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1 | INTRODUCTION

Over the last few years, graphene oxide (GO) has been
considered as an attractive supporting material for the
heterogenization of catalysts because of its high surface
area, edge reactivity, excellent thermal, mechanical and
electrical properties and chemical stability,™! and most
significantly GO has a unique two-dimensional structure
with numerous oxygen-containing functional groups,
i.e. hydroxyl, epoxy, carboxyl and carbonyl groups.[z] Due
to the presence of oxygenated functional groups on the
GO surface, they can easily bind with metals and serve as
activation sites for the growth of crystals onto the surface
of GO.’° In addition, the combination of GO and
metals (like iron) can create new micropores at the inter-
face of both components, which improve the accessibility
of reactants to the active sites and therefore reduce the
mass-transfer-limitation effects during catalysis.[>®

Surajit Konwer' |

Reduced graphene oxide was synthesized and functionalized with FeSO,-7H,0
to form a reduced graphene oxide/iron oxide hybrid composite. The hybrid
composite was extensively characterized using various techniques. Its applica-
tion for transfer hydrogenation of various ketones was studied. The investiga-
tion showed that it serves as a good catalyst for transfer hydrogenation of
aromatic and some aliphatic ketones resulting in excellent isolated yields
(97-99%) of products. It is magnetically separable showing good reusability.
The products were characterized and compared with authentic ones.
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Furthermore, GO is able to promote the internal electron
transfer process in such composites and induce a syner-
gistic effect between both components to improve cata-
lytic activity.!>>7!

The combination of reduced GO (rGO) with iron
oxide nanocomposites has attracted the interest of the sci-
entific community as promising materials for catalysis
because such combination allows adsorption through n—=
conjugation. In addition the unique surface properties of
rGO allow it to accept electrons to hinder the recombina-
tion of photo-induced electrons and holes.”” Though iron
oxide is a significant transition metal oxide that has been
extensively used as a catalyst in various fields, the cata-
lytic activity is not so satisfactory because of aggregation
which greatly decreases the surface area. Therefore the
intercalation of iron oxide into rGO may solve this prob-
lem by enhancing the properties especially in the field of
catalysis. 1!
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Transfer hydrogenation of ketones to their
corresponding alcohols catalyzed by transition metal
complexes is an interesting research area in modern syn-
thetic chemistry. It is a powerful and convenient route
for reducing carbonyl compounds without the use of
hazardous hydrogen gas or moisture-sensitive hydride
reagents under mild reaction condition and hence is
considered as an alternative to direct
hydrogenation."'~'! Nowadays, the synthesis of chiral
alcohols, important intermediates for the synthesis of
chiral drugs and fine chemicals, is indispensable,'”! and
hence discovering green and effective approaches for the
synthesis of chiral alcohols is of great concern, transfer
hydrogenation of ketones being one of them. Transfer
hydrogenation reactions are environmentally benign and
sustainable compared to catalytic hydrogenation reac-
tions (using molecular hydrogen and high pressure) as
there is no generation of hazardous wastes at the end of
the reaction and the use of suitable hydrogen donors
control the reaction rate and selectivity of the reac-
tion."®! Commonly used hydrogen donors are formic
acid, aqueous sodium formate, azeotropic mixtures of
formic acid/triethylamine and 2-propanol,™ but
2-propanol is mostly used as hydrogen donor because it
is inexpensive, safe, non-toxic and environment
friendly.[*! Generally, in academic and industrial opera-
tions, noble, precious and highly toxic metals such as
Pd,12 Rh 22231 Rul17242) and 1r% are typically used
for transfer hydrogenation reactions. Therefore, in recent
years, transfer hydrogenation reactions using abundant
and environmentally benign metals such as Fe, Co, Ni,
etc., replacing the precious and highly toxic metals are
gaining much attention.!*"! Transfer hydrogenation reac-
tions of ketones using Fe,'**! Mn'**! and Mo!**! have also
been reported.

Hence, in continuation of our previous work on het-
erogeneous catalysis,****! we are interested in develop-
ing a simple, environmentally benign protocol for
transfer hydrogenation of ketones catalyzed by such eco-
friendly and nontoxic metals. Herein, we report the syn-
thesis and characterization of rGO/iron oxide hybrid
composite material and its application in transfer hydro-
genation of ketones.

2 | EXPERIMENTAL

2.1 | Materials

Chemical reagents such as sulfuric acid (H,SO,, 98%),
sodium nitrate (NaNOj), potassium permanganate
(KMnO,, 99.9%), hydrogen peroxide (H,0,, 30%),
iron(II) sulfate (FeSO4-7H,0, 99.5%) and ammonium

hydroxide (NH,OH, 25%) were of analytical reagent
grade and used as received. Graphite flakes were pur-
chased from Shanker Graphites and Chemical, New
Delhi, India. For all purposes, double-distilled water
was used.

2-Propanol, sodium hydroxide and potassium
hydroxide were procured from Merck. Acetophenone,
4-hydroxy acetophenone, 4-chloro acetophenone, 4-nitro
acetophenone, 4-bromo acetophenone, benzophenone,
4-bromo benzophenone, 2-pentanone, 3-pentanone and
cyclohexanone were obtained from Tokyo Chemical
Industry. All the reagents were of analytical reagent
grade and used as received without further purification.

2.2 | Preparation of GO

GO was synthesized from graphite by adopting a simpli-
fied Hummers method as reported elsewhere.!*® Here
graphite powder (3 g) was treated with H,SO, (120 ml)
and NaNO; (2.5 g) followed by addition of KMnO, (15 g)
with vigorous stirring maintaining the temperature at
less than 20°C. To ensure complete oxidation of the
graphite, the solution was stirred at room temperature
for more than 24 hours. Then water (150 ml) was added
slowly with vigorous agitation at 98°C for one day, and
finally H,O, (50 ml) solution was added to stop the oxida-
tion process, during which the color of the solution
become bright yellow, indicating the highly oxidized level
of the graphite. The resulting GO was washed by rinsing
and centrifugation with an aqueous solution containing
1 M HCI followed by deionized water several times. After
filtration and drying under vacuum, the GO was obtained
as grey powder.
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FIGURE 1 XRD pattern of rGO/Fe;04 composite
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2.3 | Preparation of rGO/iron oxide
(rGO/Fe;0,) composite

The rGO/Fe;0, composite was prepared using a simple
in situ chemical synthesis method. A mixture of GO
(200 mg) and deionized double-distilled water (50 ml)

Chemistry

ultrasonication about 30 minutes. To this dispersed
solution, FeSO,-7H,0 (50 mg) was added and the mix-
ture was stirred for 24 hours at room temperature. To
this mixture, 2 ml of 25% ammonium hydroxide was
added dropwise to maintain the pH at 8. Upon addi-
tion of ammonium hydroxide, the color of the mixture

in a round-bottom flask was subjected to turned reddish and finally became a deep red color
C Spectrum 1
(0] Fe
N O o s
“ull Scale 6843 cts Cursor: 0.000 keV]
FIGURE 2 SEM image and energy-dispersive X-ray spectrum of rGO/Fe;0,4

FIGURE 3
area electron diffraction pattern (inset)

(a) TEM images of GO and rGO/Fe;0, composite. (b) High-resolution TEM images of rGO/Fe;0, composite with selected
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because of the formation of ferric hydroxide.
Then 0.7 ml of hydrazine hydrate was added dropwise
and the mixture was kept for 24 hours at ca 90°C.
The resulting mixture was finally washed with
ethanol and water and then dried in a vacuum oven
at 60°C.

2.4 | General characterization

Fourier transform infrared (FT-IR) spectroscopy was
conducted with an Impact 410 (Nicolet, USA), using
KBr pellets (400-4000 cm™). Scanning electron micros-
copy (SEM) images were recorded using a JSM-6390LV
(JEOL, Japan) at 20 kV. TEM images were recorded at
STIC Cochin and SAIC, Tezpur University using a
Jeol/JEM 2100 and Tecnai G2 20 S-Twin (200 kV), at
a resolution of 2.4 A, respectively. A powder X-ray dif-
fraction (XRD) study was carried out at room tempera-
ture (ca 25°C) using a Rigaku X-ray diffractometer
with Cu Ka radiation (4 = 0.15418 nm) at 30 kV and
15 mA using a scanning rate of 0.050° s™' in the range
20 = 10-70°. X-ray photoelectron spectroscopy (XPS)
was performed at ACMS, IIT Kanpur with an XPS-
AES Module, model PHI 5000 Versa Prob II (FEI
Inc.). Gas chromatography-mass spectrometry (GC-
MS) analysis of the products was conducted using an
Agilent Technologies GC system (7820) coupled with a
mass detector (5975) and SHRXI-5MS column. 'H
NMR spectra of the products were recorded in CDCl;
using a JEOL ECS-400.The magnetic hysteresis
behavior of as-synthesized rGO/Fe;O, composite
material was investigated at room temperature against

variable field wusing a Lakeshore 7410 series
magnetometer.
2.5 | General procedure for transfer

hydrogenation of ketones using rGO/Fe;0,
composite material as catalyst

The transfer hydrogenation reaction was carried out
taking ketone (1 mmol), rGO/Fe;0, composite catalyst
(10 mg, 6.1 mol% of Fe), i-PrOH (5 ml) and Na-i-OPr
(5 ml) in a round-bottomed flask and refluxing at
80°C for the required amount of time. The progress of
the reaction was monitored continuously using TLC
with 5% ethyl acetate-hexane. At the completion of
the reaction (monitored using GC-MS), stirring was
stopped and the catalyst was separated from the reac-
tion mixture using a magnet. The remaining reaction
mixture was diluted with water (10 ml) and then
extracted with ethyl acetate (10 ml). The combined
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FIGURE 4 XPS spectra of rGO/Fe;0, composite for (a) Fe
2ps, (b) C 1s, (c) O 1s and (d) Fe 2ps, C 1s and O 1s together.

(e) Quantitative analysis
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extract was washed with brine and dehydrated over
anhydrous Na,SO,. It was then purified by column
chromatography (silica gel chromatography using ethyl
acetate-hexane, 5:95) to afford the desired pure prod-
ucts. For recycling of the catalyst, after completion of
the reaction the catalyst was isolated from the reaction
mixture using a magnet and washed several times with
water and ethyl acetate after each cycle. It was then
dried at 110°C in an oven overnight. The recovered
catalyst was subjected to subsequent runs under the
same reaction conditions.

3 | RESULTS AND DISCUSSION

3.1 | Preparation of composite

The brownish-grey GO is mainly composed of carbon
and oxygen with a C:O ratio of between 2.1 and 2.9 and it
consists of loosely bound carbon layers. The surface of
the GO sheet is bonded with various oxygen-containing
functional groups, i.e. carboxyl, hydroxyl, etc., due to
which it forms a stable aqueous suspension upon
ultrasonication and stirring. Moreover, the oxygen-
containing functional groups can be used to cross-link
carbon with iron compounds to form the rGO/Fe;0,
composite.*”!

WILEY_| 52
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3.2 | Characterization of composite
3.21 | FT-IR study

In the FT-IR spectrum of GO (Figure Sla), the peaks at
3434 cm™" (broad) and 1730 cm™" correspond to the O—H
and C=0 stretching vibrations, respectively. The peaks at
1222 and 1485 cm ™" could be assigned to the C—O—C and
C—OH stretching vibrations, respectively.*®! The band at
1077 cm™" corresponds to the C—O stretching vibration,
indicating the presence of epoxide group in the GO layers.
In the FT-IR spectrum of the rGO/Fe;O, composite
(Figure S1b), the peaks at 3159, 3093, 1520 and 1100 cm™?
could be attributed to the O—H, C—H, C—OH and C—0O
stretching vibrations, respectively. The broad peak at
about 707 cm™" could be due to stretching of Fe—O bond
in bulk Fe;0, indicating that Fe;O, is bound to —COO on
the GO surface, while that at 561 cm™" might be assigned
to the Fe—O bending vibration resulting from the forma-
tion of the rGO/Fe;0, composite.[39’4°]

3.2.2 | XRD analysis

Figure 1 depicts a representative XRD pattern of the
rGO/Fe;0, composite, which coincides with the results
from the TEM images (Figure 3) and supporting the for-
mation of crystalline rGO/iron oxide (i.e. Fe;0,4)

Moment/Mass(emu/g)

3 4
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10000 20000
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FIGURE 5 Magnetic hysteresis loop of
rGO/Fe;04

53.476 Oe

2.3780 emu/g
0.12777 emu/g
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Magnetization(Ms)
Retentivity (Mr)
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composite. The XRD pattern of the composite displays a
series of diffraction peaks at 20 = 17.21°, 30.85° and
36.55°due to (111), (220) and (311) crystal planes of cubic
spinel structure of magnetite Fe;0,.*" The sharp peak at
26 of 12.28° is the characteristic peak of GO, while the
peaks at 26 of 22.65°, 24.05° and 25.16° could be assigned
to rGO.142

3.2.3 | SEM analysis

In the SEM micrographs of the rGO/Fe;0, composite
(Figure 2), smooth surfaces are observed. Since the iron
particles are grown in the pores and galleries of GO
sheets, the identification of individual phases is difficult
from the SEM micrograph. However, from the energy-
dispersive X-ray spectrum of the composite, the presence
of a high level of iron particles with oxygen molecules is

observed which indicates the homogeneous distribution
of iron oxide onto GO sheets. This structure enables a
good connection and intimate contact between the
components.

3.2.4 | TEM analysis

The morphologies of GO and rGO/Fe;0, composite are
shown in TEM images (Figure 3a) along with particle size
distribution. The as-prepared rGO/Fe;0, has a typically
curved, layer-like structure with average sheet thickness
of 40-50 nm. For the rGO/Fe;04 composite, the high-
resolution TEM images (Figure 3b) show that all the GO
sheets are homogeneously coated with iron oxide parti-
cles that are mainly grown on the surface or intercalate
between the rGO sheets. SEM and TEM images reveal
the uniform adsorption of iron oxide particles onto the

TABLE 1 Optimization of reaction conditions for transfer hydrogenation of benzophenone using rGO/Fe;0, composite catalyst®
O OH
rGO/Fe304 composite _
H-donor (5 mL), Base, r.t, Time (h) .
Entry Catalyst (mol% of Fe) Hydrogen donor Base Time (h) Isolated yield (%)
1 — i-PrOH KOH 24 —
2 3.05in 5 mg i-PrOH — 24 —
3 3.05in 5mg i-PrOH K-i-OPr 24 —
4 6.11in 10 mg i-PrOH K-i-OPr 24 —
5 9.15in 15 mg i-PrOH K-i-OPr 24 —
6 12.2in 20 mg i-PrOH K-i-OPr 24 —
7 12.2in 20 mg i-PrOH KOH 24 —b
8 3.05 in 5 mg i-PrOH K-i-OPr 5 63°
9 6.1in 10 mg HCOOH K-i-OPr 6 —
10 12.2 in 20 mg HCOOH Et;N 6 —°
11 12.2in 20 mg HCOOH Et;N 6 —d
12 3.05 in 5 mg i-PrOH K-i-OPr 3 867
13 6.1 in 10 mg i-PrOH K-i-OPr 3 86"
14 12.2in 20 mg i-PrOH K-i-OPr 3 864
15 6.1in 10 mg i-PrOH Na-i-OPr 3 994
16 9.15in 15 mg i-PrOH Na-i-OPr 3 99¢
17 12.2in 20 mg i-PrOH Na-i-OPr 3 994

#Reaction conditions: benzophenone (1 mmol), hydrogen donor (5 ml), base (2 mmol or 5 ml Na-i-OPr/K-i-OPr prepared by refluxing 2 mmol of base in 20 ml
of i-PrOH), catalyst (rGO/Fe;0,), room temperature (25°C) in air unless otherwise noted.

bAt 60°C.
°At 70°C.
dAt 80°C.
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chemically modified rGO surface and/or filled between
the rGO nanosheets.

3.2.5 | XPS analysis

In the XPS spectrum of the composite (Figure 4a), two
peaks at binding energies of 711.62 and 713.71 eV corre-
spond to Fe** 2p,, and Fe** 2ps),, respectively, which
are indicative of structural configuration of Fe;04. Two
satellite peaks at 718.54 and 733.71 eV confirm that the
Fe in the composite is in the divalent state. In addition,
peaks at 725.46 and 727.46 eV corresponding to Fe 2p,,,
of Fe are also observed. The XPS spectra for C 1s
(Figure 4b) and O 1s (Figure 4c) are also shown. For O 1s,
a peak at binding energy of 530.33 eV is observed which
is the typical state of Fe—O corresponding to Fe;0,.1454¢!

3.2.6 | Vibrating sample magnetometry
The room temperature magnetic hysteresis behavior (mag-
netization and field) of rGO/Fe;0, shown in Figure 5 was
studied using a vibrating sample magnetometer. It
exhibited a characteristic pattern of a ferromagnetic com-
ponent. As the driving magnetic field was decreased to
zero, the composite had still a remanence value of
0.128 emu g~ with coercivity value of 53.476 Oe. The satu-
ration magnetization was found to be 2.3780 emu g~". This
behavior of the synthesized material unambiguously sup-
ports the presence of a ferromagnetic component.

Chemistry

3.3 | Transfer hydrogenation of ketones
catalyzed by rGO/Fe;0, composite material

To optimize the reaction conditions such as temperature,
reaction time, catalyst loading, base, etc., for excellent
catalytic performance, a number of runs were carried out
using benzophenone as the starting substrate (Table 1).
Initially, benzophenone (1 mmol), i-PrOH (5 ml) and
KOH (2 mmol) were taken in the absence of the catalyst
and stirred for 24 hours at room temperature, which
resulted in no product formation (Table 1, entry 1). In
the next move, 5 mg of rGO/Fe;0, composite catalyst
(3.05 mol% of Fe) was introduced in the absence of any
base followed by stirring for 24 hours (Table 1, entry 2),
which also showed no product formation. This clearly
shows the importance of both catalyst and base for the
reaction to proceed. It has been observed that using K-i-
OPr (base) and i-PrOH (hydrogen donor) at 60°C results
in 63% product formation (Table 1, entry 8), while raising
temperature to 80°C afforded 86% product formation,
which does not increase further even on increasing the
amount of the catalyst (Table 1, entries 12-14). But use of
Na-i-OPr (base) in i-PrOH (hydrogen donor) at 80°C gives
the best result within 3 hours (99%) (Table 1, entry 15).
Hence, after careful investigation of a wide range of cata-
lytic reaction parameters, 10 mg of the rGO/Fe;0, com-
posite catalyst (6.1 mol% of Fe), Na-i-OPr in i-PrOH at
80°C seemed the most suitable for further catalytic
reactions.

Since the role of base is very important in transfer
hydrogenation of benzophenone, we investigated the

TABLE 2 Optimization of base for transfer hydrogenation of benzophenone®
o OH
I Il I rGO/Fe304 composite (6.1 mol % of Fe in 10 mg) _
O O H-donor (i-PrOH, 5 mL), Base, 80°C, Time (h) O O
Entry Base Isolated yield (%)
KOH —
2 K-i-OPr 86°
3 NaOH —
4 Na-i-OPr 93
5 Na-i-OPr 99°
6 Na,CO; —
7 Et;N —
8 NaHCO; —
9 K,COs3 —

*Reaction conditions: benzophenone (1 mmol), hydrogen donor (i-PrOH, 5 ml), base (1 mmol), catalyst (rGO/Fe;0, composite, 6.1 mol% of Fe, 10 mg), 80°C.

2 mmol of base.
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R{” "R,

o

rGO/Fe304 composite (10 mg)

Na-i-OPr (5 mL), 80°C

Entry
1

@

8 5 8 3% &

o
z

Substrate

O-o Q

Time (h)
3

2.5

Isolated yield (%)

99

99

99

97

98

99

Conversion (GC-MS) (%)

100

100

100

100

99

100

TON
16.23

16.23

16.23

15.9

16.06

16.23

TOF (x 103 h™)
5410

8115

6492

7951

8033

5410

(Continues)
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TABLE 3 (Continued)
)OJ\ OH rGO/Fe30,4 composite (10 mg) OH
+ >
Ri™ Ry A Na-i-OPr (5 mL), 80°C R "Ry
Entry Substrate Time (h) Isolated yield (%) Conversion (GC-MS) (%) TON TOF (x 10> h™)
9 3 — — — —
)OJ\/\
10 3 — — — —

\)O]\/

*Reaction conditions: ketone (1 mmol), i-PrOH (5 ml), Na-i-OPr (5 ml), rGO/Fe;0,4 composite (10 mg, 6.1 mol% of Fe) at 80°C in air. Formation of products
was confirmed using FT-IR, 'H NMR and GC-MS analyses and then compared authentically.

TON, turnover number; TOF, turnover frequency.

reaction using bases such as KOH, K-i-OPr, NaOH, Na-i-
OPr, Na,COs;, Et;N, NaHCO; and K,CO; (Table 2) and
observed that 2 mmol of Na-i-OPr gives best result at
80 C in 3 hours (Table 2, entry 5).

With the optimized reaction conditions (i.e. 10 mg of
rGO/Fe;0, composite as catalyst, 5 ml of i-PrOH as
hydrogen donor and 5 ml of Na-i-OPr as the base at 80 C
for 3 hours) in hand, we studied the scope and efficiency
of this methodology and hence employed various sub-
strates to investigate the scope of the catalyst (Table 3). It
was observed that hydrogenation of benzophenone
(Table 3, entry 1) is slower than that of acetophenone
(Table 3, entry 3) which may be attributed to increased
ring strain due to two bulky phenyl rings in the benzo-
phenone substrate.*”! 4-Bromo benzophenone (Table 3,
entry 2) gives a better result than benzophenone which
may be due to the electron-withdrawing effect of Br at p-
position. A similar effect is also observed in the case
of 4-chloro acetophenone and 4-bromo acetophenone
(Table 3, entries 4 and 5) which reduces the electron den-
sity on the carbonyl group increasing the affinity of the
substrates towards easier hydrogenation. On the other
hand, 4-hydroxy acetophenone (Table 3, entry 6) with
its electron-donating OH group decelerates the
reaction resulting in no product formation.!**! 4-Nitro
acetophenone (Table 3, entry 7)!*®! and aliphatic sub-
strates (Table 3, entries 9-15) except cyclohexanone
(Table 3, entry 8)!"* were difficult to reduce using our
catalyst.

It is pertinent to mention that a comparative study
was carried out of various Fe-based catalysts for transfer
hydrogenation of carbonyl compounds (Table 4), and it
was observed that in most cases high temperature or

inert atmosphere were used and afforded highest isolated
yield of 99% with 3-6 reuse cycles. However, our
rGO/Fe;0, composite catalyst gave 97-99% isolated yield
at 80°C. Moreover, our catalyst could be easily separated
from the reaction mixture using a magnet and reused for
at least five times without compromising its activity. To
the best of our knowledge, our rGO/Fe;0, composite
material system represents one of the best magnetically
recyclable catalytic systems reported so far for transfer
hydrogenation of ketones. Hence, the results in Table 4
show the superior efficacy of our catalyst over other pre-
viously reported Fe-based catalysts.

3.3.1 | Probable mechanism

A plausible mechanism for hydrogenation of
ketones*®*”! using the rGO/Fe;0, catalyst is demon-
strated in Scheme 1.

3.3.2 | Catalystrecycling

The most important advantage of immobilized complexes
is their recyclability. In order to study its sustainability,
recyclability of the catalyst was investigated using benzo-
phenone as the model substrate. At reaction completion,
the catalyst was easily separated from the reaction mix-
ture using a magnet, washed several times with distilled
water, dried and reused in a subsequent reaction. To our
delight, the catalyst could be recycled at least five times
without compromising its catalytic efficiency or product
yield (Figure 6).
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MAGNETICALLY SEPARABLE CATALYST FOR TRANSFER HYDROGENATION OF KETONES
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FIGURE 6 Recycling of the catalyst

4 | CONCLUSIONS

The present study reports the formulation of a new
Fe-based hybrid composite material obtained by immobi-
lization on synthesized GO. The composite material was
found to be crystalline and showed excellent catalytic
activity for transfer hydrogenation of ketones in i-PrOH.
The advantages of the catalyst are that it is magnetically

by
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separable and could be recycled at least five times with-
out significant loss in activity.
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RESEARCH ARTICLES

Field experience of Fluoride Nilogon: a method
of fluoride removal from groundwater

Rajkamal Mohan, Sweety Gogoi, Anup J. Bora, Gautam Baruah,
Shreemoyee Bordoloi, Asadulla A. Ali, Hridip R. Sarma and Robin K. Dutta*

Department of Chemical Sciences, Tezpur University, Napaam 784 028, India

Field trial of a patented fluoride removal method,
based on precipitation—-adsorption, has been carried
out in some villages of Assam, North East India, with
groundwater sources containing 1.8-20 mg/l initial
[F] at small community (220 1) and household (15 )
levels. Pre-acidified water containing 0.68 mM phos-
phoric acid was treated in a crushed limestone bed
(1-20 mm) for 3 h and filtered through a sand—gravel
filter to retain a desired 0.7 mg/l [F7] with pH of 7.44-
7.9 and relevant water quality parameters meeting
WHO guidelines. A slightly higher dose can totally
remove fluoride. The fluoride removal has been found
to be independent of initial [F]. The units have been
showing consistent results till now for over five and
half years and 4625 batches of use without requiring
any interventions like reactivation, replacement or re-
plenishment of the limestone bed. With consistent re-
moval of fluoride from any initial concentration to
a desired concentration, a recurring cost of only
Rs 0.005/I of water and an estimated life of the lime-
stone bed of about 50 years or 39,000 batches, this
safe, environment-friendly and simple method without
requiring electricity, has been gaining popularity as
Fluoride Nilogon.

Keywords: Fluoride removal, groundwater, hydroxy-
apatite, limestone defluoridation, phosphoric acid.

FLUORIDE, a naturally occurring mineral, is essential in
small quantities for proper growth and maintenance of
teeth and bones in humans. However, its excess consump-
tion causes irreversible damage to teeth and bones, a
phenomenon known as dental and skeletal fluorosis®.
Other effects such as osteoporosis, arthritis, braindamage,
cancer and neurological disorders in human and certain
health problems in animals are seen due to excess fluo-
ride comsumption'3. Fluoride contamination in ground-
water occurs due to geological factors such as dissolution
of rocks like fluorite, biotite, topaz, etc. and anthropogen-
ic activities like industrial effluents®. Over 200 million
people from India, China, Sri Lanka and the Rift Valley
nations in Africa are affected by excess fluoride poison-

*For correspondence. (e-mail: robind@tezu.ernet.in)
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ing?. In India, groundwater of many states are fluoride-
affected®. In Assam, North East India, large areas of East
Karbi Anglong and Hojai district and some parts in
neighbouring areas of Guwabhati city are affected by ex-
cess fluoride in groundwater®’. The World Health
Organization (WHO) prescribes a guideline value of
1.5 mg/l for fluoride in drinking water?. However, the
Bureau of Indian Standards (BIS) has set a lower permis-
sible limit of 1.0 mg/I for fluoride?.

Research is ongoing to develop a suitable method for
removal of difficult-to-remove fluoride with high effi-
ciency and low cost, while at the same time the method
has to be safe, environment-friendly and easy to operate
by a layman®'!. Researchers have developed several
defluoridation techniques to mitigate fluoride contamina-
tion, viz. coagulation—precipitation?, reverse osmosis®?,
electro-coagulation®*, nanofiltration'®, ion exchange?®,
adsorption'”*8, etc. The Nalgonda technique, based on the
coagulation—precipitation technique, was once widely
used in India. Now it is losing popularity due to difficulty
in pH adjustment, high residual sulphate and aluminium
in treated water®4,

Adsorption is one of the most common methods of flu-
oride removal due to its effectiveness, relatively low cost
and easy operation. Several adsorbent materials have
been reported for fluoride removal from water, e.g. lime-
stone (calcite)'®?, hydroxyapatite!®, quartz®®, bauxite??,
gypsum??, brushite?®, laterite?*, pumice stone?, rare earth
oxides?8, graphene?’, chitosan®, activated alumina®, al-
um®°, and calcined phosphoric acid (PA)-treated lime3..
Reardon and Wang®, reported a combined precipitation
and adsorption method where CO. is passed through fluo-
ride-contaminated water in a limestone bed column for
generating Ca?* ions for precipitation of CaF,. However,
handling of CO canisters is not easy for rural applica-
tions. Several interesting studies were conducted subse-
quently by adding other acids to the influent water, before
treatment with crushed limestone, where fluoride was
removed by both precipitation of fluorite and adsorption
of fluoride on limestone surface?:3-37, However, fluoride
removal by these methods is associated with one or more
shortcomings, such as high operational and maintenance
costs, low capacity of adsorbent, frequent replacement of
parts and involving energy-intensive steps®.
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Recently, a highly efficient, low-cost, safe and
environment-friendly method of fluoride removal, viz.
phosphoric acid-crushed limestone treatment (PACLT),
had been patented and reported by our research group383°.
In this method, water is pre-mixed with 0.01 M PA and
then treated in a crushed limestone fixed-bed reactor
working in a plug-flow (batch) mode for 3 h. Precipita-
tion of CaF,, fluorapatite (FAP), and physisorption of
fluoride by hydroxyapatite (HAP) formed in situ from the
reaction between calcium and phosphate ions in the
reactor were found to be the dominant mechanisms for
fluoride removal in this method®. Since a bench-scale
pilot test of the method using synthetic fluoride-
containing water had shown it to have high potential for
practical applications®®, we had decided to conduct a field
trial.

Here we present results of the field trial of the PACLT
method at a small community scale and household level
in some fluoride-affected villages of East Karbi Anglong
district. The dose of PA was optimized using fluoride
containing natural feed water collected from one of the
field sources to remove excess fluoride and retaining
about 0.6 mg/l fluoride in the treated water. The perfor-
mance of the field units was pre-assessed with a small
replica of the field unit set-up in the laboratory using
feed water collected from the field source. The results of
the field trial, its safety and suitability have been
discussed.

The field trial has already completed over five and half
years, but the units are still working well. The method
has already started gaining popularity as Fluoride Ni-
logon (nilogon meaning removal in Assamese). Despite
using for total of 4625 batches (once or twice a day) and
even for water with initial fluoride ([F7]o) as high as
20 mg/l, none of the limestone beds has been exhausted
yet, making it impossible for us to carry out a study of
regeneration of the limestone bed. The excellent experi-
ence of the field trial prompted us to publish the results
without waiting for exhaustion of the limestone to facili-
tate use of this rural technology for the benefit of the
needy at the earliest.

Materials and methods

Materials

Limestone used in the field trial was obtained as a gift
from Bokajan Cement Factory, Cement Corporation of
India, Bokajan, Karbi Anglong. The limestone sample
with density 2.59 g/cm?® was high-purity calcite as evident
from chemical composition and XRD analysis®. The
crude limestone was crushed and segregated to selected
chip sizes before use. For dose-optimization experiments,
the fluoride stock solution was prepared by dissolving
NaF (AR-grade, Merck, Mumbai) in doubly distilled
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water. Synthetic fluoride containing groundwater was
prepared by spiking tap water with fluoride from the
stock solution. The composition of the synthetic ground-
water was: pH (7.47), Na* (60.60 mg/l), K* (1.07 mg/l),
Ca?* (2.50 mg/l), Mg?* (2.40 mg/l), Hg?* (<0.001 mg/l),
F~ (0.20 mg/l), CI- (5.4 mg/l), SOF (6.3 mg/l), PO%
(0.70 mg/l), hardness as CaCO (80 mg/l) and alkalinity
as CaCO (86 mg/l). Analytical-grade PA (Merck, Mum-
bai) was used in laboratory experiments. Food-grade
85% PA (Lakshita Chemicals, Mumbai) was used in field
trials.

Field units

One small community unit of 220 | capacity and five
household units of 15 | capacity each were used for the
field trial in four different villages of East Karbi Anglong
district (Supplementary Figures 1 and 2). The fluoride
concentration in water of the selected field sources was
found to be in the range 20.0-2.8 mg/l. For the small
community system, a 500 I plastic tank was used as the
reactor chamber, whereas a 1000 | plastic tank was used
as the four-layered sand-crushed limestone—sand—gravel
filter-cum-pH corrector. The reactor chamber filled with
crushed limestone of size 1-20 mm gave a void volume
of 220 I. An additional 500 I plastic tank was used to col-
lect the fluoride-contaminated water supplied by the local
public health water supply scheme. For household sys-
tems, a 40 | bucket was used as the reactor chamber, con-
taining limestone chips of the same size, giving a void
volume of 15 | (Supplementary Figure 2). A four-layered
filter-cum-pH corrector was made with another 40 |
bucket (Supplementary Figure 2). A 15 | bucket was used
for mixing PA to the fluoride contaminated water and for
feeding the reactor. However, it was observed later that a
simple sand—gravel filter also gave the same result as that
of the four-layered filters, and therefore the four-layered
filters were replaced by simple sand—gravel filters for the
other units installed in the villages.

Dose optimization and pre-assessment of
performance

A small replica of the field units was set up in the labora-
tory for optimization of dose of PA and pre-assessment of
the performance of the field units using feed water col-
lected from the field water source of the small community
unit. This groundwater supplied by the Public Health
Engineering Department, Government of Assam, had
fluoride concentration ranging between 5.0 and 4.6 mg/I
during the year. Three low-density polyethylene contain-
ers were used as mixer, reactor and four-layered filter-
cum-pH corrector to make the replica unit (Supplementary

Figure 3).
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Procedure

Fluoride-contaminated field water, after mixing with
appropriate amount of PA, was fed to the reactor and kept
for a residence time of 3 h. After 3 h, the water was trans-
ferred to the filter. The first time-treated water occupied
the void volume of the filter-cum-pH corrector and there-
fore, fluoride-free water could only be collected from the
second treatment onwards, thus allowing enough resi-
dence time for the treated water to finally settle with a pH
of 7.44-7.90.

Instrumental analysis

The concentrations of fluoride in water were determined
using an Orion Multiparameter Kit (Orion 5 Star, pH-
ISE-Cond-DO Benchtop) using a fluoride ion selective
electrode. Total ionic strength adjustment buffer (TISAB-
I11) was used to control ionic strength and de-complex
fluoride. The pH was determined using another Orion
Multiparameter Kit with a pH electrode. The metal ions
were determined using an atomic absorption spectropho-
tometer (AAS, Thermo iCE 3000 series, USA) fitted with
a hydride vapour generator.

Results and discussion
Laboratory study

Optimization of PA dose: Defluoridation from ground-
water with initial 4.8 £ 0.2 mg/l fluoride, collected from
field source, was examined with 0.001 M [PA]o in the
feed water to compare the results with those of the bench-
scale pilot test reported earlier with synthetic fluoride
containing water3®. Figure 1 shows the results of fluoride
removal versus the number of batches of treatment (n).
The fluoride removal was found to be somewhat poor ini-
tially, which started to improve after ten batches and
showed further improvement after 16 batches. The
observed initial poor defluoridation may be attributed to
possible presence of CaO impurity in the limestone. The
CaO impurity may neutralize a part of PA, decreasing the
effective concentration of PA for fluoride removal. The
alkalinity (as CaCO:s) in the field water was found to be
150 mg/l compared to 86 mg/l in the synthetic water used
earlier. However, there was no noticeable change in
defluoridation due to the higher alkalinity of field water
compared to synthetic water. Similarly, there was no
effect of presence of slightly higher concentrations of
sulphate (60 mg/l) and chloride (20 mg/l) ions in field
water compared those in the synthetic water (6.3 mg/l and
5.4 mg/l respectively). During the bench-scale pilot tests,
we observed good fluoride removal right from the first
batch with a higher [PA]o dosage of 0.01 M to the feed?.
Therefore, it was decided to pretreat the crushed lime-
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stone bed with 0.01 M [PA], before lowering the dose of
feed PA to get a desirable effluent fluoride concentration
of around 0.7 mg/I for healthy teeth and bones?.

In order to determine the optimum [PA], dose for field
trial, fluoride was removed from the field water using the
replica unit at different dose of [PA]o. For this experi-
ment, a limestone bed of 10-15 mm chip size was first
pretreated with 0.01 M PA to neutralize any lime (CaO)
present with limestone, followed by defluoridation with
varying doses of [PA]o in the range 0.01-0.5 mM in the
feed field water; Figure 2 presents the results. It was ob-
served that in the presence of 0.01 M [PA]o, fluoride was
removed from 4.8 to 0.01 mg/l, which is much below the
prescription of WHO for drinking water. On lowering
[PA]o from 0.01 M to 0.7 mM, the effluent [F] increased
from 0.01 to 0.41 mg/l, still well below the prescription
of WHO. On further reducing [PA]o to 0.6 mM, the effluent
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Figure 1. Plots of remaining [F] with pH versus the number of

batches used in PACLT for fluoride removal in the replica unit from
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[F] increased to 0.91 mg/l. Therefore, [PA]o of 0.68 mM,
which gave an effluent [F] of 0.65 mg/l, was chosen to
be the optimum [PA]o for field trials.

The pH of field water, before and after treatment with
[PA]o ranging from 0.01 M to 0.5 mM was measured
(Figure 2). On decreasing [PA]o from 0.01 M to
0.68 mM, the initial pH of the feed water increased grad-
ually from 2.34 to 5.89. The pH of the treated water in-
creased after treatment in the crushed—limestone reactor,
which increased further after passing through the four-
layered sand-limestone—sand—gravel filter (Supple-
mentary Figure 3). The effluent pH was below 6.5 with
[PA]o between 0.01 M to 5.0 mM, which is lower than the
minimum acceptable limit for drinking water, whereas it
was above 6.5 with [PA]o below 3.5 mM. On the other
hand, effluent [F] of 0.91 mg/l and higher was detected
with [PA]o of 0.6 mM and below (with an initial pH of
6.22 and above). However, both desirable effluent [F] of
0.65 mg/l and acceptable pH of 7.37 for drinking purpose
were achieved with [PA]o of 0.68 mM. Therefore, this
optimum initial PA concentration was chosen for fixing
the dose of [PA]o for the field trial as 0.463 ml of 8.5%
PA per litre of water. However, for convenience of han-
dling, rounded doses of 7 ml and 102 ml of 8.5% PA
were used for 15 | household and 220 | small community
units respectively.

Pre-assessment of performance: For a quicker assess-
ment of the performance of field units, we examined the
performance of the replica unit in the laboratory using
fluoride-contaminated groundwater collected from the
field source (Supplementary Figure 3). The pre-acidified
influent water was poured into the crushed limestone re-
actor having 1.5 | void volume, allowed a residence time
of 3 h and then filtered through a four-layered filter. Fig-
ure 3 shows the results. The effluent [F7] was within the
acceptable range until breakthrough was observed
after 250 batches. This means 83 | of defluoridated water
was achieved per kilogram of limestone. The final pH of
treated water was found to be in the range between 7.10
and 7.70 after passing through the four-layered filter.

Field trial

Performance of the small community field unit: For
easy acceptability by the local users, the present fluoride
removal method was named as Fluoride Nilogon. Figure
4 shows the results of fluoride removal and final pH of
the water after removal of fluoride using the optimized
dose of 0.68 mM [PA]o (102 ml of 8.5% PA in 220 |
water) in the small community Fluoride Nilogon unit in-
stalled at Dengaon, Karbi Anglong district, on 15 March
2013. The effluent [F] is consistent within 0.6-0.7 mg/I
up to 579 batches in over 5% years, showing no signs of
depletion of the limestone till date. The small community
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field unit has been showing remarkably better perfor-
mance than the replica unit in the laboratory. It may be
noted here that we used crushed limestone chips of size
10-15 mm in the replica unit test in the laboratory. Since
it was impractical to choose such a narrow size range of
chips for large quantities of limestone, chip sizes of
1-20 mm were used in the small community field unit.
The better performance of the field units compared to the
replica unit can be attributed to the presence of smaller
chip size of limestone in the small community unit.
Decrease in the particle size increases the surface area of
limestone, thus increasing the removal of fluoride.

The pH of the influent field water was 5.89 with
0.68 mM [PA]o. As the water enters the crushed lime-
stone bed reactor, PA is neutralized by limestone®®. The
pH of the effluent water from the four-layered filter of
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Figure 3. Plots of [F] and pH of treated water versus number of

batches for the replica unit [F]o=4.8+0.2mg/l (broken line),
[PA]o = 0.68 mM and residence time = 3 h.
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the small community field unit has been consistently
found to be in the range 7.54-7.90, which is acceptable
for drinking.

Performance of the household units: Figure 5 and Sup-
plementary Table 1 show the results of the remaining [F]
and final pH of the treated and filtered water for the
household Fluoride Nilogon units with 15 | pore volume
installed at the villages of Napakling (H1), Kehang
Inglang (H2), Sarik Teron (H3) and Kat Tisso (H4). The
results of another household unit installed in Napakling
(H5) by a villager, trained by the present authors at
Tezpur University, is also included in the figure. H1 was
installed on 12 October 2014, while H2, H3 and H4 were
installed on 6 December 2014 and H5 was installed on 15
October 2015. The [F]o in groundwater of the hand tube-
well sources of H1, H2, H3, H4 and H5 was 5.0, 20, 2.8,
5.2 and 4.2 mg/l respectively. The procedure followed for
operating the household units was the same as that for the
small community unit. The dose of PA was 7 ml 8.5% PA
in 15 | water and residence time of water in the reactor
was 3 h.

It is interesting to note that the household Fluoride
Nilogon units have been showing remaining [F] in the
range 0.50-0.80 mg/I consistently till date, for about four
years and up to 4625 batches from the time of installa-
tion, thus meeting the WHO guideline value, without any
sign of exhaustion of the limestone bed (Figure 5). The
effluent pH was in the range 7.4-7.7, which is within the
acceptable range pH for drinking water, i.e. 6.5-8.5. Sup-
plementary Table 1 also shows the average values of
effluent [F-] and pH obtained from the community and
five household systems. The average values were calcu-
lated considering all data collected till date. It was
observed that in C1, H1, H2, H3, H4 and H5 units, where
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Figure 5. Results of [F] before and after treatment along with final
pH versus the number of batches for the household units: H1 (green),
H2 (blue), H3 (magenta), H4 (red) and H5 (purple). [PA]o = 0.68 mM
and residence time = 3 h.

CURRENT SCIENCE, VOL. 118, NO. 2, 25 JANUARY 2020

[F]o was 4.8, 5.0, 20, 2.8, 5.2 and 4.2 mg/l respectively,
the average effluent [F7] was 0.70, 0.62, 0.59, 0.55, 0.67
and 0.62 mg/l respectively, after treatment. More interest-
ingly, the performance of the present method was found
to be independent of initial [F]o, at least up to 20 mg/I.

Mechanism of fluoride removal: The observed consist-
ently good fluoride removal without needing any replen-
ishment, regeneration or replacement of the crushed
limestone bed for over 4625 batches of use and the
method being independent of initial [F7]o up to 20 mg/I
may be attributed to the combined precipitation—
adsorption mechanism of fluoride removal using PACLT
method?e,

The following reactions have been proposed in the pro-
cess of fluoride removal by limestone in the presence of
PA3%,

CaCOg(s) + 2H3PO,
— Ca?* + 2H,P0z + CO; + H0, 1)

CaCOs(s) + 2H.PO; —
Ca?* + 2HPOZ + CO,+ H:0,  (2)

Ca?* + 2F — CaFa(s)¥,, ®3)
Ca?* + H3PO, + 2H,0 — CaHPO,-2H,0(s){ + 2H*, (4)

5Ca%* + 3HPO7 + 30H + F
— CasF(PO.)3 (s)4 + 3H,0, (5)

5Ca?" + 3HPOF + 40H-
— Cas(OH)(PO4)s(s)¥ + 3H,0, (6)

Ca5(OH)(PO4)3(s) +F —> CasF(PO4)3(S) + OH". (7)

Here, H,POz (pKaz = 7.21) overshadows HPOZ (pKas =
12.35) in the pH range of treated water. The reactions of
dissolution of CaCOs3 by the triprotic PA (pKa = 2.12),
eg. (1), the precipitation of CaF, viz. eq. (3) and the pre-
cipitation of FAP and HAP, viz. eq. (4-6) are completed
rapidly. Due to this, the fluoride concentration in water
comes down to about 2 mg/l within 3-4 min®, Though
FAP has a lower solubility product than that of HAP,
high abundance of hydroxide ions in the system makes
precipitation of HAP more favourable°. The sorption or
exchange of the remaining fluoride by HAP (eq. (7)) con-
tinues for a longer time as indicated by the continued
increase in fluoride removal which lasts for about 3 h
along with some adsorption of fluoride by the renewed
limestone surface. Thus, it can be stated that defluorida-
tion takes place predominantly through sorption of fluo-
ride by in situ-formed HAP, in addition to precipitation
of CaF; and FAP.
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The continued consistent performance of the crushed
limestone beds in the field units up to 4625 batches of use
(Figure 5) is much better compared to the replica unit
which showed breakthrough after 250 batches (Figure 3).
This can be attributed to the difference in time interval
between two consecutive batches in the field compared to
that in the replica unit. While the replica unit was used
for four batches a day with about 15 min interval between
two batches, the field units were used at the most for two
batches in a day and that too with at least 9 h interval be-
tween two batches. It is possible that the limestone sur-
face gets enough time to dry and undergo some solid-
state reactions increasing porosity or exposure at the sur-
face, which favours dissolution of limestone and subse-
quent reactions in the next batch. This, however, remains
to be verified experimentally. If it is true, along with the
fact that the quantity of limestone dissolved by PA (7 ml
8.5% H3POy) per batch of 15| of water, in a household
Fluoride Nilogon wunit, is 1.53 g (Supporting Infor-
mation), the life of the crushed limestone bed of a house-
hold Fluoride Nilogon unit may ideally extend to 39,210
batches or 53 plus years. With the field experience till
now, this does not seem unlikely.

Plots of average effluent [F~] versus total alkalinity as
CaCOgs of the source water indicate a weak positive corre-
lation between the effluent [F-] and total alkalinity of the
source water with R2 of 0.901 (Figure 6). However, there
is significantly lesser correlation (R?=0.543) between
the effluent pH and total alkalinity as CaCOs, except at
slightly higher pH in the case of the small community
unit. It may be noted here that the effluent pH is expected
to increase with longer residence time. The effluent water
of the small community unit had longer residence time in
the filter, which slightly increased the pH.

Potability of treated water: Table 1 presents the rele-
vant water quality parameters before and after treatment
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Figure 6. Plots of average value of remaining [F] and final pH of

treated water of six field units versus the total alkalinity as CaCOj3 of
the influent water.
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measured by standard methods*!. All the parameters after
treatment were within the respective WHO guideline val-
ues for drinking water?. The concentration of most of the
metal ions decreased after treatment, which may be at-
tributed to low solubility of metal phosphates in water.
The concentration of Ca?* and PO} also remained within
the WHO guideline values.

Suitability of the method

Capacity of limestone: Analysis of the composition of
the precipitate collected from the bottom of the reactor
chamber of the replica unit using a spatula, has shown the
presence of HAP, FAP and CaF,, which is consistent with
the results reported earlier. The performance of the field
units indicates high capacity of limestone in Fluoride
Nilogon. However, calculation of the actual capacity is
not yet possible as the limestone bed of the community
unit has been working consistently for over 579 batches
(and 5% years). Given the field experience, we can as-
sume limestone to work consistently till the entire quanti-
ty is dissolved by PA. Considering the use of 7 ml of
8.5% PA twice a day for a household unit, the total num-
ber of batches that will be required to dissolve 60 kg (the
quantity of limestone required to fill a 40 1 drum) of
limestone turns out to be 39,210. This means that the
limestone bed may work up to a maximum of 53.7 years
without needing replacement. This estimate is justified as
the limestone beds of the household field units have been
working consistently over 4625 batches or about four
years. Taking the fluoride removed per batch of a house-
hold unit as 19.3 mg/l from the initial 20 mg/l, the esti-
mated capacity of fluoride removal till total exhaustion of
the limestone turns out to be 252.2 mg/g. This is incom-
parable to the capacity of limestone alone (0.39 mg/g)*,
activated alumina (1.08 mg/g)*3, activated carbon
(1.10 mg/g)*4, bone char (1.4 mg/g)*® and HAP nanopar-
ticles (5.5 mg/g)*.

Cost estimation: For estimation of the recurring cost in-
curred in Fluoride Nilogon, one needs to take only the
cost of PA into account. The cost of limestone can be in-
cluded in capital cost as it has almost unlimited lifetime,
as mentioned in the previous section. There is no mainte-
nance cost of the units. Thus, considering the market re-
tail price of 85% PA as Rs 100, the recurring cost of the
treatment turns out to be Rs 0.00467/1 (USD 0.000063) of
treated water, which is much lower than that of RO (= Rs
0.54 considering Rs 6000 for annual maintenance and
30 | water consumption per day) and any adsorption-
based fluoride filters. The capital cost includes only the
cost of two plastic containers of desired size, two taps,
crushed limestone, sand and gravel. The capital cost turns
out to be Rs 600 (USD 8.51) and Rs 4500 (USD 61.12)
for the household and small community Fluoride Nilogon
units respectively (Supporting Information).
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Table 1.

Relevant water quality parameters before and after treatment by PACLT

Parameter (mg/l except for pH)

WHO guidelines value

Before treatment After treatment

pH 6.50-8.50?
Dissolved solids 600
Suspended solids Ns®
Total alkalinity as CaCOj; 200
Total hardness as CaCOj; 200
Phosphate NS
Sulphate 500
Chloride 250
Nitrate 50
Cadmium 0.003
Calcium 50
Chromium 0.05
Cobalt NS
Copper 2.0
Lead 0.01
Magnesium NS
Manganese 0.40
Zinc 3.0
Sodium 200
Potassium NS
Iron 0.30

7.40 7.3-1.5
175 240
12 8
150 154
154 160
0.135 0.109
60 62
20 7
0.45 0.27
<0.001 <0.001
10.78 12.13
ND*¢ ND
ND ND
<1.00 <1.00
<0.001 <0.001
2.81 3.40
<0.001 <0.001
2.5 0.07
94.69 85.96
4.22 3.12
0.013 <0.001

[PA]o = 0.68 mM; [F]o = 4.8 £ 0.2 mg/l; Source of water sample: piped water supply by PHED.
aAcceptable range for drinking; °NS, Not specified and °ND, Not detectable.

Sludge disposal: A toxicity characteristic leaching pro-
cedure test prescribed by the United States Environmental
Protection Agency (US EPA) was performed on the pre-
cipitate produced in the reactor, which showed only
0.35 mg/l fluoride in the leachate. Thus, leaching from
the sludge of Fluoride Nilogon is 429 times lower than
the maximum permissible limit of 150 mg/l allowed for
land-fill dumping by US EPA*"48, The very low leaching
from the sludge may be attributed to the strong binding of
F~in FAP. The solid sludge can be easily disposed of in
landfills or buried in other safe places like construction
sites. However, the question of sludge disposal may not
arise now, as the limestone bed is still in a good condition
even after 4625 batches of use, and ideally the life of the
limestone bed may extend over 53 years.

User satisfaction and present status: Limestone, a low-
cost sedimentary rock, is readily available in most of the
fluoride-affected areas of the world, including India*. In
Assam, limestone mines are present in the vicinity of its
severely fluoride-affected areas of West Karbi Anglong
and Hojai districts. PA is approved by the US EPA for
application in water purification*”. PA is also easily ac-
ceptable to people as it is an edible acid used in popular
beverages and for preserving packaged food. The treated
water does not leave any objectionable odour or colour.
Moreover, PA being a weak acid is easy to handle. How-
ever, in the present field study, PA has been dispensed to
the rural users after ten times dilution from the original
strength of 85% (W/V) for further safety.

That the users are satisfied with the Fluoride Nilogon
is indicated by continuation of the field trial units by
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them for over five and half years continuously. There is
an increasing desire of the affected people to acquire a
household unit of their own. Government restrictions on
procurement of limestone are however a great deterrent
faced by the villagers. Despite that, there are six small
community and 35 household Fluoride Nilogon units at
present in West Karbi Anglong district, most of which
have been installed by trained local people. With in-
volvement of various individuals and government and
non-governmental organizations, e.g. Karbi Anglong
Autonomous Council, National Programme for Preven-
tion and Control of Fluorosis, and Art of Living, Fluoride
Nilogon is set for implementation in a big way soon in
Karbi Anglong.

Conclusion

The present field study proves that Fluoride Nilogon, is a
good rural technology for fluoride removal. The method
involves pre-mixing of fluoride-contaminated water with
a dose of 0.463 ml of 8.5% PA/I of water to give a con-
centration of 0.68 mM of PA in water, subsequent treat-
ment of the water in a fixed-bed crushed limestone
reactor of chip size 1-20 mm for 3 h, and then sand-
gravel filtration. The crushed limestone bed needs to be
pretreated with 0.01 M PA. The method removes excess
fluoride efficiently from as high as 20 mg/l to a desired
level of 0.7 mg/l. The removal is independent of the
initial [F7] and a higher dose of PA can totally remove
fluoride. The pH of the treated water remains within 7.4—
7.9, which is in the middle of the acceptable range of
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6.5-8.5 for drinking. All other relevant water quality
parameters for the treated water remain within the guide-
line values of WHO.

The field units have been working consistently over
4625 batches or 5% years without needing any interven-
tions like regeneration, replenishment or replacement of
the limestone. The estimated life of the crushed limestone
bed of a household Fluoride Nilogon unit used twice a
day with 20 mg/l feed water is 39,210 batches or over 50
years. The recurring cost of the treatment which includes
only the cost of PA is Rs 0.00467 (USD 0.000063)/l of
treated water. This is much lower than any other fluoride
removal methods. Requiring only two containers, two
taps, limestone, sand and gravel, the capital cost of 15 |
household and 220 | small community Fluoride Nilogon
units is only Rs 600 (USD 8.51) and Rs 4500 (USD
61.12) respectively. Finally, it can be concluded from the
present field experience that, high efficiency, high
capacity of limestone, extremely low cost, safe, environ-
ment-friendliness, non-requirement of electricity, non-
requirement of regeneration, replenishment or replace-
ment of any part for years (possibly decades), simple
enough to be operated by a layman and user satisfaction
prove Fluoride Nilogon as a good rural technology to
address the worldwide problem of excess fluoride in
drinking water.
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Abstract. A novel electrode material for supercapacitor has been developed based on biochemically reduced graphene
oxide/zerovalent iron (rGO/Fe®) and polyaniline (PANI) ternary hybrid composite synthesized by interfacial polymer-
ization. The composites were characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), ultraviolet—visible absorption (UV-Vis), X-ray diffraction (XRD), X-ray photoelectron spectrum
(XPS) and electrical conductivity measurements. The composites exhibited noticeable improvement in electrical
conductivity and excellent electrochemical reversibility when compared to bare polymer. The electrochemical properties
of the composite electrode are investigated by galvanostatic charge—discharge, electrochemical impedance spectroscopy
(EIS) studies. The enhanced specific capacitance with higher conductivities is observed in PANI/rGO/Fe’ (342 F g~1)
when compared with PANI (182 F g~') and PANI/rGO composites (294 F g~') with a constant current density of 1.0
A g~'. The cyclic stability of the composite, following 500 cycles of operations, was at 68.6 (PANI), 80.6 (PANI/rGO)
and 95.4% (PANI/rGO/Fe®) of their initial capacitance. The higher conductivity, higher specific capacitance and cyclic

self-stability of PANI/rGO/Fe® ternary composite can provide new prospects in the field energy storage application.

Keywords.

1. Introduction

In recent years, the rising of environmental crisis due to
carbon dioxide emission and depletion of fossil fuels; leads
to the development of efficient, low-cost, environment
friendly and sustainable energy storage devices, such as
supercapacitors, fuel cells, high-energy batteries, etc.,
which has become one of the greatest challenges for the
researchers [1-3]. Electrochemical supercapacitors are
considered as one of the next generation energy-storage
devices owing to its high-power density, fast charging—
discharging, excellent cycling performance and long life-
time [4-6].

Reduced graphene oxide (rGO) bearing various oxygen
functional groups on their basal planes and edges, has
received a rapidly growing research interest [7-16].
Though, electrical conductivity of rGO individually is very
poor, the fabrication of rGO in electrically active material is
limited by the presence of highly electrical resistant groups
like carboxyl, hydroxyl, or epoxy in rGO sheets. Many
researchers have tried to combine the GO with various

Published online: 16 September 2021

Polyaniline; biochemical reduction; graphene oxide; capacitance; ternary composite.

metal nanoparticle-based binary composites or their ternary
composites with conducting polymers for improving their
electrical and electrochemical properties [17-33].

Various attempts have been made to develop efficient
electronically conducting polymer (viz. polyaniline, poly-
pyrrole, polythiophene, etc.)-based electrode materials in
supercapacitors. In the family of various conducting poly-
mers, polyaniline is one of the most promising conducting
polymers for supercapacitors due to its high conductivity,
multi-redox behaviour, low-cost and high flexibility,
tremendous environmental and chemical stabilities [34-36].

There is another major challenge in the research and
development for using zero valent iron (Fe®) for the
preparation of suitable composites due to rapid aggregation
[37] and short lifespan in water because the Fe” nanopar-
ticles are oxidized easily to form external oxide layers [38].
To overcome these issues, the modification/stabilization of
Fe® in composite materials followed by enhanced mobility
and stabilized reactivity is considered essential. Recently,
porous carbon material, such as rGO with conducting
polymers have attracted much attention as supporters,
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owing to their high surface area and specific channel
structure that could prevent oxidation and aggregation [39].

Herein, we report a new green route of preparation and
surface modification of conducting polyaniline (PANI)-
based biochemically reduced rGO/Fe” ternary hybrid com-
posite in which rGO and Fe” nanoparticles are fabricated on
the surface of polymerization. To the best of our knowl-
edge, no previous work has been reported for preparing
PANI/rGO/Fe ternary composites by this route. The rGO/
Fe’-incorporated PANI composites are achieving good
improvement in thermal, electrical, optical and electro-
chemical properties. The introduction of less amount of
rGO/Fe” into PANI is found to greatly enhance the prop-
erties of pristine polymer.

2. Experimental

2.1 Chemicals

Aniline was obtained from Aldrich Co. and used without
further purification. The natural graphite flake of size
(crystalline, 300 mesh, Alfa Aesar) from Shankar Graphites
& Chemicals, New Delhi, India. Hydrochloric acid (HCl),
sulphuric acid (H,SO,), nitric acid (HNOj3), sodium nitrate
(NaNOsj), potassium permanganate (KMnQO,), hydrogen
peroxide (H,O,), ferric chloride (FeCl;) and potassium
persulphate (K,S,0g) were of analytical reagent grade
chemicals (Merck) and used as received. Acetonitrile was
obtained from Merck and purified by standard methods. For
all the purposes, double-distilled water was used.

2.2 Preparation of tea leaf extract, GO and rGO

The fresh tea leaves used in this work were collected from
local tea garden in Assam, a north eastern state of India.
Two grams of crushed dried tea leaves were boiled with 100
ml of distilled water at 80°C for 1 h in 500 ml flask under
reflux condition. The prepared solution was filtered to
obtain tea leaves extract (figure 1a).

Graphene oxide (GO) was prepared from natural graphite
powder using Hummers’ method published elsewhere [15].
For purification, the final yellow brown coloured solution
(figure 1b) was left for 24 h to settle down and then, water
was drawn out and the precipitate was washed by rinsing
and centrifuged with 0.1 N HCI, followed by distilled water
for several times. Finally, the precipitate was dried at 50°C
under vacuum and the GO was obtained as a grey powder.

The GO solution (0.5 mg ml™") was mixed with tea leaf
extract solution in a ratio of 1:1 (volume ratio) in 500 ml
flask and the mixture was then homogeneously heated to
90°C using water bath under reflux condition for 1 h. After
about 15 min of heating, the colour of the solution gradually
changes from brown to black which indicates the beginning
of reduction of GO. When the solution becomes dark black
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Figure 1.
solution.

(a) Tea leaf solution, (b) GO solution and (c¢) rGO

(figure Ic), it indicates the complete reduction of GO and
the formation of rGO.

2.3 Preparation of PANI

Eight hundred milligrams of aniline and 20 ml of chloro-
form were mixed in a 50 ml beaker (solution A) and in
another beaker, 2 g of initiator (FeCl;) was dissolved in 10
ml of water and sonicated for 15 min (solution B). Solution
B was added dropwise into solution A and a dark green
coloured composite film developed gradually at the inter-
face of these immiscible phases. The reaction was allowed
to proceed for 24 h for completion. As the reaction pro-
gressed, the reaction mixture gradually turned black. The
resulting mixture was then filtered, washed with water and
ethanol several times and dried.

2.4  Preparation of PANI/rGO composite

Six grams of GO and initiator (0.5 g of FeCl;) were dis-
persed in 20 ml of H,O by sonication for 30 min. In another
beaker, 0.8 ml aniline was dissolved in 20 ml chloroform
and then, to this organic mixture, aqueous dispersion was
added dropwise. A dark green coloured composite film
developed gradually at the interface and after 30 min, 15 ml
of tea leaf extract was added under N, atmosphere. As the
reaction progressed, the mixture became black and the
reaction was allowed to proceed for 24 h for the completion
of reduction of GO. Finally, the resulting mixture was
filtered and washed with ethanol and water several times
and the black solid was collected. The product was dried in
vacuum to get PANI/rGO.
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2.5 Preparation of PANI/rGO/F ¢” ternary hybrid
composite

In this process, first, required amounts (6 g) of GO and
FeCl; were dispersed in 20 ml of H,O by sonication for 30
min. In another reaction vessel, aniline monomer (0.8 ml) is
dissolved in 20 ml chloroform which formed the organic
phase. Then, to this organic mixture, aqueous dispersion
was added dropwise. A dark green coloured composite film
developed gradually at the interface of these immiscible
phases. After 30 min, 15 ml of tea leaf extract was added to
the above solution under N, atmosphere which led to the
formation of rGO and reduced form of iron (Fe’) on the
matrix of polymer. As the reaction progressed, the mixture
became black and the reaction was allowed to proceed for
24 h for the completion of reduction of GO and the
remaining FeCls. Finally, the resulting mixture was filtered
and washed with ethanol and water for several times and the
black solid was collected. The product was dried in vacuum
to get PANI/rGO/Fe® composite.

2.6 Preparation of supercapacitor electrodes

About 5 mg of the prepared composite was mixed with
Nafion solution coated by stainless-steel net with 1 cm? area
and then, dried at 100 °C for 10 h and was used as a
working electrode. Supercapacitor setup was designed by
using a separator immersed in 1 M H,SO, electrolyte
solution placing between tightly pressed two electrodes and
stainless-steel wires were used as current collectors.

2.7 Characterization

Fourier transform infrared (FTIR) spectra were analysed by
Impact 410, Nicolet, USA, in a frequency range of 4000—
500 cm ™. X-ray diffraction (XRD) analysis was performed
using Rigaku X-ray diffractometer at the scan rate of 0.05 6
s~'. Raman analysis was carried out by Nanofinder 30
confocal Raman employing He-Ne laser beam (41 = 532
nm). Scanning electron microscope (SEM) analysis was
taken by JSM-6390LV, JEOL, Japan. The ultraviolet—
visible (UV-Vis) absorption spectroscopy of the samples in
1-methyl-2-pyrrolidone solvent was recorded using Shi-
madzu UV-2550 UV-Vis spectrophotometer. X-ray photo-
electron spectrum (XPS) was performed at ACMS, LT
Kanpur, on an XPS-AES module, model: PHI 5000Versa
Prob 1II, FEI Inc. The electrical conductivity of the samples
was measured with a Four-probe method (300 K < 7' < 413
K) using the following equations:

Resistivity (p, ohm-cm) = (V/I) 2nd, (1)
Conductivity (¢, Scm™') = 1/p, (2)

where V is the applied voltage, I the measured current and
d the distance between the probes.
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Current—voltage (I-V) characteristics of the prepared
samples were recorded by Keithley 2400 source meter at the
room temperature in the frequency range of 10°~10° Hz and
at the scan rate of 0.1 V s~ '. The electrochemical behaviour
of the prepared samples was studied using Sycopel AEW2-
10 cyclic voltammeter.

2.7a Electrochemical analysis: Cyclic voltammetry (CV) of
the sample was studied using Sycopel AEW2-10 cyclic
voltammeter at scan rates between 10 and 100 mV s~ and it
was performed in a three-electrode cell where the composite,
platinum and saturated calomel electrode (SCE) electrodes
were used as a working, counter and reference electrodes,
respectively. The galvanostatic charge—discharge test was
performed in a two-electrode system by Autolab
PGSTAT302N with the current density range between 1 and 6
A g~'. Specific capacitance (Cs) was measured from the
charge—discharge method by the following equation [29]:

Cs = (I x8)/(mxS8y), (3)

where I, S;, Sy and m are the discharge current, discharge
time, voltage drop and the weight of active material (5 mg)
per electrode, respectively. Electrochemical impedance
spectroscopy (EIS) was performed using Gamry EIS300
analyzer with the frequency range of 10~'-10° Hz (AC
voltage, 5 mV).

3. Results and discussion

3.1 FTIR analysis

FTIR spectra of GO, rGO, PANI and PANI/rGO/Fe’ com-
posites are revealed in figure 2. In GO, the characteristic
O-H peak at 3430 cm™', strong C=0 peak in carboxylic
acid and carbonyl moieties at 1720 and 1630 cmfl,
respectively, are shown. C—-OH peak at 1395 cm™' and the
appearance of the peak at around 1070 cm™', confirm the
presence of epoxy group in GO. In the FTIR spectrum of
GO, the peaks at 1630 and 3426 cm ™' represent carbonyl
moieties and O-H stretching vibration, respectively. Dis-
appearance of the peak for carbonyl group at 1720 cm ™'
indicates that GO is reduced to rGO.

PANI shows peaks at 3450 and 1420 cm™' due to the
N-H and C-N stretching vibrations of aniline. The peak at
2930 cm ™' corresponds to aromatic sp> CH stretching. The
C=C stretching deformation of the quinoid ring in the
emeraldine salt and benzenoid rings in leucoemeraldine are
depicted at 1728 and 1630 cm™ ", respectively. FTIR spec-
trum of the composite shows peaks associated with both
PANI and rGO. The presence of PANI characteristic
vibrations, suggesting PANI can be successfully deposited
on the rGO/Fe® surface. The shifting of the peaks towards
lower wavelength with low peak intensity for the composite
compared to pure PANI signifies successful inclusion of
rGO/Fe° in PANI matrix.
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Figure 2. FTIR of (a) GO, (b) rGO, (¢) PANI and (d) PANI/
rGO/Fe’.

3.2  X-ray diffraction

Figure 3 shows XRD pattern of PANI, GO and PANI/rGO/
Fe’ composites. A characteristic broad peak of amorphous
PANI was observed at about 20 = 25.8°. The XRD pattern
of GO, a broad reflection with peak at 20 = 13.1° corre-
sponding to the (0 0 1) diffraction peak, which indicates a
typical loose layer-like structure. The 26 value corresponds
to an interlayer spacing (Ic) of about 0.63 nm, which might
depend on the method of preparation and on the number of
layers of water in the gallery space of the material. This
indicates the formation of layer-like GO sheets.

For the PANI/rGO/Fe® composite, the sharp peaks are
observed where the characteristic peaks of PANI at 26.9°
and the diffraction peaks at 20 = 55.2° match the (111) and
(222) planes of rhombohedral system with rhomb-centred
lattice (ref. no. PCPDFWIN 75-2078 and calculated from
ISCD using POWD-12++ (1997)). The crystalline peaks
observed in the composite are due to the dominant crys-
talline nature of rGO and Fe° particles. This indicates the
successful incorporation of rGO, iron over polymer matrix.

3.3 Raman analysis

Figure 4 shows the Raman spectra of PANI/rGO/Fe® com-
posite and rGO sheets. In rGO, the corresponding peaks for
D and G bands appear at 1328 and 1590 cm™ ', respectively.
The peak intensity ratio between D and G bands (ID:1G) is
found to be 1.19 for rGO which indicates that the defect
structures are present and it was retained due to the removal
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Figure 4. Raman spectra of (a) PANI/rGO/Fe’ composite and
(b) rGO.

of functional groups during reduction. The characteristic
peaks for PANI at 980 cm ™' for polaron and 930 cm ™' for
bipolaron structure of PANI confirm that PANI is present in
the composite. Moreover, shifting of the D and G bands to
1335 and 1610 cm™' in the composite indicates the m—n
interaction between the two components. The intensity
ratio, ID:IG of the composites was calculated to be 1.14,
which indicates the presence of localized sp> defects in the
sp> carbon network structure. The results are well-consis-
tent with FTIR results.



Bull. Mater. Sci. (2021) 44:252

3.4 SEM study

The surface morphology of PANI, rGO and PANI/rGO/Fe°
composites were investigated by scanning electron micro-
graphs of their powdered sample (figure 5). Pure PANI
displays a randomly aggregated different crystal-like
structures (figure 5a) and the flaky, layer-like structure of
rGO is distinctly observed in SEM micrograph (figure 5b).
In PANI/rGO/Fe’ composite, the morphological change
clearly observed confirms the formation ordered PANI
chain on the surface of the rGO/Fe” sheets.

3.5 XPS analysis

XPS spectrum of the composite (figure 6) shows the binding
energy peaks of Fe,, centered at 711, 722 and 725 eV
corresponding to 2p;, and 2pg,, of oxidized iron, i.e.,
(Fe(IlI)). Since in aqueous solution, Fe® reacts with water
and dissolved oxygen, there is a possibility of production of
iron oxide (viz., ferrous hydroxide, ferric hydroxide, oxy-
hydroxides, lepidocrocite, maghemite and magnetite)
depending on the redox as well as pH of the aqueous
solution [40].

3.6 UV-Vis analysis

Figure 7 represents the UV—-Vis absorption spectra of the
PANI, PANI/GO and PANI/rGO/Fe® composites recorded
in NMP. The PANI/rGO/Fe® composite shows an intense
absorption peak at 315-320 nm and a broad peak at around
510-528 nm. The first absorption bands are related to the
molecular conjugation (nm—m* transition), while the second
absorption peak assigned to the polaron state of PANI in the
synthesized PANI/rGO/Fe® composites. However, all the
PANI bands in PANI/rGO/Fe® composites and the red shift
due to the interaction of rGO and Fe® particles into PANI
matrix have been observed.

Absorption spectra of the polymers also enable to provide
important information regarding its optical band gap.
Attempts have been made to determine the optical band gap
using the following equation.

Page Sof 9 252

711 eV\
/725 eV

722 eV

Intensity (c/s)

700 710 720 730 740 750
Binding energy (eV)

Figure 6. XPS spectra of PANI/GO/Fe’.
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Figure 7. UV-Vis spectra of (a) PANI, (b) PANI/fGO and
(¢) PANI/rGO/Fe®.

Efa,’pt (eV) = 1240/ Jeqge (nm), (4)

where E,°™ is the optical band gap of polymers and Aegge iS

the absorption edge. The optical band gap of PANI, PANI/

Figure 5. SEM images of (a) PANI, (b) rGO and (c) PANI/rGO/Fe°.
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rGO and PANI/rGO/Fe® are found to be 3.31, 2.43 and 2.35
eV, respectively.

3.7 Electrical conductivity

The conductivity of pristine PANI, PANI/rGO and PANI/
rGO/Fe’ composites was varied widely in the range of
0.031-62 S m~! (table 1) with increased temperature. The
conductivity decreases with increase in temperature up to
323 K, may be due to the removal of solvent and increases
from 323 to 413 K, shows semiconducting behaviour of the
polymer composites.

3.8 Electrochemical properties

3.8a CV study: CV test was conducted in a three-electrode
system in 1 M H,SO, electrolyte within a voltage range
from —0.4 to 0.8 V (scan rate, 50 mV sfl). Figure 8
illustrates the CV of PANI, rGO and PANI/rGO/Fe’ com-
posite electrodes where rGO shows ideal electric double-
layer (EDL) like capacitive behaviour with rectangular CV
curve with very small area of the CV curve which may be
due to the compact structure of rGO. In PANI, the CV curve
exhibits reduction and oxidation peaks at around —0.33 and
+0.45 V, respectively, indicating the pseudocapacitive
nature of the polymer. In the ternary composite, a larger
area with almost rectangular shaped cyclic voltammogram
which indicates the ideal EDL capacitive nature as well as
better charge transport behaviour than that of the pristine
PANI and rGO.

Figure 9 shows the effect of scan rate (10100 mV s~ ')
on the electrochemical behaviour of PANI/fGO/Fe® com-
posite. As the scan rates increased from 10 to 100 mV s~ !,
the slight negative and positive shifts of reduction and
oxidation peaks, respectively, were observed which could
be mainly due to the resistance of the electrode [41]. The
clear redox peaks with every scan rate indicated its excel-
lent rate capability as well as electrochemical behaviour in a
wide range of scan rates.

Table 1. Conductivity of PANI and composites at various
temperatures.

Conductivity (S m™")

Temperature (K) PANI PANI/rGO PANI/rGO/Fe°
300 0.031 5.30 23.04
323 0.037 3.01 16.08
343 0.039 5.13 24.50
363 0.045 9.60 33.60
373 0.046 11.70 37.30
393 0.053 21.30 52.80
413 0.054 26.23 62.00
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Figure 9. CV curves of PANI/rGO/Fe® at various scan rates of
10, 20, 30, 50 and 100 mV s~ .

3.8b EIS study: EIS study of electrodes in the form of
Nyquist plots were obtained and fitted in the range of 20
kHz-100 mHz in 1.0 M H,SO, (figure 10). The EIS dia-
grams showed nearly straight line at low frequency with a
small, distorted semicircle at high frequencies. The
diameter of the semicircle reveals the charge transfer
resistance in PANI, and the nearly vertical line demon-
strates the pseudocapacitive nature of PANI/rGO/Fe’
composites [42]. The lack of a separate semicircle in the
diagrams represents a small charge transfer resistance at
the electrode/electrolyte interface of the composite. In the
Nyquist diagrams, the linear part of it, is closer to a ver-
tical line along the imaginary axis and followed the order:
PANI/rGO/Fe’ > PANI/rGO > PANI. This suggests that
the ternary composite electrode is more capacitive than the
PANI/rGO and PANI electrodes which is consistent with
the CV results.
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3.8¢c Galvanostatic charge—discharge study: Figure 11
shows the galvanostatic charge/discharge curves of PANI,
PANI/rGO and PANI/rGO/Fe at a constant current density
of 1 A g~'. The specific capacitance values of polymers and
polymer nanocomposites electrodes from galvanostatic
charge—discharge curves were calculated. The specific
capacitance in PANI, PANI/rGO and PANI/rGO/Fe’
electrodes was observed as 182, 294 and 347 F gfl,
respectively. The ternary composites exhibit a nearly tri-
angular shape in the charge—discharge curve and a longer
discharge time compared to pure PANI and PANI/rGO
composites at the same current density, implying the com-
bined EDL and the pseudocapacitances of PANI and PANI/
rGO, respectively.

The higher specific capacitance values of composite
when compared to polymer and PANI/rGO under the same
current density may be due to the oxidation—reduction
reaction of polymer by highly conductive rGO/Fe’ sheets
and also due to the m—m interaction between the rGO/Fe’
layer and polymer which may contribute to extend the
conjugation length of the composite which allows the
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Figure 11. Galvanostatic charge/discharge curves of (a) PANI,
(b) PANI/rGO and (¢) PANI/rGO/Fe’ composites (current density
1Ag™.

counter ions to readily penetrate into the polymer matrix
and access their internal surface.

The effect of current density on capacitance values of the
prepared composite was also examined (figure 12). On
increasing current density from 1 to 6 A g~ ', the capaci-
tance behaviour of the ternary composite decreased from
347 to 289 F g_1 (83.2% retention), whereas the PANI and
PANI/rGO binary composites showed 64.6% (182 to 118 F
g ") and 86.7% (294 to 255 F g~') capacitance retention,
respectively. The enhanced capacitance of the ternary
composite may be due to the large surface area of the GO
and Fe’ with high conductivity which may increase the
charge-transport behaviour and favours ionic movements
during discharging [34].

The cycling stability during long-term charging/dis-
charging cycle with a scan rate of 50 mV s~' was studied
(figure 13). Here, only 4.6% loss in the capacitance (from
347 to 331 F g~') during 500 charge/discharge cycles at
1 A g~ current density was found to be in PANI/rGO/Fe’
ternary composite, whereas PANI/rGO loses 19.4% of its
capacitance (from 294 to 237 F g~') and the pure PANI
loses 31.4% in the capacitance (from 182 to 155 F g~ ') at
the same conditions. The rGO and Fe® may restrict the
shrinking and swelling of polymer during charge/discharge
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Figure 12. Specific capacitances of (a) PANI/rGO/Fe’,

(b) PANI/rfGO and (c¢) PANI at different discharging current
densities.
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Figure 13. Cycling stability of (a) PANI/rGO/Fe®, (b) PANI/
rGO and (¢) PANI up to 500 charge/discharge cycles (current
density, 1 A g7 1.

cycling which result in the better electrochemical stability
of the composite than that of the pristine polymer.

4. Conclusion

The PANI/rGO/Fe® composites have been successfully
synthesized via interfacial polymerization through reductive
deposition of rGO and Fe” onto the PANI and were found to
be promising candidates for capacitor electrode. The FTIR
and XRD reveal the interaction between rGO, Fe’ and
PANI. Charge—discharge measurements, EIS and CV were
performed to characterize these materials as supercapacitor
electrodes and the resulting data shows pronounced elec-
trochemical activity, i.e., high conductivities, good
reversibility and low current densities compared to pure
PANI and binary PANI/rGO composites. This may be due
to the large surface area of rGO sheets and Fe” nanoparticle
that exists within the polymer matrix. High specific
capacitances are achieved for PANI/rGO/Fe® composite
(342 F g_l) when compared with PANI (182 F g_l) and
PANI/rfGO composites (294 F g_l) at a constant current
density of 1.0 A g~'. Furthermore, the ternary composite
showed better electrochemical stability after 500 charging/
discharging cycles (95.4% capacitance retained) than that of
the binary PANI/fGO composite (80.6% capacitance
retained) and pure PANI (68.6% capacitance retained).
Considering their improved conductivity, capacitance
behaviour and cyclic self-stability, the PANI/rGO/Fe’
ternary composite can provide new prospects in the field
energy storage application and supercapacitor application.
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A novel ternary adsorbent was prepared by reductive deposition of zerovalent iron on reduced graphene oxide through in-
situ polymerization of aniline. SEM/EDS study showed an irregular, porous, and heterogeneous surface morphology with
iron available for As binding. Batch adsorption experiments were conducted to determine the optimum conditions for As
adsorption with optimum adsorbent dose, initial concentration of As, pH etc. Under optimized conditions, the maximum
removal percentage of As was 99.6% for As(III) and 89% for As(V). The adsorption of arsenic on the composite was fitted
well to the pseudo-second-order kinetic model and obeyed both Langmuir [R? = 0.955 for As(Ill) and 0.992 for As(V)]
and Freundlich [R*> = 0.975 for As(III) and 0.993 for As(V)] models. In aqueous solutions, the common co-ions phosphate
hindered As removal more than the any other ions. The absorptive ability of adsorbent was compared with those of different

adsorbents and found to be considerably efficient.

Keywords: Arsenic removal; graphene oxide; polyaniline; adsorbent; water treatment; Zero-valent iron

1. Introduction

Contamination of water from carcinogenic metalloid
arsenic is creating a menace worldwide as a long time
exposure to arsenic through drinking water can cause
severe health problems (Thomas et al. 2007; Chakraborti
et al. 2010). Chronic exposure to arsenic-contaminated
drinking water is the major cause of arsenic poisoning in
developing countries, such as, India (Chakraborti et al.
2002), Bangladesh (Roberts et al. 2011), China (Xie et al.
2009), Vietnam (Kim et al. 2009), where millions of peo-
ple are using arsenic-contaminated groundwater with con-
centration above WHO guideline of 10 pg/L for arsenic
(WHO, Environmental Health Criteria 224 2001; Berg
et al. 2006). Arsenic is released into water sources by
natural processes, such as dissolution and weathering of
arsenic minerals or by some anthropogenic activities such
as mining, use of arsenical pesticides, herbicides, fertiliz-
ers in agriculture, industrial effluents, improper disposal of
chemical waste etc. Arsenate, As(V) (H3AsO4, HyAsO,,
HASOi’) along with arsenite, As(IIl) (H3AsO;, HyAsO5,
HAsO%f), is the primary inorganic form in groundwater
(Nickson et al. 2000). Greater attention is required for
the removal of As(IIl) from groundwater due to its higher
toxicity and mobility than As(V).

During the past few decades, diverse conventional and
modern approaches for removing arsenic and other con-
taminants have been explored and various techniques,
such as adsorption, coagulation/filtration, ion-exchange,

reverse osmosis, photo-oxidation, nanofiltration, chemi-
cal precipitation and membrane technologies, have been
proposed (USEPA 2000; Yoon et al. 2009; Maiti et al.
2013; Neumann et al. 2013; Bordoloi et al. 2013a, 2013b;
Lingamdinne et al. 2018; Koduru et al. 2019; Sahu et al.
2019; Karri et al. 2020; Khan et al. 2021). However,
there are various limitations for most of these tech-
niques viz., high installation cost, required large tanks to
obtain the effective ion etc. (Qiao et al. 2012). Among
all these known methods, adsorption technique has been
regarded as simple and effective due to its wide applica-
bility, environment-friendliness and cost advantages. Var-
ious materials have been investigated for the removal of
arsenic, which includes mixed aluminium/iron hydroxides,
nanostructured iron/chromium oxides, iron-oxide-coated
sand, ferrihydrite, granular iron, micro- and nanoparticles
of various iron oxides etc. (Jain et al. 1999). Specifi-
cally tailored materials employed to enhance the arsenic
removal efficiency, such as reduced graphene oxide, super
magnetic iron oxide nanoparticles, graphene oxide/ferric
hydroxide composites, graphene-based polymer compos-
ites, super magnetic high surface area Fe;O4 nanoparticles
etc. (Chandra et al. 2010; Zhang et al. 2010a; Sreep-
rasad et al. 2011; Tang et al. 2011). From most of the
recent work, it has been found that sorbents, based on
iron oxide, are heavily explored due to its high abundance,
environmental-friendliness and cost advantages (Mohan
and Pittman 2007; Lingamdinne et al. 2019a). As arsenic
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removal depends on the oxidation state of arsenic species
in water and adsorption capacity of the adsorbent towards
arsenic, it is very important to modify the size, structure
and physicochemical textures of the sorbent to increase the
removal efficiency.

Nanoscale zerovalent (NZVI) iron, an environmentally
benign material, has showed great potential to remove
arsenic from contaminated water due to its high surface
reactivity and large active surface area (Wang et al. 2014).
However, the use of NZVI in the remediation of contam-
inated water is limited due to its lack of stability, rapid
aggregation and difficulty while separating from the treated
solution. Hence, to overcome these problems, immobiliza-
tion of NZVI onto supporting material, such as porous
activated carbon, resin, clay, zeolite, etc., is reported (Jang
et al. 2008; Shao et al. 2008). Immobilization of NZVI
not only increases the stability of NZVI but also retains
the properties of both support materials and NZVI. But,
most of them were found to be effective only for moderate
removal of arsenic. It is, therefore, necessary to explore
new efficient support matrices for NZVI to obtain high
removal capacity for arsenic (Wang et al. 2017).

Recently, reduced graphene oxide (rGO) has been pos-
itively tested as support matrix due to its exceptional
electron transport, mechanical properties and high surface
area (Konwer et al. 2013, 2017; Konwer 2016; Sultana
et al. 2020). Moreover, the preparation of GO involves
low cost as it can be readily made from low-cost natural
graphite in a large scale. Various literatures showed that
ferric hydroxide, iron oxide-loaded rGO, rGO-loaded Fe
showed the efficiency of arsenic adsorption (Zhang et al.
2010b; Lingamdinne et al. 2019b; Dehghani et al. 2020;
Foti et al. 2020; Julian et al. 2020; Lingamdinne et al. 2020;
Pradhan et al. 2020; Baskan and Hadimlioglu 2021; Raj
et al. 2021).

Polyaniline (PANI) has stimulated research interest as
it can be easily synthesized in bulk quantities and has
a large surface area to volume ratio, with good redox
properties, high conductivity and excellent environmen-
tal stability among the conducting polymers. This makes
it improved for adsorption in separation and purification
systems (Bhaumik et al. 2014). Moreover, to improve
the physico-chemical properties of conducting polymer,
metal nanoparticles were incorporated as secondary com-
ponents (Li et al. 2013). The combination of metal particles
and a conducting polymer strengthens the polymer and
introduces electronic properties, based on the morphologi-
cal modification or electronic interaction between the two
components (Ren et al. 2010; Bhaumik et al. 2015; Vasaki
etal. 2021).

In this study a novel adsorbent rGO-Fe-PANI (reduced
graphene oxide-zero valent iron-polyaniline) nanocompos-
ite for arsenic removal was synthesized by a two-step
method — chemical reduction of graphene oxide and fer-
ric chloride to yield rGO/Fe® binary composite, followed
by in-situ polymerization of aniline on rGO/Fe® surface.

In this study, the prepared composite was tested for its
capacity to remove arsenate and arsenite from the aqueous
solution along with batch experiment study to determine
the optimum initial concentration of As (III) and As (V),
adsorbent dose, and the effect of pH on the solution to
achieve the best performance. To the best of authors’
knowledge, no research results have been reported about
arsenic adsorption by this effective ternary composite using
reduced graphene oxide, zero valent iron and polyaniline.

2. Experimental
2.1. Materials

Sodium arsenate dibasic heptahydrate (Na,HAsO4-7H,0)
and Sodium arsenite (NaAsQO,) are from Loba Chemi. Ani-
line was obtained from Aldrich Co. and used without fur-
ther purification. The natural graphite flakes of size (crys-
talline, 300 mesh, Alfa Aesar) from Shanker Graphites
and Chemical, New Delhi, India, sodium borohydride
(NaBHy), ferric chloride hexahydrate (FeCls-6H,0),
hydrochloric acid (HCI), sulphuric acid (H,SOy), nitric
acid (HNOs3), sodium nitrate (NaNOs), potassium perman-
ganate (KMnOy), hydrogen peroxide (H,O;), and potas-
sium persulphate (K,S,0g) were of analytical reagent
grade chemicals (Merck) and used as received. Acetoni-
trile was obtained from Merck and purified by standard
methods. For all purposes double distilled water was used.
An As(IIT) and As(V) stock solution (1000 mg/L) were
prepared by dissolving NaAsO, and Na,HAsO4-7H,0 in
distilled water.

2.2. Instrumentation

Arsenic [As (III) and As (V)] solution concentrations were
determined by a PerkinElmer Atomic Absorption Spec-
trometer, model PinAAcle 900 H equipped with hydride
generating system FIAS 100. pH value was measured using
a Thermo Scientific Orion Star A111 pH Benchtop Metre.
Scanning Electron Microscope (SEM) coupled with EDX
(Jeol, Japan, JSM-6390LV) was used to study the surface
morphology of adsorbents. FTIR (Impact 410, Nicolet,
USA) spectra were used to characterize the adsorbents.
TEM measurements were conducted by PHILIPS CM 200
microscope at 200 kV. Bruker AXS, Germany, D8 FOCUS
using a scanning rate of 0.050°/s in the range of 20 = (10
—70)° was used to study the X-ray diffraction. BET mea-
surement was recorded using Quantachrome NOVAE 2200
apparatus using N, adsorption (77.35 K).

2.3. Preparation of PANI/rGO/Fé® ternary
nanocomposite

At first GO was synthesized from graphite powder using
Hammer’s method (Hummers and Offeman 1958) and it
was exfoliated in water to produce a suspension of GO
sheets. The mixed water solution of FeCl; was added
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Figure 1. Schematic presentation of the preparation of PANI/rGO/Fe?.

slowly to the GO solution and ultrasonicated for 5 min.
Then aniline was syringed at a time to the mixture and
stirred vigorously under N, atmosphere for 2h followed
by the addition of NaBH,4 solution. The reduced products
(PANI/rGO/Fe?) were collected by vacuum filtration and
washed several times with water and ethanol. The final
black powders were vacuum-dried at 60°C and stored in
a N, purged desiccator (Figure 1).

In the preparation of PANI/rGO/Fe®, the liquid phase
reduction of FeCl; and GO takes place using NaBH,. The
probable reaction mechanism is shown as follows:

2FeCly + 6NaBH4 + 18H,0 — 2Fe’ + 6B(OH)5
+ 6NaCl + 21H,

3. Results and discussion
3.1. FTIR analysis

The FTIR spectrum of pure polymer and composite is
shown in Figure 2. The absorption peak at 3430 cm™!' is
attributable to the N—H stretching vibrations of the leu-
coemeraldine component of the polymer sample. The weak
peak at 2924 cm™! corresponds to aromatic sp? CH stretch-
ing. The C = C stretching deformation of the quinoid ring
in the emeraldine salt and benzenoid rings in leucoemeral-
dine is depicted at 1631 and 1461 cm™!, respectively. The
peaks at 1283 and 1152 cm™! correspond to C—N stretch-
ing of the secondary aromatic amine and C = N stretching,
respectively. The spectrum of the PANI/GO/Fe® compos-
ites, the absorption peaks, is similar to PANI except the
characteristic peak of C = O group at 1728 cm™! that was
observed from composite. The absorption peaks at ~ 1640
and 1450 cm™ represent the quinoid and benzenoid struc-
tures, respectively of the PANI in unexposed composite
(Trchova and Stejskal 2011; Ibrahim 2017). The presence
of PANI characteristic vibrations suggests PANI can be
successfully deposited on the GO/Fe surface.

3.2.  X-ray diffraction analysis (XRD)

Figure 3 shows the XRD pattern of PANI, GO, and
PANI/rGO/Fe® composite. A characteristic broad peak

% Transmittance

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

Figure 2. FTIR of (a) pristine PANI and (b) PANI/rGO/Fe?.

of amorphous PANI was observed at about 20 = 25.8°.
The XRD pattern of rGO, a broad reflection with peak
at 26 = 13.1 A corresponding to the (0 0 1) diffrac-
tion peak, indicates a typical loose layer-like structure.
The corresponding peaks for the PANI/rGO/Fe® compos-
ite at 26.9 and 55.2° match the (111) and (222) planes
of rthombohedral system with rhomb-centred lattice [ref
No. — PCPDFWIN 75-2078 and calculated from ISCD
using POWD-12 + 4 (1997)]. The crystalline peaks are
observed in the composite due to the dominant crystalline
nature of GO and Fe? particles.

3.3. SEM-EDS study

The surface morphology of pure graphite and rGO has
been studied by scanning electron micrographs of their
powdered sample (Figure 4). Due to rigorous oxidation
of graphite planes, the opening of planar carbon networks
wedged at the edge surface of crystallite, by surface group
layer-like structures of rGO, is distinctly observed in the
SEM micrograph. This is due to the opening of planar car-
bon networks wedged at the edge surface of crystallite by
surface groups as a consequence of oxidation. Also rGO
inherits the layer-by-layer and network structure but in
a denser stacking compared with the randomly aggregate
structure with a rough surface for the pure graphite.

SEM image (Figure 5) reveals that the adsorbent sur-
face morphology is irregular, porous, and heterogeneous in



4 S. Bordoloi et al.

140

120

100 (b)
80+ (001)
60
40+
20

<«—— Intensity ——»

250
200 (C) (i
150
100

50

0 :
0 10 20 30 40 50 60

Two Theta (degree)

Figure 3. XRD analysis of (a) PANL (b) rGO and (c)
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Figure 4. SEM images of (a) graphite and (b) rGO.

Figure 5. SEM of PANI/GO/Fe® composite.

nature. In addition, pores and large cavities of the adsor-
bent may show their greater adsorption ability due to their
extended surface area.

The elemental composition of the adsorbent’s surface
determined by EDS (Figure 6) shows the presence of Fe
(with 3.06 estimated wt. %) in the composite.

3.4. TEM analysis

Typical morphology of rGO is shown in the TEM image
of Figure 7. A layered structure of individual rGO sheets
with a lateral dimension of few micrometres is observed
in Supplementary Figure S5(a,b). On the other hand, some
fibre-like structures of PANI, which are decorated at the
surface of the rGO/Fe’ sheets, are observed in the TEM
images of the composite [Supplementary Figure S5(c,d)].
It confirms the formation ordered PANI chain on the sur-
face of the rGO/Fe? sheets. In addition, it is observed that
the PANI/rGO/Fe” sheets are folded with dark edges which
indicate the flexible character of the composite.

() e
,f;(sison' 2um
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Figure 6. SEM of PANI/GO/Fe? composite.
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Figure 7. TEM images (a) GO at lower magnification; (b) GO at
higher magnification, (c) PANI/AGO/Fe® at lower magnification
and (d) PANI/rGO/Fe® at higher magnification.

3.5. Brunauer—Emmett—teller (BET) study

The BET results show that the specific surface area of
PANI/GO/Fe? is 14.01 m?>g~! and the pore size is about
3.33nm which is much higher than the surface area of

bare polymer (5.07 m?g~!) but much lower than graphene
(377.55m?g~") which may be because the PANI wrapped
on GO/Fe had caused the decrease of the specific sur-
face area. The broad distributions of pore size for PANI
and PANI/GO/Fe® agree with the irregular morphology of
PANIL

3.6. Effect of adsorbent dose on the removal of arsenic

To study the adsorptive performance of the new adsor-
bent, the amount of adsorbent dose was varied in between
0.1 and 1.0g/L, with a fixed initial As(V) and As(II)
concentration of 1mg/L. Batch experiments were per-
formed in 250 mL Erlenmeyer flasks, in which 0.01-0.1g
of composites were added into 100 mL of As(V) or As(III)
solution. The above solutions were then shaken on a
temperature-controlled water bath shaker at 200 rpm at
25°C and a contact time of 12h. The removal % of As
(adsorption efficiency) was determined using the following
equation -

%removal = (Cy — C.)/Cy x100 (1)

Cy and C, are the initial and equilibrium concentrations of
As, in mg/L, respectively.

The sorption rate of both the arsenic species onto
PANI/rGO/Fe® was increased in adsorbent dose from 0.1to
1 g/L (Figure 8), i.e. with the increase in adsorbent dose,
active sites of the adsorbent increase which enhances As
adsorption. The maximum adsorption capacities for As(V)
and As(IIT) are up to 99.6% and 89%, respectively.
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Figure 8. Plot of % of As(V) and As(III) vs. adsorbent dose in
g/L.

3.7.  Effect of the initial concentration of As

A batch experiment was carried out using a fixed dose of
0.5 g/L of adsorbent at different initial As(V) and As(III)
concentrations of 0.5, 1.0, 3.0, 5.0, 7.0, 10.0, 15.0, 20.0 and
30.0 mg/L to observe the effect of initial As concentration
(Figure 9) and with the increase in initial concentration, the
removal of As gradually decreased.

Arsenic adsorption was reported to be more dependent
on its oxidation states than the pH within a pH range of
5.5-7.5 (Smedley and Kinniburgh 2002). As(III) is rela-
tively mobile than As(V) and Arsenic exists in near neutral
reductive groundwater conditions mainly in the + III oxi-
dation state as trihydrogen arsenite (H3AsOs) which is
much less adsorbed than the + V species which exists pre-
dominantly as anionic dihydrogen arsenate (H,AsOy) ion
(Wickramasinghe et al. 2004).

3.8. Effect of pH on adsorption of As

The effect of pH on As(V) and As(IIl) adsorption by
PANI/rGO/Fe® was examined by varying the solution pH
from 3.0 to 10.0 (Figure 10). The pH of the solutions was
adjusted using 0.1 M HCI or 0.1 M NaOH and the initial
concentration of As(V) and As(IIl) was fixed at 1.0 mg/L.
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Figure 9. Plot of % removal of As(V) and As(IIl) against the
initial As concentration in mg/L.
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Figure 10. Effect of the initial solution pH on the removal
of As(V) and As(IIT) using PANI/rGO/Fe® (Initial [As(V)] and
[As(III)] = 1 mg/L, adsorbent dose = 0.5 g/L).

The extent of As(V) removal was 99.6-90.3% in the pH
range 3—10 and at neutral pH it was 99.48%, whereas
for As(Ill) adsorption range was 91%—80% with maxi-
mum adsorption (91%) at neutral pH. It can be seen from
the figure that PA/GO/Fe’ composite is effective for the
removal of As(V) and As(Ill) in acidic and neutral range
of pH. This can be explained as the ionization of both
adsorbate and adsorbent in aqueous solution. In the acidic
range of pH, HyAsO,~ and HAsO42 are the predominant
species of As(V), while below pH 9.2 H3AsOj is the main
species of As(IIl). Thus adsorption of anionic As(V) and
As(IIT) was enhanced by columbic interaction, whereas at
pH > 8, the negatively charged adsorbent species shows
less affinity towards As(V) and As(I1I).

3.9. Kinetics of As adsorption onto PANI/GO/F ¢’

The influence of adsorbent (PANI/GO/Fe®) dosage (0.1,
0.3, 0.5 g/L) at neutral pH on the rate of adsorption, using
1 mg/L of the initial concentration of As(V) and As(III)
was investigated in the batch mode. From Figure 11, it
can be seen that the sorption rate of both As species was
increased with the increase in adsorbent dose due to the
increase in active sites. The amount of As adsorbed was
calculated by using the following equation:

g = (Cp — C)V/m (2)

where Cy and C; are the initial As concentration (mg/L)
and As concentration (mg/L) at time ‘¢’, respectively; V is
the volume of the solution (L); and m is the mass of the
adsorbent taken (g).

The pseudo-first-order kinetics is described by the fol-
lowing equation:

In(ge — g1) = Ing, — kit 3)

where g, and ¢, are the As adsorption capacities of sorbent

in (mg/g) at equilibrium and at time ¢, respectively, and k;

is the pseudo-first-order rate constant in min~!.
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Figure 11. Effect of PANI/rGO/Fe dosage on the removal
capacity with respect to time for (a) As(V) and (b) As(III).

The pseudo-second-order rate equation is expressed by
the following equation:

t/q: = (1/k)(1/9.>) + (t/qe) (4)

where ¢, and ¢, are the As adsorption capacities of sor-
bent at equilibrium and at time ¢, respectively, and k; is the
pseudo-second-order rate constant in (g/mg/min).

Description of the kinetic data with appropriate kinetic
model was expressed by correlation coefficient (R?) and
a relatively high R? value indicated that the model suc-
cessfully described the kinetics of arsenic sorption by
the composite. The parameters of pseudo-first-order and
pseudo-second-order kinetic models are listed in Table 1
for As(V) and Table 2 for As(IIl), respectively. It was
observed that the values of R? for pseudo-second order
model are higher than those for the pseudo-first-order
model. Finally, pseudo-second-order model has the best
fit for adsorption kinetics of As. The plots of pseudo-
first-order kinetic and pseudo-second-order kinetic mod-
els for both As species are presented in Figure 12(a—d)
and the values of rate constants and g, were calculated
from the slope and the intercept of the plot of #/gt vs. ¢.,
respectively.

3.10. Effect of coexisting anions

The effects of the competing anions, viz., suphfate, phos-
phate and silicate were studied in the concentration ranges
0—10 mM on the adsorption of 1 mg/L of As(V) and As(III)
by 0.5 g/L PANI/GO/Fe® and the results are presented in
Table 3. The presence of the anions has been found to
inhibit the arsenic removal, indicating that these ions com-
pete for the surface adsorption sites of the adsorbent. With
the increase in the concentrations of each of the com-
peting ions, As removal percentage gradually decreases.
Sulphate anion did not have significant effects on the As(V)
and As(II) removal efficiencies, whereas silicate at higher
concentration (10mM) reduced the As(V) uptake from
99.5% to 93.2% and As(II) uptake from 91.3% to 84.2%.
However, in the presence of phosphate at 10 mM, As(V)
removal percentage decreases from 99.5% to 72.2% and
As(IIT) decreases from 91.3% to 68.2%. The inhibitory
effects of the competing ions on the arsenic removal
increase in the order: sulphate < silicate < phosphate.
These results are useful for in-situ remediation of As-
contaminated groundwater due to the coexistence of com-
peting anions in groundwater.

3.11. The Chemistry of As removal (XPS analysis)

To understand the chemistry involved behind arsenic
removal, XPS analysis (Figure 13) of PANI/rGO/Fe’ was
obtained before and after 24 h treatment with 100 mg/L
As(IIT) and As(V) (as model arsenic species). In Figure
13(b,c), the third core level peak of arsenic is shown which
confirms the presence of As species on the surface of the
samples. The band energy value at 45.67 ¢V corresponds
to the binding energy of As the third core level for As(V)
species suggesting no reduction of As(V) species by the
ternary composite. Since in aqueous solution, Fe® reacts

Table 1. Kinetic parameters for As(V) adsorption by the PANI/rGO/Fe’.

Pseudo-first-order

Pseudo-second-order

Concentration

arsenic (g/L) K (min~ 1) qe (Mmg/g) R? K5 (1/min) qe (mg/g) R?
0.1 0.156 10.365 0.984 0.118 8.321 0.992
0.3 0.147 7.321 0.984 0.103 5.735 0.990
0.5 0.112 3.216 0.980 0.098 4.147 0.965

Table 2. Kinetic parameters for As(IIl) adsorption by the PANI/rGO/Fe'.

Pseudo-first-order

Pseudo-second-order

Concentration arsenic (g/L) K; (min~1) qe (Mmg/g) R2 K7 (1/min) qe (Mmg/g) R?

0.1 0.097 7.899 0.916 0.021 12.672 0.986
0.3 0.168 6.215 0.942 0.036 9.924 0.990
0.5 0.521 3.042 0.969 0.541 4.119 0.990
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Figure 12. Fitting of kinetics data with pseudo-first-order model (a) As(V) and (b) As(I1I) and pseudo-second-order model for (c) As(V)

and (d) As(III) removal using PANI/rGO/Fe°.

Table 3. As(V) and As(III) removal efficiencies of PANI/GO/Fe in the presence of coexisting anions.

Removal of As in the presence of anion (%)

Concentration
As species of anions (mM) Sulphate Silicate Phosphate
As(IIT) 0 91.3 91.3 91.3
0.1 91.1 90.9 87.5
1 90.6 89.2 79.3
10 87.4 84.2 68.2
As(V) 0 99.5 99.5 99.5
0.1 99.4 99.2 94.4
1 99.1 98.9 89.4
10 94.5 93.2 72.2

with water and dissolved oxygen, there are possibilities
of production of iron oxide (viz., ferrous hydroxide, ferric
hydroxide, oxyhydroxides, lepidocrocite, maghemite and
magnetite) depending on the redox and pH of the aque-
ous solution (Lingamdinne et al. 2019a). The core level
peaks of Feyp, centred at 711, 722 and 725 eV (Figure 13(a))
correspond to the binding energies of 2p3,, and 2p;,, of
oxidized iron i.e. [Fe(IIl)]. So, the adsorption of arsenic
onto these composite occurs via substitution of surface
bonded OH™ ligand by arsenate and forms monodentate-
adsorbed arsenate which later transformed into bidentate
complex by substituting another OH— ligand.

3.12. Adsorption isotherms

Aqueous solutions of different initial As concentrations
(from 3 to 7mg/L) at neutral pH and room temperature

(25°C) were used for the adsorption study (Figures 14
and 15). The data of arsenic adsorption were fitted with
Freundlich and Langmuir isotherm models. The Langmuir
isotherm model is expressed as

. abce,
T 1+ be,

The Freundlich isotherm is represented by the following
equation:

e (5

1

where ¢, is the amount of arsenic adsorbed per unit weight
of adsorbent (mg/g), C. is the equilibrium concentration
of arsenic (mg/L), b is the constant related to the free
energy of adsorption (L/mg), and a is the maximum adsorp-
tion capacity (mg/g), Ky and 1/n are Freundlich constants
related to the adsorption capacity (mg/g) and intensity of
adsorption, respectively.
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Figure 13. (a) XPS spectra of the PANI/GO/Fe? before treatment with As. (b) As the third core-level spectrum after treatment with
As(III). (c) As the third core-level spectrum after treatment with As(V).
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Figure 14. Langmuir isotherm for As(IIl) and As(V) ion at
30°C.

To study Langmuir and Freundlich isotherms, graph
between 1/qe and 1/Ce and log q. vs log Ce was plotted,
respectively and the adsorption data fitted well with both
isotherms. The maximum adsorption amounts of As(V)
and As(III) over PANI/rGO/Fe® calculated by Langmuir
model for As(IIl) and As(V) are 250 and 200 mg/g, respec-
tively at neutral pH. The adsorption constants evaluated
from the isotherms are listed in Table 4. Value of n is
more than 0.5 which shows better adsorption behaviour
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Figure 15. Freundlich isotherm for As(IIl) and As(V) ion at
30°C.

than normal adsorption and Ky was 1.119 for As(III) and
1.148 for As(V).

3.13. Comparison of maximum As adsorption
capacities using different adsorbents
The maximum adsorption capacity calculated by Langmuir

equation for the removal of As by various adsorbents is
reported in the literature and summarized in Table 5. It is
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Table 4. Langmuir and Freundlich Adsorption Isotherm
Parameters for As(I1T) and As(V) on PANI/rGO/Fe® compos-
ite.

Isotherm type  Isotherm constants As(I1T) As(V)
Langmuir A 250.0 200.0
B 0.147 0.051
R? 0.955 0.992
Freundlich K¢ 1.119 1.148
N 0.55 0.61
R? 0.975 0.993

found that the adsorption capacity of the PANI/rGO/Fe’
is significantly higher than that of other adsorbents which
may be due to the small size of Fe® nanoparticles immobi-
lized on the high surface area reduced graphene oxide and
polymer matrix. The Fe® nanoparticles were entrapped into
PANI and rGO surfaces, which enhanced the stability of
Fe® particles and the oxygen-containing functional group
provided more active sites to interact with arsenic species.
The rGO not only contributes to the adsorption of arsenic,
but also acts as a support for both iron nanoparticles and
PANI. Fe® spontaneously reacts with water and dissolved
oxygen to produce Fe?* and Fe**, which further produces
a series of different iron oxides. The probable structure of
Fe® and iron oxide present in the composite is expected as
the core—shell structure where Fe” forms core and its oxide
forms shell. As(V) can be reduced to As(IIT) because of the
role played by the reactive Fe(Il) and PANI (since PANI
also has redox behaviour).

Fe’ + 0, + H'Fe’* + H,0 (7)
Fe’* + O,Fe** (8)
Fe’* + H3AsO4Fe’* + H3AsO; + OH" 9)

4. Conclusion

Adsorption capacity and the efficiency of prepared
rGO/Fe® filled PANI ternary composite were studied for
the removal of arsenic from aquatic solutions. The present
study showed that the efficiency of the removal process
depends on various factors, such as the initial concentration

of absorbent, arsenic concentrations, coexisting anions and
pH of the solution. The adsorption rate of As (both arse-
nate and arsenite) increases with the increase in adsorbent
dose from 0.1 to 0.5 g/L and maximum adsorption capaci-
ties were up to 99.6% for As(IIl) and 89% for As(V). The
maximum arsenic removal (99.48% for arsenate and 91%
for arsenite) was obtained at the pH of 7 and both acidic
and neutral range of pH (~3-10); it is effective for the
removal of As(V) and As(III). Characteristics of the adsor-
bent viz., high surface area, the presence of suitable func-
tional groups on the surface, and irregular heterogeneous
surface morphology enhanced its adsorption potential sig-
nificantly. The adsorption of arsenic on the adsorbent was
fitted well to the pseudo-second-order kinetic model and
obeyed both Langmuir and Freundlich models; this indi-
cates surface heterogeneity and monolayer adsorption of
the adsorbents. The presence of common co-ions (viz., sul-
phate, phosphate and silicate) inhibited the arsenic removal
with the order: sulphate < silicate < phosphate. Because
of the above-mentioned benefits of the PANI/rGO/Fe°
composite, such as high absorption capacity, effective
removal efficiency, easy synthesis and availability, the use
of this absorbent can be considered for the removal of
arsenic from the aqueous solution.
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1 Introduction

Graphene, one-atom-thick a very attractive two-di-
mensional sheet of sp” hybridized hexagonal carbon
nanomaterial has attracted incredible attention due to
its excellent mechanical flexibility, superior electrical
conductivity, high thermal and chemical stability has
attracted scientific researchers from all across the
world [1-10]. For these reasons, a reliable method for
producing large-area single-crystalline graphene at
reasonable price is an essential requirement. There
are many techniques [11-14] have been introduced to
synthesize graphene based on its application, cost
effectiveness and eco-friendliness.

The most extensively used approach for synthe-
sizing Graphene Oxide (GO) was Hummers method
[15]. Although this method has some drawbacks viz.,
the liberation of hazardous gases (NO, and N,O,)
during oxidation, difficulties of removal of Na* and
NO; ions from the residual water GO is highly oxi-
dized form of graphite which retains the similar
structure (multilayer) of its precursor although with a
higher interlayer spacing due to the presence of
oxygen functionalities [16]. According to widely
accepted Lerf-Klinowski model, the basal-plane of
the graphite oxide is highly populated with hydrox-
yls and epoxide while the edge-plane mainly consists
of carboxyl and carbonyl groups [17]. The removal of
these oxygen moieties is a significant topic that
determines the properties of the ultimate product and
to which extent rGO will resemble pristine graphene
[18, 19]. Therefore, finding a suitable reducing agent
for this task is very important.

There are many reducing agents have been intro-
duced to remove the oxygenated functional groups
from graphene oxides [20-22] and the reducing
agents are categorized into two groups, (i) reducing
agents under well-supported mechanism and (ii)
reducing agents under proposed mechanism. The
reducing agents under well-supported mechanism
are traditionally applied in synthetic chemistry and
have shown specific mode of reaction toward oxy-
genated functional groups. They are generally highly
toxic and expensive, such as hydrazine and its
derivatives [23], sodium borohydride [24], lithium
aluminum hydride [25, 26] etc. The reducing agents
‘proposed’ mechanisms include reducing agents that
have not been previously applied in synthetic
chemistry as reducing agents and also do not have
any definite modes of reaction toward specific
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oxygen moieties. In addition, most of these have non-
specific antioxidant or oxygen scavenging properties,
e.g., plant extract [27], amino acid [28], microorgan-
ism [29] etc.

Dealing with toxic chemicals enhances the indi-
vidual health risks as well as the surroundings. Sev-
eral plants extracts have been investigated by several
researchers for reduction of GO due to non-toxic,
environment friendly, easily availability, safe to
handle and relatively more stable in nature
[27, 30-37]. Hence, we used a green method using
natural reducing agents where GO was reduced
using bioreductant Miracle leaf (Bryophyllum pinna-
tum) extract. The scientific name of Miracle plant is
Kalanchoe pinnata. Kanlanchoe pinnata is a medicinal
plant largely used folk medicine for treatment of
kidney stones, gastric ulcer, pulmonary infection and
rheumatoid. It is found in Asia, Australia, New
Zealand, West Indies, Marconesia, Polynesia and
Hawai. Phytochemicals contains in Miracle plant are
alkaloid, flavonoids, phenolic compound, tannins,
macro element: magnesium, calcium, potassium,
phosphorous, sodium, and microelement: zinc, vita-
mins, ascorbic acid, riboflavin, thiamine, niacin [38].
In the most of research article reported that the
antioxidant and reducing activity of plants are due to
redox behavior of phenolic compounds and also
these phenolic compounds are acts as hydrogen
donators, reducing agents and singlet oxygen
quencher. The phenolic compounds contains in
Kalanchoe pinnata are flavonoid and phenolic acid,
e.g., caffeic, ferulic and protocatechuic acid [39].

The detection of polluted gases, especially toxic
gases are important to get clean the environment. Out
of various pollutant gases the methanol vapor is one
of the most extensively studied gases and also pop-
ular gases in industry and day to day life, so it is
important to detect and control leaks in mobile
practical devices as well as distribution lines of
industry.

In the present work, the aqueous extract of Miracle
leaf has been used for reduction of GO and studied
the sensing behavior of reduced GO for methanol
vapors in different analyte concentrations. The sen-
sitivity has been studied with respect to the change in
resistivity on exposure to methanol vapors. To the
best of our knowledge, no article has been published
to address the reduction of GO using Miracle leaf and
studied as methanol sensor element. The cost-effec-
tive and green proposed method has the potential for
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mass production of m-rGO with low-cost and no
environmental pollution may open up a new route to
develop an efficient gas sensor device.

2 Experimental
2.1 Materials and chemicals

Graphite powder was purchased from Chemical
biochemical, Potassium permanganate (KMnO,) was
obtained SDFCL (SD Fine chem. Ltd., India) and
Sodium Nitrate (NaNOs3) was received from Thermo
Fischer Scientific India Pvt. Ltd., sulphuric acid
(H,S0,), hydrochloric acid (HCI) and hydrogen per-
oxide (H,O,) were purchased from RANKEM, India.
All reagents were used as received without further
purification. Miracle leafs were collected from
Dibrugarh University’s campus, Dibrugarh, India.

2.2 Preparation of graphene oxide (GO)

GO was prepared via modified Hummers method by
oxidizing the graphite powder as previously reported
by us [40, 41]. In this process, graphite (2.5 gms) and
NaNO; (1.25 gms) were mixed with 60 ml of conc.
H,S0, and stirred for 30 min at 0-5 °C. KMnQO,
(7.5 g) was slowly added maintaining the tempera-
ture ~ 0-5 °C for 90 min and then the mixture was
stirred at room temperature (RT) for 24 h. Finally,
115 ml of water was added in the resulting mixture
and temperature increase to 98 °C. After 30 min, 30%
H>0, (15 ml) was slowly added and then the color of
the solution turns from brown to yellow. For purifi-
cation, the mixture was washed by rinsing and cen-
trifugation with 5% HCI and then de ionized water
for several times then filtered and dry under vacuum
to get final gray colored powder GO.

2.3 Collection of the leaves

Bryophyllum pinnatum, commonly known as Dupor-
Tenga or miracle plant. The leaves of miracle plant
were identified by a research scholar in the Depart-
ment of Chemistry of Dibrugarh University, Dibru-
garh, Assam, India. Nonetheless, the leaves were
collected from the garden and premises of the
Dibrugarh University and were therefore transported
to the laboratory immediately for processing. The
leaves were not exposed to direct sunlight so that the

active compounds are not lost The leaves were
washed using tap water followed by deionized water
for several times to remove dust and then dried in the
vacuum oven at 40 °C for 3 days.

2.4 Preparation of extracts

The dried leaves were ground into a crude powder
using manual grinder. The hot water (aqueous)
extract was prepared by putting 10 g of fine powder
with 100 ml distilled water into a 250 ml flask. This
was heated to boil for one hour using a hot plate and
stirred regularly for 3-5 min. After cooling, the
resulting solution was filtered using Whatmann No 1
filter paper and takes the filtrate (Fig. 1).

2.5 Reduction of GO using miracle leaf
extract

50 mg of GO was mixed with 30 ml of miracle extract
and sonicated for 15 min. The resulting dispersed
solution was refluxed at 90 °C under N, atmosphere
followed by 2 h stirring. As the reaction progressed,
color of the solution changed from brown to black
(Fig. 2). Finally, the resulting solution was filtered
and washed several times with water and ethanol to
get Miracle extracts reduced graphene oxide (m-
rGO).

The flow chart (Fig. 3) of total experimental pro-
cedure to prepare GO and reduced graphene oxide
using miracle leaf abstract as-

Fig. 1 a Photograph of Miracle plant and b Miracle leaf extract
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Reduction
(Miracle leaf,
Reducing agent)

Solution of GO

90°C, 2hrs, Ns

Solution of m-rGO

Fig. 2 Reduction of graphene oxide, (a) Solution of Graphene oxide, (b) Miracle extracts reduced graphene oxide (m-rGO)

Fig. 3 Flow-chart of

preparation procedure of GO
and m-rGO

Graphene Oxide

KMnO,, H,0,| Stirring for

24 hrs

Solution Mixture

)

NaNOs, H,SO|Stirring for
0-5°C 30 minutes

Graphite Powder

Reduction by
miracle leaf abstract Aqueous Miracle
E leaf abstract
o |& 1
& E Distilled water,| Stirri
5 ~ S 5| Stirring regularly
E ] boil for 1hr for 3-5 minutes
= |
v 4 Dried Miracle
Reduced leaves powder
Graphene Oxide
(m-rGO)

2.6 Characterization

Fourier transform infrared spectroscopy (FTIR) was
used to record FTIR spectra by Impact 410, Nicolet,
USA, using KBr pellets. The x-ray diffraction (XRD)
study was performed at RT on Rigaku x-ray diffrac-
tometer with Cu Ko radiation (4 = 0.15418 nm). The
surface morphology of GO and m-rGO was studied
by SEM image with model JSM-6390LV, JEOL, Japan.
The nanostructure of m-rGO was investigated with
the help of Transition electron microscopy (TEM,
JEOL JEM-2200 FS). The thermal decomposition
curve was obtained from thermo gravimetric analy-
sis. The ultraviolet-visible (UV-Vis) absorption
spectroscopy of the samples in 1-Methyl-2-pyrrolidon
solvent was recorded using Shimadzu UV-2550 UV-
Vis spectrophotometer. Using a compression-mold-
ing machine with hydraulic pressure; pellets of
composite samples were made. High pressure was
applied (1.5-2 ton) to the sample to get hard round-
shaped pellet (1.5 cm diameter, 2 mm breadth),
which was used to measure the electrical conductiv-
ity. I-V calculations were recorded by Keithley 2400
source meter at the RT in the frequency range

@ Springer

102-106 Hz and at the scan rate 0.1 V/s within a
voltage range of — 10 Vto + 10 V.

2.7 Sensor testing measurements

The sensor set up for study the methanol gas sensing
behavior of GO and m-rGO is shown in Fig. 4. Here
the sensor material was heated at 80 °C for 24 h to
remove excess solvent present in the material and

Sensing element

Methanol

Original set-up

Fig. 4 Methanol vapors sensor set — up
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then it was placed into the closed chamber. The
contact between the sensor (as pellets) and the two
probes was made with the help of silver paste
and ~ 3 cm distance was fixed with the sensing
material and methanol. The electrical response (i.e.,
resistance) was studied at RT via Keithley 2400
source meter using Kickstar software with scan rate
0.1 V/s. Hexane was used as diluents to obtain dif-
ferent concentration of the methanol vapors.

3 Results and discussion

In the FTIR spectra of GO (Fig. 5a), the peaks at
1037 cm™' 1221 em™', 1396 cm™', 1623 cm™},
1718 cm™' and a broad band at around 3421 cm™'
corresponded to C-O stretching vibrations, -C-O-C-
stretching, C-OH stretching, C=C stretching mode of
the sp? carbon skeletal network, C=O stretching and
O-H stretching vibration, respectively [42, 43]. The
two small peaks near ~ 2912 cm™!
and ~ 2806 cm™' are corresponding to the H-bon-
ded OH groups of dimeric COOH groups and intra-
molecular bonded O-H stretching of alcohols,
respectively [44]. These indicated the presence of
oxygen-containing moieties such as carbonyl, car-
boxylic, epoxy and hydroxyl in GO. The reduction of
graphene oxide clearly established by the disap-
pearance of the some bands from the respective
spectra and the decrease in the intensity of the broad
band at 3421 cm ™' for the hydroxyl group (Fig. 5b)
[45].

The characteristic XRD diffraction peak of GO at
around 26 = 10.45° highlighted the introduction of

W (a)
A
=
4 (b)
=
] 1037 l 718
1396\
1221 1623 -
0 1000 2000 3000 4000
Wavelength (nm)

Fig. 5 FTIR spectra of GO and m-rGO

oxygenated functional groups with an interlayer
spacing ‘d’ of 8.46 A (Fig. 6a) and the peak at around
42.41 correspond to the reflection from (100) plane
with the interlayer distance 2.13 A° as reported
elsewhere [46]. The small peak at 10.55 in M-rGO
reveals the presence of a small amount of residual
oxygen functionalities during reduction, which is
also supported by the literature. This removal of
oxygen-containing functional groups is in agreement
with the FTIR results as discussed in the above sec-
tion. During reduction, the interlayer distance
decreases due to the removal of oxygenated func-
tional groups, and a characteristic broad peak reap-
pearance at 20 =2953 (Fig. 6b) reveals the
restoration of an ordered crystal structure. This
indicates the successful formation of m-rGO
nanosheets with several layers of thickness after
treating GO with the phytochemicals.

SEM image of m-rGO (Fig. 7a) shows the well-ex-
foliated flake-like sheets which also support by TEM
image (Fig. 7b). TEM image suggest that the m-rGO
layers are very transparent, silky and the ordered
graphitic lattices are clearly visible. The selected area
electron diffraction (SAED) pattern of m-rGO
(Fig. 6¢) confirms the crystalline structure which also
corroborated with the XRD analysis.

Intensity
®

0 20 40
Two theta

Fig. 6 XRD of (a) GO and (b) m-rGO
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Fig. 7 a SEM image, b TEM image and ¢ SAED pattern of m-rGO

The thermal stability of m-rGO and GO were

2.8

studied (Fig. 8) and around 100 °C the minute weight

indicated the elimination of residue water molecules 241 (@)

present in the samples. In GO (Fig. 8a) the initial 3 20

weight loss at ~ 200 °C is probably due to the loss of =

oxygen-containing functional groups and the major § 164

weight loss around 410-440 °C is due to the pyrolysis g 12

of residual oxygen functional groups and ring car- 'g (b)

bons to yield CO and CO, [47]. The thermal stability 2 08-

of m-rGO (Fig. 8b) showed by better than GO and < s

slight weight loss at around 230-250 °C indicates the '

presence of very less amount of oxygen functional 0.0

group than that of GO i.e. the higher degree of 200 300 400 500 600 700 800
reduction. Wavelength (nm)

Figure 9 showed the UV-visible spectra obtained '
for GO and m-rGO by dispersed in distilled water. ~ Fig 9 UV-vis spectra for (a) m-rGO and (b) GO

For GO, the spectra exhibit a maximum absorption
peaks at 250 nm with a shoulder peak at 310 nm
corresponds to n-n* transition of aromatic C-C bonds
and n — ©* transition of C=0, respectively [48]. It is
clearly noticed that the absorption peak shows a
larger red shift in m-rGO (290 nm) which confirm the
reduction of GO.

In the Raman spectra of pristine GO (Fig. 10a) and
m-rGO (Fig. 10b) showed the decreased in the posi-
tion of D and G band with intensity ratio Ip/Ig for
m-rGO as compared to pristine GO. This small
decrease may be due the result of reduction of oxy-
gen moieties in GO. In addition, a small deviation in
the centers of D and G bands of m-rGO from GO is
also observed which must be due to the presence of

Fig. 8 TGA plot of (2) GO and (b) m-rGO less oxygen moieties in reduce graphene oxide.

0 100 200 300 400 500 600 700 800
Temperature (°C)
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Intensity (a.u.)
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Raman Shift (cm™?)
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Fig. 10 Raman spectra of a pristine GO and b m-rGO

4 1/V characteristics and methanol gas
sensing study

The electrical behavior of the GO and m-rGO were
studied with the help of current-voltage characteris-
tics at RT using a Keithley 2400 source meter in the
potential span of — 10V to + 10 V. The current-
voltage response was significantly increased by
m-rGO sheet and both GO and m-rGO exhibited
semiconducting behavior (Fig. 11).

The gas sensing property of GO and m-rGO were
studied using Keithley 2400 source meter by calcu-
lating real-time monitoring of Chemiresistive
response (i.e., change in resistive and current as a
function of time) at RT on exposing to different
concentrations of methanol vapors. The sensor

0.00006 —GO
| m-rGO
0.00004 4
0.00002 -
< 0.00000
g
=
=
£ -0.00002 -
=
=
3 i
-0.00004 4
-0.00006
-0.00008 T v r i T T T
-10 -5 0 5 10
Voltage (V)

Fig. 11 1-V characteristics of GO and m-rGO

Intensity (a.u.)

T T :
1600 1800 2000

1400
Raman Shift (cm?)

response was studied as the difference between the
resistivity of the sensor device after and before
exposure to methanol gases with the following
equation:
Response (%) = 100 x %, (1)
0

where, Ry and R are the initial resistance of sensor in
air and in target gas, respectively. The response time
is described as the time required reaching the maxi-
mum resistance change, whereas the recovery time is
described as the time required to reach the initial
resistance of the device.

The I-V characteristic and Chemiresistive respon-
ses of GO and m-rGO toward methanol gas
(500 ppm) at RT are shown in Fig. 12 and found that

270 4

= NN
0 = &
o © o

150
120

w o o
© O o

Relative Sensitivity (4R/R%)

o

1000

0 200 400 600 800
Time (in second)

Fig. 12 Relative sensitivity of GO and m-rGO for 500 ppm
methanol at room temperature
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the sensors’ resistance increased dramatically when
they were exposed to the methanol gas. Which may
be due to switching of p-type to n-type i.e., when gas
sensor exposed by methanol they may lead to the
surface adsorbed active sites redistribution and also
capture the electron from pellet which may increase
the sensor resistance.

Since methanol is a highly polar vapor; there is a
possibility to hydrogen bonding interactions during
adsorption on the sensing material. Also there is a
possibility to form m—mn interaction in between GO
sheets which makes the material more stable in nat-
ure (Fig. 13). From the gas-sensing characteristic
curves, the increased gas sensitivity of m-rGO due to
availability of sufficient oxygen dangling bonds after
reduction by green miracle leaf abstract. In addition
the better gas sensitivity m-rGO with respect to
pristine GO is due to higher defect concentration in
m-rGO supported by Raman studies. Therefore these
defects may act as a preferential adsorption sites for
methanol gas [47].

A histogram of relative sensitivity for 500 ppm
methanol of GO vs. m-rGO (Fig. 14) indicates relative
sensitivity of green-synthesized M-rGO; 254.7% at

Fig. 13 Probable interaction
of graphene oxide and
methanol
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& GO vs m-rGO
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Fig. 14 Histogram of relative sensitivity of GO/m-rGO for
500 ppm methanol

room temperature which is much higher than that of
GO (22.7%). Here we have compared our sensitivity
result of recent green-synthesized M-rGO with earlier
literature works and listed them in Table 1 and from
the table it is clear that the methanol gas sensitivity of
green-synthesized m-rGO is better than already
published results. So finally we conclude that the
miracle leaf reduced graphene oxide (m-rGO) is an
effective and environment friendly methanol gas-
sensing material with high sensitivity.
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Table 1 Methanol sensitivity

comparison with already Sample Sensor Concentration range (ppm)  Sensitivity (%) References
published research papers GO/polyindole Methanol  1.14-11.36 737 [49]
GO/Polyaniline 100-500 20.9—37 [40]
GO/graphene foam 1500 Very low [50]
rGO/NiO 100 61.15 [51]
GO/FET 150 127.93 [52]
thermally reduced GO 1500 1.5-2 [53]
m-rGO 500 254.7 Current study
GO 500 22.7 Current study
5 Conclusion Funding

We have prepared graphene oxide (GO) by oxidation
of graphite flakes using Hummer’s method and then
reduced with freshly prepared green reducing agent
miracle leaf extracts (m-rGO). The DC electrical
conductivity of the m-rGO is much higher in com-
parison with chemically prepared GO. On the basis of
conducting behavior of the material; here we report a
comparison study for methanol gas-sensing mea-
surements of m-rGO and GO. FTIR confirm the
presence of oxygen functionalities such as (-OH)
hydroxyl and (-COOH) carboxylic in GO and also
confirm its reduction to form m-rGO by miracle leaf
abstract. In addition Raman spectroscopy also con-
firms reduction of oxygen moieties in m-rGO as the
decreased ID/IG ratio for m-rGO as compared to GO.
It is observed that the m-rGO is found to be a highly
sensitive (% Sensitivity = 254.7) methanol sensor
material than that of GO (% Sensitivity = 22.7). The
basic mechanism of the interaction between methanol
and GO is believed to be hydrogen bonding and n—n
interaction. These observations paved the way of
applicability of m-rGO to be a potential material for
gas sensor and also motivate the researcher for the
production of reduced graphene oxide without
causing any harm to the environment.
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tion of both As (V) and As (III) from aqueous solu-
tion using pristine polythiophene (PTh). Here PTh
was prepared by chemical oxidative polymerization
method using FeCl; as an initiator and characterized
by FTIR, XRD, and SEM-EDX. Batch experiments
were conducted to assess the effects of several experi-
mental parameters such as pH, initial As concentra-
tion, and adsorbent dose on the removal of Arsenic
(As). At low initial As concentration (100 pg/L) with
pH range 3, 5, and 7, the prepared PTh showed 100%
removal efficiency for both As (III) and As (V). The
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adsorption process followed a pseudo-second-order
kinetic model with linear regression coefficients (R%
of 0.9976 and 0.9972 for the adsorption of As (II])
and As (V) respectively. The Langmuir adsorption
isotherm model fits well with As adsorption by PTh,
demonstrating monolayer adsorption on the poly-
mer. According to Langmuir’s adsorption isotherm
model calculations, PTh showed maximum adsorp-
tion capacities of 84.33 and 87.78 pg/g for As (III)
and As (V), respectively. Feasible and spontaneous
adsorption of As by PTh is indicated by the negative
Gibbs free energy (AG®). To validate the As adsorp-
tion by PTh, DFT simulations were performed and
found that the S of the polymer and O of the As spe-
cies are responsible for the adsorption of As by PTh.
Additionally, it can be shown that there is a Van-der-
Waal type of interaction between hydrogen and oxy-
gen molecules.
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Arsenic pollution in water bodies is a severe[El}

problem that causes a variety of health issues;
hence, the US Environmental Protection Agency
(USEPA) established a maximum allowable level
of 10 pg/L in potable water (Mondal et al., 2006).
Because of the significant risk of health dangers
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associated with As poisoning in water, As is one of
the world’s major concerns when it comes to water
problems. It is the 20th most abundant element in
nature, the 14th most abundant in saltwater, and
the 12th most abundant in the human body (Man-
dal & Suzuki, 2002).

India, Bangladesh, Taiwan, Magnolia, China,
Chile, New Zealand, Hungary, Japan, Mexico,
and Poland are the primary countries affected by
the As issue (Pathan & Bose, 2018; Prucek et al.,
2013; Leaper et al., 2021; Yohai et al., 2019). As
originates from both natural and anthropogenic
sources. Due to its high toxicity, As pollutes our
water systems and harms human health in a num-
ber of ways. Its excessive concentration in the
human body can result in pigmentation changes,
hyperkeratosis, neurological problems, muscular
weakness, lack of appetite, and nausea in addition
to cancers of the skin, lungs, bladder, and kidney
(Raj et al., 2021; Horzum et al., 2013; Alam et al.,
2018; Paul et al., 2013). The USEPA has estab-
lished strict As regulatory standards as a result
of these many health risks. However, many other
nations throughout the world continue to use the
earlier established maximum permitted level of 50
pg/L (Fan et al., 2016; Cooper et al., 2010; Zhang
et al., 2010; Wu et al., 2011; Assaad et al., 2020;
Mondal & Garg, 2017).

As is available in the inorganic state as oxides
(As,03, As,05) and sulfides (As,S;, AsS, HAsS,,
HAsS;*7). It exists in —3, 0, +3, and +5 oxida-
tion levels, but is most commonly found in triva-
lent (As®*, arsenite) and pentavalent (As’*, arse-
nate) forms. Arsenate species are mostly found in
oxygen-rich aerobic environments, whereas arsenite
is found in considerably reduced anaerobic envi-
ronments, such as groundwater. Different forms
of As species predominate in nature at varying
pH and redox potential (E),) levels, such as when
pH is less than roughly 6.7, H,AsO,” predomi-
nates. HAsO,*>~ predominates at higher pH levels
(although H;AsO, and AsO,’~ may be found under
very acidic or basic circumstances, respectively).
The uncharged H;AsO, predominates under reduc-
ing circumstances at pH levels lower than about 9.1
(Gupta et al., 2013; Shahryari et al., 2020; Makavi-
pour et al., 2019; Bordoloi et al., 2022; Cho et al.,
2014; Wen et al., 2015; Dutta et al., 2020).

@ Springer

Arsenic-contaminated water can be treated
using reverse osmosis, electro-coagulation, mem-
brane technology, oxidation, precipitation, coagu-
lation, electro-dialysis, and ion exchange tech-
nology. However, these treatment systems have
several drawbacks, including specialized instru-
mentation, difficult handling, excessive processing
costs, huge sludge output, and being less efficient
at low arsenic concentrations in water. Among all
the techniques, adsorption is considered most suit-
able technique due to its several advantages such
as cost-effectiveness, easy operation, high effi-
ciency, low maintenance, and minimum energy
requirement. Therefore, the adsorption technique
can be used at various scales ranging from house-
hold modules to community plants (Siddiqui &
Chaudhry, 2017; Yang et al., 2023a; Yang et al.,
2022a). Adsorption is a proven technique for
removing pollutants from contaminated water, but
scientists and engineers working on water research
have always been driven by the need to create
novel adsorbent materials with high adsorption
capacities. Consequently, a diverse range of adsor-
bents including ceramics, polymers, and ceramic/
polymer hybrids have been developed. Aromatic
conjugated polymers, including polyaniline,
polypyrrole, and PTh, are among the newcomers
in the field of the numerous polymers used to cre-
ate adsorbents for treating water pollutants (Dutta
& Rana, 2019). Polymers with the ideal skeletal
strength, tuneable surface functional groups, envi-
ronmentally benign, feasible regeneration, and
degradable qualities are suited for adsorbents.
Over the past few years, numerous scientific inves-
tigations have focused heavily on PTh, because it
offers distinct features and adaptability, including
strong thermal, chemical, and environmental sta-
bility. Additionally, PTh is easily synthesized, has
good mechanical properties, and provides advan-
tages during processing. PTh can also interact with
polluting substances like heavy metals because of
their optimal molecular structure, surface area,
and number of binding sites (Karegar & Khodaei,
2022). Additionally, PTh has conjugated double
bonds in its backbone and by introducing polarons
and bipolarons into the backbone by either oxida-
tion or reduction making it a superb intrinsic con-
ducting polymer (Ramesan & Suhailath, 2017).
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The design and synthesis of a selective and sta-
ble adsorbent for heavy metal ion adsorption is still
challenging, as most adsorbents could not exhibit
selectivity towards specific ion in the mixture ion
solution and the mechanism of the selective adsorp-
tion is still unknown. In the present study, PTh is
synthesized by simple oxidative polymerization
using FeCl; as oxidant. Thus, produced pristine PTh
is used for As removal from contaminated water. To
the best of our knowledge concerned, this is the first
account of the removal of As from polluted water
with having low As concentration using solely pure
PTh using FeCl, as an initiator. To demonstrate the
effectiveness of the sorbent, appropriate analysis of
the produced adsorbent and adsorption experiments
was conducted.

2 Materials and Method
2.1 Materials

All of the chemicals utilized during this study
were of the analytical grade and solutions were
made in double-distilled water. NaAsO, and
Na,HAsO,+7H,0 were obtained from Loba Che-
mie Pvt. Ltd., Wodehouse Road, Mumbai 40005,
India. Chloroform was purchased from Finar
Chemicals, Gujarat, India. Thiophene monomer
was procured from Spectrochem Pvt. Ltd., Mum-
bai, India. FeCl; anhydrous was purchased from
Qualikems Fine Chem Pvt. Ltd., Vadodara, India.
Ethanol was procured from Analytical CSS Rea-
gent, Jiangshu Province. A stock solution of a
concentration of 100 mg/L for both As (III) and
As (V) was prepared by dissolving NaAsO, and
Na,HAsO,+7H,0 in water.

2.2 Synthesis of PTh

PTh was synthesized at room temperature (RT)
via a simple oxidative polymerization technique.
Firstly, 2 mL of thiophene monomer was added
to a round bottom flask containing 30 mL chloro-
form and stirred for 30 min. After that, anhydrous
FeCl; (4 g) was added and allowed to stir (300
rpm) at RT. After some time, a black-colored pre-
cipitate was observed which confirms the forma-
tion of PTh. Subsequently, the aforesaid mixture

was stirred for 6 h for complete polymerization of
thiophene into PTh. Finally, the precipitate was fil-
tered and washed with ethanol and distilled water.
The product was dried overnight at 70 °C to get our
desired PTh.

2.3 Instrumentation

The Fourier transform infrared (FTIR) spectra
of all the samples were observed using spectrum
IR, Perkin Elmer, USA. The surface morphol-
ogy of all the samples and elemental analysis was
done by scanning electron microscope (SEM),
JEOLJSM-IT300, Japan. The XRD pattern of
all the samples was obtained using Bruker D8
Advance, USA. As concentration was evaluated
using atomic absorption spectrometer (Thermo
Scientific AAS, AA 303, USA).

2.4 Batch Experiment

The removal efficiency and the adsorption capac-
ity (g,) of the adsorbent at equilibrium were deter-
mined using Eqgs. (1) and (2) respectively, where ¢,
is the adsorption capacity (mg/g). C; and C, are the
initial and equilibrium concentrations (mg/L) of the
adsorbate, respectively. Again, V and W represent
the solution volume (L) and adsorbent mass (g),
respectively.

_Cl_Ce

9e = W xV

ey

d Ce><100
C

Removal efficiency(%) =

(@)

l

Adsorption isotherms (Langmuir and Freundlich)
were used to investigate the equilibrium adsorp-
tion properties. Equation (3) stands for Langmuir’s
isotherm.

9e KLqmax Ce

1 1 1 + 1 3)
Qmax

where ¢,,,, denotes the maximum adsorption capac-
ity (mg/g) and K; (L/mg), which represents the Lang-
muir’s isotherm constant and displays the binding
affinity between As and the adsorbent.

Equation 4 was used to get the separation factor (R;).
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Ro=——
L7 1+ G xk, @)

where R; is the dimensionless Langmuir constant,
which indicates the adsorption possibilities might be
either favorable (0 < R; > 1) or unfavorable (R, > 1),
linear (R; = 1), or irreversible (R, = 0).

The Freundlich’s isotherm is represented by Eq. (5).
Logg, = LogK; + %LogCe (5)

Kf is the Freundlich’s constant, which is used to
measure the adsorption capacity. Also 1/n represents
the adsorption intensity. The value of 1/n reveals (0.1
< 1/n <0.5) indicates that the adsorption process is
either favorable or (1/n > 2) unfavorable.

Evaluation of the rate of As adsorption by PTh
employs pseudo first-order and second-order kinetic
models. The pseudo-first order is shown in Eq. (6).

In (qe—qt) =Ing, — K;t 6)

where g, is the adsorption capacity (mg/g) at time t,
and K, (min~!) is the equilibrium rate constant.
Pseudo 2nd order rate equation is represented by Eq. (7).

@)

The equilibrium rate constants are K, (g mg™'
min~!). R? values for linear coefficient regression are
utilized to predict the isotherm and kinetic model that
best describes the adsorption process.

Thermodynamic  characteristics such as entropy
change (AS), enthalpy changes (AH), and the Gibbs
free energy changes (AG) are critical in determin-
ing industrial uses of adsorbents. The AG® is a crucial
thermodynamic parameter that determines adsorbent’s
properties throughout the adsorption process. The fol-
lowing formulae were used to evaluate these thermody-
namic parameters (Egs. 8-10).

qe

K, =—
=¢C ®)

AS"  AH°
InK, = — + —
nkK; R + RT 9
AG = AH —TAS (10)
@Springer

where R denotes the ideal gas constant, 7 is the tem-
perature in Kelvins, and K; denotes the thermody-
namic equilibrium constant.

3 Characterization
3.1 FTIR Analysis

The chemical structure of the produced products
was evaluated using FTIR spectroscopy (Fig. 1). For
pure PTh, absorption peaks appeared at 694 cm™
and 789 cm™! corresponding to C-H ring deforma-
tion and C-S stretching respectively. The absorption
peak at 1122 cm™" and 1032 cm™! both corresponds
to C-H in plane deformation. The absorption peaks at
1417 cm™ and 1640 cm™' may be assigned to C=C
ring stretching and C=C ring vibration respectively.
Absorption peaks for C-H aromatic stretching and
C-H alkene stretching were found at 2919 cm™! and
2836 ecm~! respectively (Arabahmadi & Ghorbani,

4000 3000 2000 1000
Ll bt T % T
3 (b)
< el
[}
o
=
=
£
7}
[ =
S a5}
= (a)
30 |
1 A 1 " 1
4000 3000 2000 1000

Wavenumber (cm'l)

Fig.1 FTIR plot for a pristine PTh, b PTh after adsorption of
As (V), and ¢ PTh after adsorption of As (11I)
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2017a; Singh et al., 2021). FTIR spectra for PTh after
adsorption of As (I1II) and As (V) were also recorded.
The spectrum shows that there is no significant
change in position of the peaks and similar to the
peaks earlier found for pure PTh. This signifies the
high stability of PTh even after treating with As con-
taminated water.

3.2 XRD Analysis

The X-ray diffraction (XRD) studies of the prepared
PTh and PTh after adsorption of As (I1I) and As (V)
were carried out in the 20 range from 10 to 80°. A
typical XRD pattern for all three samples is shown
in Fig. 2. For all the three samples, peaks were
observed at about 20 = 24°, 33°, 35°, and 40° which
are characteristic peak of conducting amorphous

(@)

)

S 200
m o
N 3
= S %

(32}
2 & .

o N
2 100- O | oY
[ ~ ~ o5
- - 5 o
<

0 20 40 60 80
20 (Degree)

PTh (Sakthivel & Boopathi, 2014). Similar peaks
were found at similar 20 value for PTh after adsorp-
tion of As (I1I) and As (V) which signifies that there
is no change in the structure of PTh after adsorption
of As (III) and As (V).

3.3 SEM Analysis

The SEM image of pristine PTh (Fig. 3a) shows a
randomly aggregated granular structure of a few
micrometers and this granular morphology vanishes
and a smooth surface with porous structure mor-
phology is observed after adsorption of As (I1I) and
As (V) indicating the successful loading of As on the
surface of PTh (Fig. 3b and c¢).

The energy-dispersive X-ray (EDX) spectros-
copy (Fig. 4) shows us the presence of S and C
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Fig. 2 XRD analysis of a pure PTh before adsorption, b PTh after adsorption of As (I1I1), and ¢ PTh after adsorption of As (V)
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Fig. 3 SEM image of a pure PTh, b As (1II) loaded PTh, and ¢ As(V) loaded PTh

which are the constituents of PTh structure. Also,
the presence of Fe and Cl indicates that excess of
FeCl; has been used as oxidant for the preparation
of PTh and that CI present in polymeric structure
as counter ion to maintain electrical neutrality. In
Fig. 4(b) and (c), peaks for As are found, which
confirms the adsorption of As by PTh surface.

4 Results and Discussion
4.1 Effect of Adsorbent Dose

The amount of the adsorbent indicates its capac-
ity to adsorb any heavy metal ion under experi-
mental conditions, making it a crucial parameter
in the removal of heavy metal ions from aqueous
solutions. To carry out this experiment, different
amounts of PTh (0.2 g/L, 0.5 g/L, 0.8 g/L, 1.0
g/L, and 2 g/L) were used for As removal from
the solution. The concentration of As was fixed
(500 pg/L) and pH of the solution was maintained
at 7 by addition of 0.1 M HCI and 0.1 M NaOH
solution. Replicate test has been carried out for
three times and average percentage removal is
plotted against adsorbent dose with error bar of
standard deviation. From Fig. 5, it is clearly seen
that percentage removal increases with increase
in adsorbent dose which may be due to increase
in binding sites with increase in adsorbent dose
(Yang et al., 2022b; Yang et al., 2023b; Yang
et al., 2019). The adsorbent amount 1.0 g/L and

@ Springer

2.0 g/L possess almost same removal efficiency
for both As species; therefore, we have consid-
ered 1.0 g/L as optimum adsorbent dose and 1.0
g/L of PTh can effectively remove both As spe-
cies with removal percentage of 92.4% and 95.4%
for As (I1I) and As (V) respectively.

4.2 Effect of Initial As Concentration

To investigate the effect of initial As concentration, a
batch experiment was performed using a fixed dosage
of 1 g/L of adsorbent at varying initial As (V) and As
(I1I) concentrations of 100 pg/L, 300 pg/L, 500 pg/L,
700 pg/L, and 1000 pg/L. The experiments were con-
ducted with a fixed solution volume (100 mL), pH
was maintained at 7 by the addition of 0.1 M HCI
and 0.1 M NaOH solution, and a contact time of 24
h replicate tests were conducted for three times and
average percentage removal is plotted against initial
As concentration with error bar of standard deviation.
Figure 6 clearly shows that as the initial concentration
increased, the removal of As decreased. The observed
continuous reduction in the percentage removal of As
(I1I) and As (V) with adsorbate loadings might result
in the saturation of the adsorbent’s binding sites. At
higher concentrations, this might also be ascribed to
the adsorbent active site saturation. For both As (11I)
and As (V) 100%, the removal efficiency was obtained
when initial As concentration was 100 pg/L. For As
(V), when initial As concentration was 300 pg/L, after
adsorption equilibrium, the residual concentration
was reduced to 9.0 pg/L, which is as low as recom-
mended by the WHO.

| Journal : Medium 11270 Article No : 6372 Pages : 16

MS Code : 6372

Dispatch : 24-5-2023

344
345
346
347
348
349

350

351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374



375

376
377
378

Water Air Soil Pollut _#HHH##HHHEHHHHHHFHAA Page 70f 16 _#HH_

.
% )
1544
149
wo
"
Ll
b
M

ot
Y

&
oo t 8 ] 28

(a)

. il ;A.A_AL PO OT VDR s . .

LR 32 s s 0 104 nr 110
Lsec 00 Ol 0000 ke Dwt Demwere (28 Dot

"
28
245
2

1341
142
105

N

33
»
L% a e

o

(b)

feata

fox3i As vo Asop2

PPN P PPy

00 1 24

s 300 ©Crts CO00 bav Dwt Dwmart €28 Owt

e 52 L3 s " 04 n? 130

100
LR =8
0 8ox
LR
0
LR
LR =)
0 Mu
0o
0 e

LI

(c)

ota ks o
fFenjs As As el

.
(-2

e 2 “s s " 14 n 13 1

Lser 0O OCms 0000 wev Owt Dameant 08 Dot

Fig. 4 EDX spectra for a PTh, b As (V) loaded PTh, and ¢ As (/1) loaded PTh

4.3 Effect of pH of Solution

was adjusted using 0.1 M HCI or 0.1 M NaOH,
and the starting concentrations of As (V) and As

The impact of pH on As (V) and As (III) adsorp- (I11) were set at 100 pg/L. Other parameter such
tion by PTh was investigated by altering the solu- as adsorbent dose (1.0 g/L), contact time (24 h),
tion pH from 3.0 to 10.0. The pH of the solutions and solution volume was taken as constant. From
@ Springer
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Fig. 6 Plot of % removal of As (V) and As (III) against initial
As concentration in pg/L at pH =7

Fig. 7, it is clearly seen that for both As (1II) and
As (V), % removal decreases after pH 7. Until pH
7, 100% removal was obtained for both As (V)
and As (III). The electrical charge on the adsor-
bent surface and adsorbed ions vary when the pH
of the solution changes. In other words, adsorbent
surface properties are extremely pH-dependent
(Arabahmadi & Ghorbani, 2017b). PTh possesses
positive zeta potential at lower pH (pH < 8.5)
and exhibits negative zeta potential at higher pH
(pH > 8.5) (Murugavel & Malathi, 2016).

@ Springer

Fig. 7 Effect of initial solution pH on the removal of As (V)
and As (I1) (initial As concentration = 100 pg/L, adsorbent
dose = 1.0 g/L)
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Fig. 8 Effect of temperature on As removal (initial As concen-
tration = 500 pg/L, adsorbent dose = 1.0 g/L)

In the acidic pH range, the most prevalent As (V) spe-
cies are HyAsO,~ and HAsO,>™; therefore, at lower pH,
these negative ions quickly adsorbed on positive surface
of PTh, showing greater adsorption in lower pH range.
But at higher pH (> 7), PTh surface gets negatively
charged resulting rapid decline in removal at higher pH
due to repulsion between negatively charged surface of
PTh and negative adsorbate. H;AsO; is the main species
of As (1Il) which dissociates into negative species after
pH 9.2. Therefore, for As (IIl), a decrease in removal
percentage was observed at higher pH.
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4.4 Effect of Temperature

To study the effect of temperature on As removal, we
varied the temperature in the range of 30-50 °C dur-
ing adsorption and (Fig. 8). The adsorption process at
varying temperatures was carried out at constant pH
(pH = 7), constant adsorbent dose (1 g/L), constant
contact time (24 h), and constant initial As concentra-
tion (C; = 500 pg/L). All these experiments were rep-
licated for three times with error bar of standard devi-
ation. With the increase in temperature, % removal
decreases for both As (IIl) (from 92.4 to 82.6%) and
As(V) (from 95.4 to 89%). Table 1 shows the calcu-
lated values for the thermodynamic parameters for
the As sorption process. The values of AH°, AS°, and
AG° were calculated from Vant Hoff’s plot (Fig. 9).
The negative AH® value implies that As sorption onto
PTh is exothermic; thus, the lower temperature pro-
motes the process. The negative values of AS° indi-
cated that no major change occurred in the adsor-
bent’s internal structures during adsorption. Finally,
the negative AG® at all temperatures indicates the
spontaneous character of the adsorption (Nyamunda
et al., 2019; Karimi et al., 2019).

4.5 Effect of Co-Existing Anion

A natural water system contains a wide range of
different types of compounds and in particular, the
presence of different anions may impact the adsorp-
tion of arsenate and arsenite on a material. As a
result, we choose some typical anions in water and
investigated how they affected the adsorption of As.
The effects of excess anions on the adsorption of
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Fig. 9 Vant Hoff’s plot for As removal

arsenate on materials were examined and the PO,*~,
S0,>~, and CO4>~ ions were chosen as coexisting
ions and all the tests were replicated for three times.
Figure 10 makes it abundantly evident that neither
the sulfate ion nor the carbonate ion has a large
impact on the adsorption of As by PTh. Phosphate
has significantly reduced the As removal efficiency
from 95.4 to 87 % and 92.4 to 82% for As (V) and
As (III) respectively. When PO, is present, it com-
petes with As ions for the adsorption sites of the
adsorbent. This is because, PO43_ has similarities
with As anions in structure as phosphorus and As
are located at the same group of the periodic table
(Bae et al., 2020). Therefore, we got a significant
decline in percentage removal when PO,*~ present
as coexisting anion in As solution (Fig. 10).

Table 1 Values of different

N Adsorbent  Adsorbate = Tempera- R? AH° KJmol™'  AS° Jmol™'  AG° KJmol™!
thermodynamic parameters ture (°C)
PTh As (IIT) 30 0.99778  —37.9235 —104.317 —6.2927
35 —5.8019
40 —5.2848
45 —4.7993
50 —4.1826
As (V) 30 0.99496  —38.1209 —100.4584  —7.6380
35 —7.2334
40 —6.6523
45 —6.2486
50 —5.6145
@ Springer
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Fig. 10 Effect of co-existing anions on As adsorption [adsor-
bent dose = 1.0 g/L, As concentration = 500 pg/L, anion con-
centration = 500 pg/L, contact time = 24 h]

4.6 Adsorption Kinetics

To study the kinetics of adsorption of As by PTh,
batch experiments were carried out at different
time intervals (1 h, 3 h, 6 h, 12 h, and 24 h) keep-
ing other parameters constant. In order to deter-
mine the kinetic parameter for As adsorption on
PTh, pseudo 1st order and pseudo 2nd order models
were utilized. Figure 11 displays the fitting of two
kinetic models to the As (III) and As (V) equilibrium
data and Table 2 displays the findings of the corre-
sponding kinetic parameters. Because it displayed
a greater value of the linear regression coefficient
when compared to the pseudo 1st order model, it
was found that a pseudo 2nd order kinetics was the
best-fitted model for describing the kinetics of As
(I1I) and As (V) adsorption by PTh. The pseudo 2nd-
order kinetic model is more favorable since there
is a logical consistency between the calculated and
experimental adsorption capacity (g,) values.

4.7 Adsorption Isotherm

An adsorption isotherm gives important information
on adsorption capacity, binding affinity, and the sur-
face properties of the adsorbent, which aids in under-
standing the adsorbate-adsorbent binding mechanism.
In this work, the adsorption behavior of PTh for As
(I1I) and As (V) absorption was investigated using two

@ Springer

theoretical models, Langmuir and Freundlich’s iso-
therms, as demonstrated in Fig. 12.

Freundlich’s isotherm supports the idea that
adsorption happens on the heterogeneous surface of
the adsorbent, whereas Langmuir’s isotherm explains
the monolayer adsorption of contaminants onto the
adsorbent’s surface having a finite number of adsorp-
tion sites. The findings in Table 3 show that Lang-
muir’s isotherm was the most closely matched since
its linear regression [R> = 0.9934 for As (IIl) and
0.9977 for As (V)] coefficient was found to be greater
than that of Freundlich’s adsorption isotherm [R? =
0.93656 for As (11I) and 0.91679 for As (V)]. Lang-
muir’s adsorption model confirms the monolayer
adsorption of As species on PTh. The maximum
adsorption capacity for PTh, calculated from Lang-
muir’s adsorption isotherm model, was found to be
84.33 and 87.78 pg/g for As (11I) and As (V) removal
respectively. The separation factor (R;) values for
both As (11I) and As (V) are below one, favoring the
adsorption phenomena.

4.8 Adsorption Mechanism

Sulfur has a high affinity for As species (Samah et al.,
2020; Fisher et al., 2008; Herath et al., 2019). There-
fore, high removal % of As by PTh is obtained which
may be due to the complex formation between As
species and sulfur atom of PTh chain. Arsenate spe-
cies are negatively charged at a wide range of pH;
therefore, these negatively charged species may get
attached to the positively charged surface of PTh
through electrostatic attraction. The EDX spectra of
PTh after treating with As (III) and As (V) confirm the
presence of As in polymeric structure. This adsorp-
tion process is supported by kinetic model and iso-
therm model.

Moreover, chloride ion is present as counter ion in
polymeric structure, which might get exchanged with
negative As species. Similar interaction was shown by
R. Ansari and A. F. Delavar (2010) in case of poly
3-methyl thiophene synthesized on sawdust, where
negative Cr (VI) species (HCrO,”) got exchanged
with chloride ion present in the polymeric structure
(Ansari & Delavar, 2010). Overall, As adsorption by
PTh may be due to several factors which ultimately
enhances the As adsorption on PTh. Plausible mecha-
nism is depicted in Fig. 13.
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Fig. 11 Pseudo 1st order kinetic model a for As (V), b for As (111); pseudo 2nd order model ¢ for As (V) and d for As (11I)

Table 2 Kinetic parameters

Order of the reaction Parameters As (IIT) As (V)
for As (II1) and As (V)
adsorption on PTh Pseudo 1st order Gorexp (ME/E) 2.12 2.165
Gorea (ME/E) 0.700613 0.726469
K, (min~!) —4.1%107° —4.4%x107°
R? 0.8862 0.9203
Pseudo 2nd order Gesexp (MZ/G) 2.12 2.165
Gorc (ME/2) 2.043736 2.104554
K, (g mg~! min~!) 0.559101 0.574306
R 0.9976 0.9972
A further investigation was carried out through density exchange functional with the 6-311G
DFT calculations to verify the proposed mecha- basis set. This adiabatic connection method func-
nism of adsorption of As by PTh. The ground state tional includes fractions of exact Hartree-Fock
geometry was optimized using the Kohn-Sham exchange energy, calculated as a function of the

density functional theory with the B3LYP hybrid Kohn-Sham molecular orbitals. Furthermore, the
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Table 3 Adsorption Adsorption isotherm model Parameters As (III) As (V)
isotherm parameter for the
remgvall%ﬁAs (Il1) and As Langmuir’s adsorption isotherm Gimax (ML) 0.08433 0.08778
(V) by K; (L/mg) 31.3492 54.6523
R, 0.05997 0.0353
R? 0.9934 0.9977
Freundlich’s adsorption isotherm model K; 0.141706 0.160557
1/n 0.37169 0.34217
R? 0.93656 0.91679
Fig. 1f3 ilauzible r{lecf]ljl- Electrostatic attraction
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4.9 Reusability Test for the Adsorbent

stationary points were then characterized through
the computation of vibrational frequencies in the
absence of any dispersion factors using the same
level of theory. Figure 14a shows the optimized
structure of PTh in +4 state with delocalized elec-
trons. The adsorption of H,AsO,~ and HAsO,>~ is
confirmed from Fig. 14(b), (c), and (d). The opti-
mized geometry of the molecule shows that when
H,AsO,~ or HAsO,>” comes in the vicinity of
PTh through electrostatic attraction, the positively
charged sulfur attracts the negatively charged oxy-
gen. This attraction causes As to be adsorbed by
PTh through sulfur-oxygen binding. It can be fur-
ther observed that there is an existence of Van-
der-Waal type of interaction too existing between
hydrogen and oxygen molecules. Similar kind of
trend can also be showed for As (I11). The compu-
tational treatment thus verifies the experimental
investigation. It also justifies the physicochemical
interpretation of the observation texted.

The regeneration is an essential aspect to make the
adsorbent a sustainable and affordable material for
water purification applications. Here, 1 g/LL of PTh
was treated with As (III) and As (V) solution (500
pg/L) for 24 h. PTh was then separated and dried
in oven for 3 h at 50 °C. Subsequently, the residual
concentration was measured. The desorption of As
(III) and As (V) adsorbed PTh was done by treating
them with 100 mL of 0.1 M NaOH solution at 30 °C
for 3 h. The desorbed adsorbents were collected and
washed with deionized water for several times. After
then, the adsorbents were dried in oven for reuse.
Similarly, this process of adsorption and desorption
is carried out for five times and for each time the
residual As concentration is evaluated. From Fig. 15,
it is seen that the percentage removal decreases with
repetition of adsorption and desorption cycle. For As
(V), the percentage removal decreases as 95.4 to 65 %
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Fig. 15 Reusability of PTh [As concentration = 500 pg/L,
adsorbent dose = 1 g/L, contact time = 24 h, pH =7]

from the 1st to Sth cycle respectively. For As (111), the
percentage removal decreases as 92.4 to 63.8% from
the 1st to 5th cycle respectively.

5 Conclusion

We have successfully synthesized PTh through oxi-
dative polymerization using ferric chloride as an
oxidant and studied for the removal of arsenic from
aquatic solutions. The % removal of As by PTh
increases with increase in adsorbent dose from 0.2 to
1 g/L. and maximum adsorption was found to be up to
92.4% and 95.4% for As (IIT) and As (V) respectively.
PTh showed 100% removal efficiency for both As
(11I) and As (V) when the initial As concentration was
100 pg/L, although the % of As removal decreases
gradually on decreasing the initial As concentration.
The maximum arsenic removal (100 % removal) was
obtained at acidic and neutral pH and % removal
decreases after pH 7. The spontaneous nature of the
adsorption of As by PTh is indicated by the nega-
tive AG® at all experimental temperatures and lower
temperature favors the adsorption since the negative
AH°® value suggests that As sorption onto PTh is an
exothermic process. The presence of common ions,
viz., SO,>~ and CO;*™ have negligible effect on As
adsorption while PO,*~ ion showed a significant
effect on As adsorption by PTh since PO43_ competes
with As anions for binding sites. The adsorption of
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As on PTh was fitted well to the pseudo-2nd-order 601
kinetic model with the experimental data and obeyed 602
Langmuir’s adsorption isotherm model indicating 603
the monolayer adsorption of the adsorbents. The g4
hypothesized mechanism for the adsorption of As by 605
PTh was further investigated using DFT simulations eos
and found that the positively charged sulfur of PTh o7
attracts the negatively charged oxygen of H,AsO,™ or 608
HAsO,>~ through electrostatic attraction. DFT calcu- o9
lation also revealed that hydrogen and oxygen mol- 610
ecules interact in a way similar to Van-der-Waal inter- 611
actions which enhance the adsorption of As on PTh. 12
Due to its high absorption capacity, effective As 613
removal efficiency, easy synthesis, high stability, and 614
cost-effectiveness, PTh could be considered large- 615
scale filtrate adsorbent for the removal of arsenic 616
from the aqueous solution. 617
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