable upper limit of daily intake (UL). However, the
value is very high in the baby toothpaste (TP-9 and 10),
which may cause fluorosis in the long run [38].
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Table 5. Hazard Quotient (HQ) of fluoride, copper, lead, and arsenic

HQ

Sample ID Cu(x10%)  Pb(x107)  As(x 109 F Hl
TP-01 0.51 0.968 0.633 0.733 >1
TP-02 0.46 0.85 1.246 0.099 >1
TP-03 0.305 0.297 0.25 0.0857 >1
TP-04 0.619 1.474 0.2797 0.1046 >1
TP-05 0.5918 1.397 1.683 0.1186 >1
TP-06 1.436 2.332 9.342 0.0889 >1
TP-07 0.52 1.353 1.078 0.106 >1
TP-08 0.493 0.374 2.13 0.0994 >1
TP-09 0.48 1.078 0.462 0.0764 >1
TP-10 0.408 0.627 0.836 0.0588 >1
Average value 0.58 1.08 1.79 0.16

Reference Dose (mg/Kg/day) 6.0 x 1072, 4.0 x 107, 4.0 x
1073, 3.0 x 10 for individual F, Cu, Pb and As
respectively [39].

According to the WHO and USEPA, HQ and HI
value should be less than one for health safety [39-40].
Average HQ of arsenic, copper, lead, and fluoride was
calculated 1.79 x 10, 0.58 x 107, 1.08 x 10~> and 0.16,
respectively, i.e., all values were below one. Hazard Index
(HI) was also found less than one. So, it revealed that
metal contents in the toothpaste were safe from the risk of
cancer [38]. Although this study suggests no potential
health risk from these heavy metals, it must be kept in
mind that these small quantities will be added to the
potentially toxic metals ingested into the human body
from other sources such as water, beverage, and foods, and
consequently their camulative effect may get detrimental.
This can also be conceivable from the Pearson correlation
which indicated the strong positive correlation (R* value
ranged from 0.599 to 0.9345) among these three metals.

m CONCLUSION

Toothpaste samples exhibited good physicochemical
properties except for moisture content. Fluoride content
in most of the brands was higher than the standard,
revealing the potential health risk, although the heavy
metal related health risk is negligible. Some brands
available in the market neither satisfied nor had a clear
specification, which shows the availability of low-quality
toothpaste in the market of Bangladesh. Substandard

toothpaste causes not only a waste of money but is
responsible for health hazards. So, the respective
regulatory authorities should take proper measures to
prevent the manufacture and marketing of low standard
toothpaste in any situation in order to protect public oral
health. The testing authority should also strengthen their
monitoring and establish more effective analytical
measures to analyze the marketed toothpaste to ensure
safe public oral hygiene health. Moreover, for oral
hygiene, pH, moisture content, fluoride content and
heavy metal contents in the toothpaste should be clearly
specified on the packet or tube.
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Abstract: The present paper deals with the synthesis of cobalt(Il), nickel(1l),
copper(Il) and cadmium(Il) complexes with two bidentate ligands, L' (3-
and L?
carbonimidic)thioanhydride). The L' ligand was prepared by treating @w-bromo-3-
acetylcoumarin with 1,2-phenylenediamine whereas the ligand L* was prepared

(quinoxaline-2-yl)-coumarin) (2-methylene-2H-chromene-3-(methyl

through substitution reaction of -bromo-3-acetylcoumarin with potassium
thiocyanate in ethanol medium. The confirmation of the structures for L' and L?
were done by (C.H.N.S.) elemental analysis, FT-IR, NMR and mass spectra. The
metal complexes of cobalt(Il), nickel(Il), copper(Il) and cadmium(II), with L' and
L?, were prepared and isolated in the solid state and then characterized by
(C.HN.M) elemental analysis, proton and carbon-13 NMR, FT-IR and mass
spectra. Furthermore, the thermal analysis (TG-DSC) for some complexes assisted
us in the elucidation of the suggested structures of complexes and confirmed their
thermal stability. The results obtained from elemental analysis, magnetic
susceptibility and thermal analysis confirmed that all metal complexes were formed
in 2:1 molar ratio of ligand to metal with octahedral structures except cadmium(II)
complexes which were in a tetrahedron geometry with 1:1 mole ratio. The complexes
are found to be soluble in DMF and DMSO. The results obtained from TG-DSC
analysis revealed that the metal complexes were thermally stable with point
decomposition over 350 °C. The DFT/TDDFT calculations were carried out to
provide the electronic structures and spectra of the compounds.

Keywords: transition metal complexes of pyrazine ligands; theoretical studies of
metal complexes

m INTRODUCTION

The metal complexes possessing chromen-2-one

trace amounts of heavy metals [8]. The antimicrobial
activity of coumarin nucleus and antioxidant activity [9]
has a great important effect like antibacterial, anti-

and pyrazine rings have gained attention in the field of the
pharmaceutical industry [1-3]. It is well-known from
literature, the transition elements complexes with bidentate
Lewis bases of coumarin have known during the last decades
as antitumor agents [4-5]. As well as the semicarbazone of
pyrazine derivatives with their metal chelate have adopted
as active materials in the treatment of rare diseases [6-7].
The coordination chemistry of coumarin ligand has great
interesting in the field of colorimetric determination of

thrombotic and Esculetin, a coumarin compound can
inhibit the growth of human leukemia [10]. As it has been
investigated in the literature, the biological activity of
some chromene derivatives are significantly enhanced by
binding to metal ions [11-12]. In continuation with the
description of new metal complexes of quinoxaline and
coumarin ligands, we report the synthesis, characterization
and thermal study of some first-row transition metal

Taghreed Mohy Al-Deen Musa et al.



Indones. I. Chem., 2020, 20 (1), 160 - 174

complexes with two ligands derived from 3-bromoacetyl-
coumarin-2-one. The gaining comprehensive insight into
the properties and chemical behavior of the transition
metal complexes, the quantum chemical calculations
using density functional theory (DFT) and time-
dependent density functional theory (TDDFT) have been
carried out to authenticate the plausible geometry of the
titled compounds. Here in, the electronic structures, also
electronic excitations together with the nature of the
frontier orbital are interpreted by theoretical calculations.

m EXPERIMENTAL SECTION
Materials

All chemicals were of reagent grade, and solvents
were dried and distilled before use according to the
standard  procedures.  3-Acetylcoumar-2-one  was
purchased from Sigma-Aldrich company and other
starting materials like potassium thiocyanate and 1,2-
phenylenediamine were supported from laboratories of
the College of Science,
Mustansiriyah University. The hydrated chlorides
CoCl,-6H,0, NiCl,-6H,0, CuCl,-2H,O and CdCl,-2H,O

and were purchased from Alfa company, and were used

Chemistry Department,

without further purification as received. The measurements
of molar conductivity were made on a Hanna conductivity
bridge with a cell constant 1.0 cm™. The magnetic
susceptibility measurements were made on Gouy’s balance
at room temperature using Hg[Co(SCN),] as calibrating
on Sherwood magnetic balance. The FT-IR spectra were
recorded in a KBr and CsI matrix using a Shimadzu FTIR
spectrometer model 983. The electronic spectra in the
range (200-1000 nm) were done for all complexes and the

(0]
CHO OC,Hs
Cr -
OH OC,Hs

tripropylamine MCH3
O O

161

free ligands complexes in DMF and ethanol solutions
were scanned on Carry 2390 Instrument. TG and DSC
(Differential Scanning Colorimetric) thermograms in
different ranges were carried out at (R.T) heating rate =
10 °C/min (Linseis STA PT-1000) were run on service
laboratories of Ibn-Haithum college of education,
University of Baghdad. The metal contents of the
complexes were determined by flame atomic absorption
spectroscopy on A Spect LS/FL 1.3.0.0 model. The
magnetic susceptibility of the solid complexes was
measured according to Faraday’s method using auto
Magnetic susceptibility Balance Sherwood Scientific.
The mass spectra were performed using the instrument:
GC MS-QP 2010 VLTRA, University of Mustansiriyah.

Procedure

Synthesis of «-bromo-3-acetylcoumarin

The preparation of bromo-3-acetylcoumarin was
carried out according to the method described in the
literature [12], (Scheme 1).

Synthesis of L' ligand

A solution of (5 mmol) m-bromo-3-acetylcoumarin
and (5 mmol) 1,2-phenylenediamine in absolute methanol
(20 mL) was refluxed for 4 h. The solid obtained was
filtered, washed with ethanol and dried under vacuum.
The crude product was recrystallized from ethanol/
benzene mixture to give compound 11 as pale brown
crystals, (Scheme 2). Chem. Anal. Calc. for C;yH;20:Ny,
L'(MW: 276.29): C, 73.90; H, 4.38; N, 10.14. Found: C,
73.09; H, 4.23; N, 10.19. Yield 77%, decomposition point:
(148-150 °C). IR v (KBr disc)/cm™: 3088, 3455, 3292,
1649, 1622, 1580, 1554.

(0} (0]
Br, N Br
CH3COOH o 0

Scheme 1. Synthesis of ®-bromo-3-acetylcoumarin

ol

Scheme 2. Synthesis of [L']
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Scheme 3. Synthesis of L*

Synthesis of L? ligand

A solution of compound (2) (10 mmol) in methanol
(40 mL) was refluxed with potassium thiocyanate (10
mmol) for 3 h. The solid formed on cooling filtered off,
washed with ethanol and dried under vacuum. The
product was then recrystallized from acetic acid to afford
brown needles, (Scheme 3). Chem. Anal. Calc. for
C;,H;O:NS, L% (MW: 245.25): C, 58.77; H, 2.88; N, 5.71;
S, 13.07. Found: C, 58.18; H, 2.52; N, 5.98; S, 13.54. Yield
90%, Decomposition point: (138-140 °C).IR v (KBr
disc)/cm™: 3117, 3354, 1649, 1606, 1556.

Synthesis of the metal complexes

[Co(L")2CI2]H20. [C5:H20sN,CLCol; (Mwt: 698.42): C,
58.47; H, 3.46; N, 8.02; Cl, 10.15; Co, 8.44%. Found: C,
58.02; H, 3.16; N, 8.27; Cl, 9.22; Co, 8.17%. M.P: (182-
184 °C). IR v (KBr disc)/cm™: 3650, 3023, 2933, 1649,
1593-1559, 424-472. An/Q7' cm? mol! (in DMF22).
Color: brown.

[Ni(L")2CI2]H20. [C3:H,60sN,CLNi]; (Mwt.: 700.19): C,
58.49; H, 3.46; N, 8.79; Cl, 10.16; Ni, 8.02%. Found: C,
58.17; H, 3.12; N, 8.92; Cl, 9.96; Ni, 7.89%. M.P: (161-
163 °C). IR v (KBr disc)/cm™: 3440, 3088, 2987, 1664-
1651, 1622, 1554, 542, 455. An/Q™' cm® mol™ (in DMF16).
Color: brown.

[Cu(L")2CI2]H20. [Cs:HxOsN,CLCul; (Mwt: 705.05): C,
64.40; H, 4.13; N, 8.84; Cu, 10.02%. Found: C, 64.11; H,
3.98; N, 8.90; Cu, 9.95%. M.P: (198-200 °C). IR v (KBr
disc)/cm™: 3200-3600, 3012, 2901, 1645, 1622, 1624, 1585,
1566, 1533, 511-559, 434-489. A,/Q7' c¢cm? mol™ (in
DMF31). Color: purple.

[Cd(L")2]Cl2.H20. [C3:H0sN,CLCA]; (Mwt: 753.91): C,
64.40; H, 4.13; N, 8.84; Cd, 10.02%. Found: C, 64.11; H,
3.98; N, 8.90; Cd, 9.95%. M.P: (195-197 °C). IR v (KBr
disc)/cm™: 3043, 2926, 1656, 1611, 1599, 1579, 546, 434.
Aw/Q7" cm® mol™ (in DMF 90). Color: purple.

[Co(L2):Clz]. [CoaH1406N,S,CLCo]; (Mwt: 620.35): C,
46.47; H, 2.27; N, 4.52; S, 10.34; Cl, 11.43; Co, 9.47%.
Found: C, 46.09; H, 2.11; N, 4.63; S, 10.22; Cl, 11.09; Co,
9.13%. M.P: (200-202 °C). IR v (KBr disc)/cm™: 3089,
1606, 1550, 754, 620. An/Q' cm? mol™! (in DMF 22).
Color: Green.

[Ni(L?)2C5]2H20. [CH305N,S,CLNi]; (Mwt: 656.14):
C43.93; H, 2.77; N, 4.27; S, 9.77; Cl, 10.81; Ni, 8.95%.
Found: C, 43.12; H, 2.09; N, 4.50; S, 9.22; Cl, 10.51; Ni,
8.21%. M.P: (> 300 decomposition). IR v (KBr
disc)/cm™: 3340, 3302, 3120, 1714, 1630, 1606, 1558,
1292, 1249, 624, 752. An/Q! cm® mol™! (in DMF 14).
Color: Dark green.

[Cu(L?)Cl;]. [C.aH14O6N,S,CLCu]; (Mwt: 624.96): C,
46.12; H, 2.26; N, 4.48; S, 10.26; Cl, 11.35; Cu, 10.17%.
Found: C, 45.91; H, 2.19; N, 4.66; S, 10.01; CI, 11.12; Cu,
9.98%. M.P: (190-192 °C). IR v (KBr disc)/cm™: 3148,
1728, 1718, 1635, 1606, 1560, 1244, 1166, 622, 758.
An/Q7' cm? mol™ (in DMF 19). Color: Silver.
[CA(L2)2]Clz. [CoH1406N,S,CLCA]; (Mwt: 673.82): C,
46.64; H, 2.80; N, 3.89; S, 8.89; Cl, 10.52; Cd, 15.59%.
Found: C, 46.13; H, 2.43; N, 3.98; S, 8.67; Cl, 10.21; Cd,
15.33%. M.P: (260-262 °C). IR v (KBr disc)/cm™: 3128,
1728, 1606, 1590, 1367, 1290, 725, 634. An/Q' cm? mol™
(in DMF 120). Color: Grey.

DFT procedure

The electronic structures of the two series of Schiff
base ligands, L' and L% and their metal complexes
including Co(II), Ni(II), Cu(II) and Cd(II) have been
optimized by density functional calculations (DFT)
without any symmetry constraints, employing the
Gaussian 09-package [13]. Frequency calculations were
performed on all the optimized geometries to ensure the
correct local minima. Al the calculations were carried
out in the framework of the Becke three-parameter
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hybrid exchange correlation
functional (B3LYP) together with a split-valence Pople
basis set plus polarization and diffuse functions, 6-
31+G(d,p) for H, C, N, O, Cl and S atoms and a double-(
quality LANL2DZ basis set for metal atoms [14]. All the

“inner electrons” of metal ions were replaced and

and Lee-Yang-Parr

described with a scalar relativistic electron core potential
(ECP). Time-dependent density functional theory (TD-
DFT) calculations were performed to obtain the UV-Vis
spectra and characterization of the frontier orbital, at
B3LYP/6-31+G (d,p) level with the polarized continuum
model (CPCM) in DMF solvent [15].

m  RESULTS AND DISCUSSION

Analysis and Physical Measurements

All the complexes are sparingly soluble in common
organic solvents but highly soluble in DMF and DMSO.
The analytical data indicate that the complexes are
mononuclear with a 2:1 molar ratio of ligand to the metal
ion. The molar conductance in DMF for all complexes are
in agreement of their structures with no remarkable
conductivity due to absence of chloride counter ions while
the cadmium(II) complexes were electrolyte in 2:1 ratio
due to the motion of positively ionic complex and
chloride counterion [16], and the complexes have the

%
125

100
75
S04
2] 145

I B

163

formula [M(L!),CL]-H,O where M = Co(II), Ni(II),
[CU(L1)2C12] and [Cd(Lz)z]Clzszo

Mass Spectra

Fig. 1 clearly exhibits the molecular ion peak m/e =
188 which agree well with the formula C,;HsOs [16]. As
well as the bromination of 3-acetyl coumarin (A) by Br,
in chloroform solution leads to A2 derivative which its
mass spectra in Fig. 2 displays a base peak at 267 that is
consistent withC,,H;O;Br. However, the other peaks at
186 and 88 are extremely attributed to M-Br+ ion. The
with A2
derivative, Scheme 3 results in ligand L1 which shows

ring closure of 1,2-phenylenediamine
molecular ion m/e = 274 at relative intensity 100% then
supports the proposed structure of the L' ligand. On the
other hand, the Fig. 3 represents the mass spectra of L?
ligand which shows absorptions at 245, 244, 192, 160,
128 and 81 that are assigned to C,H;NSO; and
fragments of M-SCN, M-CH,SCN and the base peak of

CsHsO" respectively [17], Fig. 3.
NMR Spectra

The 'H-NMR spectra of the L' ligand in a d6-DMSO
solvent. Fig. 4 shows multiple signals at 6.5-7.90 ppm,
corresponding to the eight protons aromatic ring protons

S 28T an
- i —_— . . vl
28 <jcasn 280 ) 281 e

750 1000 1250 1500 175.0
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Fig 1. Mass of ®-bromo-3-acetylcoumarin
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Fig 2. Mass of L'
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Fig 5. "C-NMR spectra of L' in d6-DMSO solvent
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Fig 6. "C-NMR spectra of L* in d6-DMSO solvent

of the phenyl and pyrazine moieties [18]. The singlet at
4.60 ppm was attributed to the two protons of the —-CH,-
Br group [10]. The signal of the -NH proton in the
quinoxaline moiety was observed at 9.55 ppm, and the
singlet peak at 8.77 ppm is attributed to H-C=C- in
position 4 of the coumarin ring. As well as the Fig. 5 shows
the "C-NMR of L1 in d6-DMSO which displays resonance
peaks related to aromatic -C=C- in the regions (113-125)

ppm and 127-131 ppm are assigned to -C=0, —-C=N-
and -C-N moieties respectively. The Fig. 5-6 show the 'H
and “C-NMR spectra of L* in d6-DMSO where the
absorptions in the region 6.2-7.80 ppm are ascribed to
Ar-H protons and the chemical shift at (8.04-8.70) ppm
are assigned to protons of the annulated coumarin ring
[12-16]. The singlet peak at (11.40-11.50) ppm may be
attributed to H-C=C of the coumarin ring in C4
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position. However, the weak peak at 4.10 ppm could be
assigned to CH,-Br due to the effect of electron-
withdrawing effect of bromine and thiocyanato groups on
the deshielding of aliphatic protons toward the weak
magnetic field [11,19].

FT-IR Spectra

The appearance of medium absorptions around
(780-870) cm™ in the IR-spectrum of ®-bromo-3-
acetylcoumarin confirms the bromination on methyl group
of the starting material [16-20]. As well as the strong
absorptions in the IR spectrum of L' around 2962, 1710,
and 1630 cm™ could be attributed to aliphatic ~-CH,-,
-C=0 of pyran ring and -C=C- moiety respectively [12].
Furthermore, the IR spectrum of ligand L' exhibited
medium band at 1630 cm™ assigned to -C=N- of
quinoxaline moiety then support the ring closure up on
condensation with 1,2-phenylenediamine [13]. However,
the L? ligand displayed distinct bands around 1450-1590,
2230-2130 and 1735 cm™ assigned to -C=N-, -S-C=N-
and —-C=0 respectively then confirms the proceeding the
nucleophilic substitution of ~-SCN on the carbon atom
bearing -Br moiety [11,17]. The comparison of the
positions of these bands with those observed in the
infrared spectra of its Ni(II), Co(II), Cu(II) and Cd(II)
complexes indicated that the band at 1670-1705 cm™
showed a marked shift, this discussed that carbonyl group
shared in the chelation toward metal ions under study,
whereas the broad bands around (3328-3306) cm™ may
be resulted from stretching vibration of coordinated water
molecules in the structures of metal complexes [17]. This
fact suggests the coordination of L* through the nitrogen
-S-CN and oxygen of -C=0 together and tending to form
stable complexes. The observed medium intensity band at
912 cm™ in the free L? ligand assigned to the rocking of
S(CSC) moiety with lowering in their energies in all IR
spectra of metal complexes to a range 890-910 cm™
confirming the participation of nitrogen atom in bonding
with the empty orbitals of the metal ion [1,12]. On the
other hand, the new absorptions in the regions 400-470
and 490-5440 cm™ are ascribed to M-O and M-N bonds
[21-22].

Magnetic Measurements

The magnetic susceptibilities of the complexes,
recorded at room temperature show low magnetic
moments indicating the presence of a spin-exchange
interactions between the metal ions. The values obtained
of copper(II) complexes lie in the 1.73-1.85 BM range
and corresponds to one unpaired electron. As well as the
orbital contributions of cobalt(IT) and nickel(II) complexes
in the ranges 4.8-4.9 and 2.88-3.22 BM respectively
indicating the high spin octahedral structures around
Co(II) and Ni(II) ions [23]. The expected enhancement
in the values of magnetic moments for cobalt(II)
complexes are reasoned from the orbital contribution in
the t,g level [23] then supports the octahedral
environment around the Co(II) ion, Table 1.

Electronic Spectral Studies

The ligands L' and L* exhibited similar spectral
features in the UV-Vis region with bands around 255-
310 and 330-366 nm, respectively. These absorptions are
assigned to a ligand transition (n-n*) and (n-r*). The
green solutions of cobalt(II) complexes exhibited weak
peaks around 600-800 nm and 677-800 nm assigning to
spin-allowed transitions ‘Tig > *T.g, *‘Tig > ‘A.g
respectively, then confirms the octahedral geometry of
CoL complexes. As well as the nickel(II) complexes in
DMEF solutions displayed spin-allowed transitions at
488-722 nm and 477-766 nm respectively. Furthermore,
the copper(II) complexes showed separated low-energy
absorptions around 550-760 nm and 390-588 nm which
attributed to °Big>’B,g and °B;g>°Eg transitions
revealing the formation of distorted octahedral around
Cu(Il) ion [22-23].
complexes formed with L' showed only absorptions in

However, the cadmium(II)

the 250-350 nm indicating the charge transfer and the
aromatic bands of the coumarin ring [23-25].

Thermal Analysis

The thermal degradation of Co(II), Cu(Il) and
Cd(II) complexes was studied using TG-DSC analysis,
Table 2. The data from the thermogravimetric analysis
clearly indicated that the decomposition of the complexes
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Table 1. The electronic spectra and molar conductance of the prepared complexes

UV-visible A Tentative €
Compound (nm) assignment b (BM) Geometry L.mole!.cm™
Lt 310 n— 7400
255 n— ) ) 20000
340 LMCT 30000
[Co(LY),CL,].2H,0 600 *T1g — *T,g(F) 4.80 Octahedral 1000
800 4Ty — *Asg(F) 700
300 LMCT 18700
[Ni(L}),Cl,].H,O 488 ’Arg — *Tg(F) 2.88 Octahedral 766
722 3A1g — *Tig(F) 17900
249 LMCT 26100
[Cu(LY),Cl,] 550 *Aig —> Big 1.73 Octahedral 650
760 2A,g —> Bog 1010
319 n— 9570
[Cd(LY),]Cl, 350 LMCT 0.0 Tetrahedral 13950
389 24000
12 366 n— 10300
330 LMCT _ 21200
290 mn—> 30000
[Co(L?),ClL,].H,O 677 *Tg — *Tog(F) 4.90 Octahedral 1220
800 Tyg — *Asg(F) 1010
233 mn—> 27000
[Ni(L?),Cl,] 477 *Arg — *Trg(F) 3.22 Octahedral 1033
766 3A1g — *Tig(F) 944
306 n— 15500
[Cu(L?),CL].2H,0 390 LMCT 1.85 Octahedral 31000
588 Eg -5 T,g 1300
[cd2)2)cl, igg e C’; 000  Tetrahedral izzgg
€: molar extinction coefficients of the prepared compounds
Table 2. TG-DTA of Co(II), Cu(II) and Cd(II) complexes with the L' ligand
Compound Decomposition Temperature Remo.ves Weightloss ~ Weight Loss
step range (°C) species % (Calc.) % Found
1% 147-181 2H,0 2.64 2.04
[Co(LY),ClL,]-2H,0 2nd 181-247 Cl 5.4 4.4
3rd 247-352 (C,HgN,Cl) 16.72 16.63
1% 45-63.63 -2C1 3.3 3.16
2nd 63-116.84 -C,H4N,Cl 7.2 6.95
[Cu(@:CL] 3 116-261 —C:H?o 2 14.04 13.75
4t 261.8-368 -C;H,0, 19.27 18.58
1% 45-119 2C1 2.44 2.37
2nd 119-222 -CHsN 10.7 11.9
CdiLCL: 3 222-351 -GHN 18.57 17.1
C,HeN,
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proceeds in three or four steps. The hydrated water
molecules were lost between 50-63.63 °C in all complexes,
Fig. 8-11. The Cul' complex with L' ligand showed
exothermic peaks over temperatures (122 °C) as indicated

0 + Mass changs 200.T2T °C, -4 43604%

10 T Mass change B892 477 *C, -T9.2086%

N # Mame: Cu
i Weight: 20 mg
a5 2 Heating rate: 10 *C/min

50 0 ™,
55 ¢ ™.,
=: .
&5
70
75
a0
e !
0 100 200 300 400 500 §00

Temperature (*C)
Fig 7. TG analysis of Cu(II) complex with L' ligand

by DSC analysis. The corresponding values of the
entropy of activation AS*, wherein range -0.547 to
-0.480 J mole™. The negative values of AH* means that
the decomposition processes are endothermic, Fig. 7-8.

k-5 Mass change 216.835°C, -16.7721%
15 ) e -
[ 55 ~Mass change 487 831 *C, 533700 %

0
35
=]
Ej MName: Ni
55 Wight: 20 mg
k-60 Heating rate: 10 *C/min
LG5
70
75 i
a0 S
a3 Mass change 592 884