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Abstract—Nanoporous activated garlic stem carbon (AGSC) was prepared from garlic stem waste and used to remove
As(IIl)from synthetic water under complete batch experiments. Characterization studies of AGSC were performed by
FTIR, SEM, EDX, BET, XPS and XRD techniques. Batch adsorption experiments were carried out to study the adsorption
of As(III) onto AGSC. Maximum removal of 93.3% of As(III) was obtained at optimum condition of pH 6, the adsorbent
dose 5 g/L, equilibrium time 150 min, initial As(IIT) concentration 400 pg/L and temperature 298 K. Both Langmuir and
Temkin isotherm model fitted well to the experimental data as compared to Freundlich isotherm. Kinetics indicated that
the adsorption of As(IIl) was more suitable for pseudo-second-order than pseudo-first-order and Elovich model. The
mass transfer mechanism could be described by Weber-Morris and Boyd mass transfer model. The maximum adsorp-
tion capacity of AGSC for As(III) removal was found to be 192.30 pg/g. The negative enthalpy and free energy change
indicated that the adsorption process of As(IIl) onto AGSC was exothermic and spontaneous. The negative value of
entropy change suggested decreasing randomness at the AGSC-aqueous As(III) interface during As(III) adsorption.
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INTRODUCTION

Every form of life on the earth is dependent on water directly or
indirectly. The earth surface is comprised of about 71 percent water.
Still, there is a scarcity of water because only 1 percent out of the
total water is available for mankind. This one percent of fresh water
has many problems, like the presence of heavy metals and other
toxic pollutants, which make it unsafe for use. Over 60% of the total
world population use groundwater for drinking and household activ-
ities. Most of the countries, and India as well, where nearly 80%
rural and almost 51% urban water supply is provided by ground-
water source alone [1]. Arsenic is one of the most toxic metalloids
present in groundwater and other water bodies. It has hazardous
effects on humans, animals and plants. Countries like China, India,
Nepal, Bangladesh, Taiwan, Japan, Mexico, United States, and Can-
ada are facing the problem of arsenic contamination [2,3]. In India
and Bangladesh, more than 100 million people are using drinking
water containing arsenic concentration of more than 1 mg/L. Ac-
cording to the WHO report, more than 2.5 billion people do not
have proper and safe water accessibility. It is also estimated that 2.0
billion people are using contaminated drinking water [4]. Arsenic
is carcinogenic and ranks 20" in plenty in the earth layer, 14" in
ocean water that holds about more than 96% of all earths pool, and
12® in the human body [5]. Natural and anthropogenic are two
types of sources of arsenic contamination, but anthropogenic sources
are primarily responsible for arsenic contamination than natural
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sources, and these include industries like gold mining, non-ferrous
smelting, petroleum-refining, and mining activities [6]. Its mini-
mal concentration can also cause skin thickening (hyperkeratosis),
hepatocellular carcinoma, hypertension, neurological disorders, mela-
nosis, muscular weakness, cirrhosis, liver fibrosis, loss of appetite,
nausea and parenchymal cell damage [7]. The regular consumption
of arsenic contaminated water can be fatal and causes different types
of cancer like skin, lungs, bladder, and kidneys. The inorganic form
of arsenic is found in the form of oxides (As,Os, As,O;), which are
highly toxic [8]. Arsenic is found in various oxidation states (e.g.,
—3,0, +3, and +5), but it is mostly found in trivalent (As(IIT)) and
pentavalent (As(V)) form. Arsenate (As(V)) form predominates in
oxygen-rich aerobic condition [9]. Arsenite (As(II)) predominates
in the absence of free oxygen condition, such as groundwater and
shows ten-times more toxicity than arsenate [10]. The toxicity of
arsenic species follows the increasing order as elemental forms of
arsenic<compounds of arsonium<pentavalent organic compounds<
forms of inorganic arsenates<trivalent organic compounds (arsen-
oxides)<inorganic arsenates<arsines [11].

Due to the lethal effects of arsenic, the environmental protection
agencies of various countries have set several rules to determine the
acceptable concentration of arsenic in water. In 2001, US EPA and
WHO updated the maximum toxicity level for total arsenic in con-
sumption water for human use from 50 to 10 pg/L. To keep the con-
centration of arsenic below 10 pg/L, several technologies have been
used, including ion-exchange [12], electrochemical [13], coagula-
tion-flocculation [14,15], membrane [16] and adsorption [17]. Except
for adsorption, all these technologies are often high process cost, low
removal efficiency, use of toxic reagents and fail to concentrate
arsenic in small waste volumes [8]. Adsorption process can be made
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economical if the adsorbent is prepared from abundantly available
waste materials, inexpensive preparation technologies, and good
regeneration ability. The adsorption phenomenon mainly depends
on adsorbent capacity; selectivity and reversibility [18].

In the present study, waste garlic stem was used to synthesize
nanoporous activated garlic stem carbon (AGSC). AGSC has been
used as an adsorbent to remove arsenic (III) from synthetic water
as well as groundwater. In garlic production, India is the second
largest country in the world, due to which it produces a large amount
of waste garlic stem. Garlic stem is a waste burnt by the farmers
that decreases the air quality. For this reason, the authors chose the
waste garlic stem for production of active carbon. Batch adsorp-
tion experiments were performed to examine the effect of equilib-
rium time, initial pH, AGSC dose, initial As(III) concentration and
temperature on adsorption of As(IIT). The BET, SEM, EDX, FTIR,
XRD and XPS analysis were also performed on the AGSC before
and after adsorption experiments. The adsorption isotherm and
kinetic models were also investigated and fitted with experimental
data. The critical reaction mechanism of As(IIl) adsorption onto
AGSC was also discussed. The mass transfer mechanism and ther-
modynamics of adsorption process were also studied, and all the
parameter values were determined. The effect of co-existing anions
like sulfate, phosphate, chloride and nitrate on adsorption efficiency
was also reported. The regeneration process of AGSC adsorbent was
also examined.

MATERIALS AND METHODS

1. Equipment and Chemicals

All analytical grade reagents were purchased from S. D. Fine-
Chem Ltd and Merck Chemical, India and used without purifica-
tion for experimental work. Deoxygenated water and double dis-
tilled was used during experimentation as and when required. The
waste garlic stem was dried with a hot air oven (S.M.SI. Pvt. Ltd,
India). NSW-104 split tubular furnace single zone (Narang Scien-
tific Works Pvt. Ltd, India), N, and CO, gas (99.9% purity) were
used for the preparation of activated carbon from waste garlic stem.
The stock solution of As(III) of 1,000 pg/L concentration was pre-
pared by dissolving an appropriate quantity of sodium arsenite
(NaAsO,) in deoxygenated water. A pH meter (LI 120, Elico India)
was used for measuring the pH of the As(IIT) sample. For batch
adsorption, the pH of the As(IIl) solution was adjusted using 0.1 M
HNO,/KOH solution. A shaking speed incubator (model NSW-133,
Calton New Delhi, India) was used for proper mixing between
adsorbent and adsorbate solution. After adsorption, the concentra-
tion of As(IIl) in the filtrate was analyzed by using an inductively
coupled plasma (ICP) spectrometer (ICAP 6300, Thermo Fisher
Scientific, USA).
2. Preparation of Adsorbent

Waste garlic stem was collected from hostel canteen of Indian
Institute of Technology (BHU), Varanasi. First, it was washed with
tap water followed by double distilled water two times to remove
surface impurities. Then, it was kept in an oven for 24 hours at 80 °C.
The dried garlic stem was converted into fine particles by a mixer
grinder, and the particles passed through 85 mesh but retained on
150 mesh (0.105-0.170 mm size) were taken for the production of

activated garlic stem carbon. The process for preparing activated
garlic stem carbon was carried out in the stainless-steel reactor (520
mm length, 44 mm inner and 48 mm outer diameter) placed in a
split tube furnace. For carbonization process, 20 g of sieved garlic
stem particles was taken on metal mesh in the reactor and then
heated from room temperature to 500 °C at a constant heating rate
of 10°C/min with N, (99.98% purity) gas flow of 150 cm’/min.
Thereafter, the sample was held at 500 °C for 1 hour in N, gas flow
condition. After the carbonization process, the sample was activated
by CO, gas for a further one hour with a constant flow rate of 200
cm’/min at 700 °C. Finally, the reactor was cooled under inert gas
flow of N,. Thus, prepared activated carbon was further ground into
fine particles, and the fine ground particles were sieved through
150 to 200 mesh size sieves. The particle size between 75-105 um was
stored in airtight glass container experimental work. This obtained
fine powder was termed as activated garlic stem carbon (AGSC).
3. Characterization of AGSC

The net electrical charge density on the surface of AGSC adsor-
bent was examined with the point of zero charge (pH,,.) by solid
addition method [19]. The specific surface area and other surface
properties of AGSC were characterized with an ASAP 2020 adsorp-
tion apparatus (Micromeritics, USA), using N, gas as the adsor-
bate at 77 K. The specific surface area (SSA;) was determined by
the Brunauer-Emmett-Teller (BET) equation. The t-plot method
was used to obtain micropore surface area (S,,,,,), external surface
area (S,,;) and micropore volume (V,,,;,,). The single point total pore
volume (V) was obtained from the adsorption isotherm at P/P,=
0.989. The mesopore area (S,,,,) and mesopore volume (V,,,,,) were
obtained by the deduction of S,,, from SSAg;rand V., from Vi
respectively. BJH adsorption dV/dD pore volume method was used
for PSD analysis. Powder X-ray diffraction (XRD) analysis of AGSC
was carried out by using Phillips 1710 X-ray diffractometer with
the help of cu-kar monochromatic radiation in the Braggs angle
(26) range of 5-90°. Investigation of functional groups present onto
AGSC (before and after As (III) adsorption) was done by Fourier
transform infrared spectroscopy (Nicolet 5700 FTIR, Thermo Elec-
tron Corp., USA) analysis with the wave number range 4,000-400
cm™ by using KBr pellets (AGSC : KBr:: 1: 100). The scanning elec-
tron microscope (SEM) equipped with energy dispersive X-ray spec-
troscopy (EDX) was used for investigation of the surface morph-
ologies and chemical composition of AGSC and As(III) loaded
AGSC adsorbent using ZEISS, EVO 18, Germany. The type of chem-
ical element and their bond formation between them were exam-
ined through X-ray photoelectron spectroscopy (XPS) (AMICUS,
Kratos Analytical, Shimadzu Group Company) analysis with the
help of Mg-K,, (1,253.6 V) a monochromatic X-ray radiation source.
4. Batch Adsorption Experiments

The batch mode operation of the adsorption experiment was
used to study the removal of As(IT) from the liquid phase by using
AGSC as an adsorbent. The adsorption experiments were carried
out by adding the desired amount of AGSC in 50 ml of the As(III)
solution of predetermined concentration in the 100 mL conical flasks
at a fixed pH value. Then the conical flasks containing solution were
agitated in shaking speed incubator at 25 °C and 150 rpm for a time
until reaching an equilibrium condition. The conical flask was re-
moved from the incubator at the end of the predetermined time
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interval, and liquid samples were filtered and the supernatant lig-
uid was analyzed by ICP spectrometer to find the residual concen-
tration of As(II) ions. Table S1 presents the entire experimental
condition for batch adsorption of As(IlI) on AGSC. The adsorp-
tion capacity of AGSC and percentage removal As(III) ions were
calculated according to Eq. (1) and Eq. (2), respectively.
C-C,
=——X

q.= M v (1)
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where q, the adsorbed As(III) ions per unit mass of AGSC in g/g,
C; and C, are the initial concentration of As(IIT) ions and concen-
tration of As(IIl) ions at equilibrium in (g/L), respectively. V and
M are the volume of solution in liter (L) and M is the amount of
AGSC adsorbent used in gram (g), respectively. The effect of co-
existing anions such as sulfate, phosphate, chloride and nitrate,
which are commonly present in ground water, was also studied
with concentration ranging from 0 to 1,000 pg/L. The concentra-
tion of sodium, calcium and potassium in the groundwater and
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AGSC treated groundwater was determined with an ESICO-1382
microprocessor flame photometer. The concentration of Iron, SOj,
Cl', and NO; was analyzed by colorimetric, nephelometric, iodo-
metric titration, and spectrophotometric method, respectively. De-
sorption study of As(IIT) from the exhausted AGSC was investi-
gated with 0.05 M to 2.5 M solution of NaOH.

RESULTS AND DISCUSSION

1. Characterization of the AGSC Adsorbents
1-1. BET and XRD Analysis

The occurrence of the hysteresis loop in N, adsorption iso-
therms at low temperature is usually related to capillary condensa-
tion in mesopore structures of the sample. Generally, the reason
for formation of different hysteresis loops is based on the different
type of adsorbents characteristic and condition for adsorption
(pressure and temperature). Fig. 1(a) and 1(b) shows the N, ad-
sorption-desorption isotherm and pore size distribution (PSD) plots
of AGSC adsorbent, respectively. From Fig. 1(a), the adsorbent
AGSC has a sharp increase in nitrogen adsorption capacity (68 to
75 cm’/g STP) at low relative pressure range (p/p’<0.2) because of
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Fig. 1. (a) N, adsorption-desorption isotherm, (b) pore size distribution (PSD), (c) X-ray diffraction (XRD) pattern and (d) FTIR spectra of

AGSC.
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micropore filling effect. Nitrogen adsorption capacity constant at
medium relative pressure range (0.4<p/p°>0.8) behaves like multi-
layer sorption, and very little increase in nitrogen adsorption capac-
ity at high relative pressure range (p/p°>0.8) because of capillary
condensation; this behavior of curve indicated that the adsorption/
desorption isotherm of AGSC adsorbent is type I-B. The hystere-
sis loop is present in relative pressure range of 0.4-1.0, which
belongs to type H2(a) loop [20]. These results suggest that the sur-
face structure of AGSC adsorbent has the existence of both micro-
porous and mesoporous pores. This was also confirmed by SEM
image. PSD curve can be used for qualitative analysis purpose,
which gives the information about prevailing pore size, the major
peak of PSD and pore size range. Form the Fig. 1(b) it can be con-
cluded that the majority of pores’ size appeared in the mesopore
region (2 nm to 20 nm) and minor occurs in micropore size region
(below 2 nm). For the AGSC sample, the dominant mesopore size is
between 2 and 6 nm, with two major peaks at approximately 2.064
nm and 2.25 nm (shown in zoom part of Fig. 1(b)). One high-inten-
sity peak is also shown in the micropore size region, which is at
approximately 1.82 nm. It is also confirmed by the pore volume per-
centage graph (Fig. 1(b)). In AGSC adsorbent, approximately 66.42%
pores occur in the mesopores and 31.81% in micropore region [21].

All textural properties related to the surface are summarized in
Table S2. The BET surface area, average pore diameter (D,) and
micropore volume (V,,,.,,) of the AGSC adsorbent were 227.62 m’/
g, 2.09nm and 0.10 cm’/g, respectively. It was much higher than
other chemically prepared activated carbons [22] as well as raw gar-
lic peel waste as reported by Hameed and Ahmad [23].

The structural property of AGSC sample was determined by X-
ray diffraction pattern. Fig. 1(c) shows the XRD plots of the AGSC
before and after As(III) loading. XRD spectrum of the AGSC sam-
ple shows a broad diffraction peak at approximately 26=23° and a
weak peak at approximately 26=44" which is related to the (002)
and (100) planes of graphitic carbon. The broad and low intensity
of the peaks indicated that the AGSC adsorbent is mostly amor-
phous nature. Also, in the AGSC adsorbent, which exhibits a few
sharp peaks at approximately 26=35", 56” and 63°, the presence of
those sharp peaks may be attributed to the possibility of residual
ash in the carbon [24]. After adsorption, in the As(III) loaded AGSC
sample, the intensity of the peak decreased and some peaks disap-
peared. From this result it was confirmed that the As(IIl) was
absorbed onto the AGSC.

1-2. FTIR Analysis
Fig. 1(d) shows the recorded FTIR spectrum of AGSC before
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Fig. 2. SEM images of AGSC (a) 500X magnification, (a(1)) 2000X magnification of image a, (a(2)) 5000X magnification of image (a(1)), (b)

1000X magnification at different location of sample.
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and after the adsorption of As(IIl) ions. The FTIR data showed the
existence of different types of functional groups on the surface of
AGSC. These functional groups are -OH at 3,439 cm ™ due to pres-
ence of alcohols and phenols, two small intensity peaks of C-H
stretching at 2,923 cm ™' and 2,852 cm™" due to the presence of ali-
phatic and the aldehyde or carbohydrate carbon, respectively [25].
The C=C stretching vibration shows at peak range 2,250-2,450
cm™ due to the existence of alkyne groups [26]. Various low-inten-
sity peaks are shown on the figure in the range of 1,450 to 1,700
cm’, which suggests C-C and C=C stretching vibration due to
aromatic rings and alkenes, respectively, N-H out of plane due to
amide and C-O and C=0 stretching due to carboxylic, ester, qui-
none, cyclic b-ketones, aldehyde groups and keto-esters, keto-enol
like conjugated groups are present in the AGSC adsorbent [27].
Strong peak intensity observed around 1,388 cm™ could be attributed

Cc

@ W M M 44 0 0 T0 M

to the -CH, stretching due to alkane compounds [28]. Minimal
peak intensity detected at 1,003 cm™ is assigned to the C-O stretch-
ing vibration of carboxylic acid and alcohol groups. Two small inten-
sity peaks are present in region of 900-650 cm™' which may be
assigned as C-H out of the plane and bending vibration in aro-
matic rings and alkynes group, respectively [29]. After As(III) ad-
sorption onto AGSC, the two main changes are shown in FTIR spec-
tra. The first one is that the peak intensity and position of -OH
stretching vibration was reduced and shifted, respectively [25]. The
second is that all peaks were slightly shifted regarding unloaded
AGSC adsorbent. The peaks were shifted as given in Table S3.
1-3. SEM-EDX Analysis

The structural morphology of AGSC is shown in Fig. 2(a) and
2(b), which was done by SEM analysis at different magnification
and location of the sample. Fig. (2a(1)) and (2a(2)) are the higher
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Fig. 3. EDX analysis of (a) AGSC, (b) Arsenic loaded AGSC, (c) XPS wide spectra of AGSG, fitted XPS spectra of (d) Cls, (e) Ols of AGSC
before adsorption and (f) As3d spectra of AGSC after arsenic adsorption.
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magnification images of Fig. 2(a). After observing the SEM image
of AGSC, we concluded that the surface of AGSC was rough, het-
erogeneous, and contained a considerable number of pores. EDX
results of AGSC and As(III) loaded AGSC adsorbent are shown in
Fig. 3(a) and 3(b), respectively. The results of the EDX analysis con-
firmed that carbon and oxygen peak were found in the surface of
the AGSC before, and after As(III) adsorption, a small peak of arse-
nic was also seen in the EDX result. This result confirmed that As(IIT)
was absorbed by AGSC.

1-4. XPS Analysis

XPS is the ultimate characterization technique for investigating
the surface composition and oxidation state of an element. Fig. 3(c)
shows the wide scan XPS spectra from —10 eV to 1,150 eV of vir-
gin AGSC and As(IIl) loaded AGSC. From the wide scan XPS
diagram of AGSC, the main elements in the structure of AGSC
are carbon and oxygen appearing at about approximately 284.3
and 532.9 eV, respectively. The Cls peak appears larger than that
of Ols, which means carbon and oxygen are the main components
in AGSC and they form different types of bonds which are responsi-
ble for As(IIT) adsorption. There is a small arsenic peak at approxi-
mately 44.3 eV along with carbon and oxygen peaks in wide scan
XPS diagram of As(IT) loaded AGSC, which affirms that As(III)
was adsorbed on the surface of AGSC adsorbent.

For the better understanding of chemical properties on the sur-
face of AGSC adsorbent and after As(IIl) adsorption, XPS Peak
4.1 was applied to deconvolve the high resolution of Cls, Ols and
As3d peaks, as shown in Fig. 3(d), 3(e), and 3(f), respectively. De-
convolution of the high resolution Cls spectra consists of four dif-
ferent component peaks. These peaks at approximately 284.6, 286.7
and 289.3 €V can be assigned to C=C (sp’ hybridized) graphitic
carbon, carbon present in alcohol or ether groups and carbon in
carboxyl or ester groups, respectively. The weak intense peak at
approximately 287.5eV indicates the presence of carbon in car-
bonyl or quinone groups [30]. Similarly, Fig. 3(e) shows the high-
resolution spectrum of Ols which consisted of five major peaks.
These peaks represent different groups such as carbonyl oxygen of
quinones at 531.1 eV; carbonyl oxygen in anhydrides, oxygen hy-
droxyl groups and esters at 532.2 eV; non-carbonyl oxygen atom
in anhydrides and esters at 533.2 eV and the oxygen atom in car-
boxyl groups at 534.3 eV. Fifth and last less intense peak is at
approximately 536.1 eV, which can be assigned to adsorbed water
and/or oxygen [31]. The result of FTIR also confirmed the exis-
tence of these groups.

After adsorption of arsenic in the AGSC adsorbent, a low-inten-
sity peak of arsenic is present in the XPS analysis (Fig. 3(f)). The
high resolution spectrum of As3d shows two significant peaks at
approximately 44.6 and 45.8 eV, which confirmed that adsorption
occurs onto AGSC in the form of As(Ill) and As(V). The reason
for the occurrence of As(V) is the partial change in the oxidation
state of As(III). These active functional groups like hydroxyl, car-
boxylic acid, and ester may be responsible for the adsorption of
arsenic species on the surface of the AGSC adsorbent. The results
of the C1, Ols and As3d peaks are summarized in Table $4.

2. Arsenic (IIT) Adsorption Performance
2-1. Effect of Equilibrium Time
Equilibrium time is the time span for which adsorbent and ad-

sorbates come into contact with each other and transfer of the mass
from liquid to solid phase until the process does not reach an equi-
librium condition [32]. The relationship between removal percent-
age of As(III) ions and equilibrium time by AGSC is shown in Fig.
5(a). It is clear from the figure that the adsorption of As(III) was
very fast from 15 to 150 min for all studied concentrations and
achieved equilibrium at 150 min. Beyond equilibrium time of 150
min, the removal percentage became approximately constant due
to unavailability of active sites. The removal percentage increased
from 49.51 to 95.35%, 44.19 to 93.33%, 39.78 to 89.98%, 34.61 to
83.3% and 28.81 to 78.55% for initial As(III) concentration of 200,
400, 600, 800 and 1,000 pig/L, respectively. Because of the high avail-
ability of ample energetic sites on the AGSC surface, the rate of
adsorption of As (III) ions was very sharp in the early stages.
2-2. Effect of Initial pH

In the adsorption process, the initial pH of the adsorbate solu-
tion plays a vital role in the removal percentage of target pollutant.
In most of the cases, cations are best adsorbed at pH above the
value of pH,,,. and anions are adsorbed at pH below pH,,.. Due to
the effect of pH in the adsorbate solution, both aqueous and sur-
face chemistry of adsorbent are affected [33]. The removal of As(III)
increased from 64.8 to 93.3% when the initial pH of the solution
increased from 2.01 to 5.98. After that, it decreased with increas-
ing the initial pH from 7.03 to 12.02. Similarly; the adsorption capac-
ity of AGSC increased from 51.84 to 74.64 ng/g for increasing in
initial pH from 2.01 to 5.98, and then adsorption capacity decreased
as initial pH increased from 7.03 to 12.02, as shown in Fig. 5(b).
Maximum adsorption occurred at pH of 5.98. The effect of initial
pH on the removal of As(IIT) by AGSC can be described in two
steps: (i) As(III) exists in solution as H;AsO; at pH 0-9.2 while
H,AsO}, HAsO; and AsO;3  ions exist as stable forms at pH 10-
12, 13 and 14, respectively [34]. Therefore, As(III) adsorption is
highly dependent on pH. The abundant available surface func-
tional groups (-OH, -COOH, =CO, quinone and carboxylic anhy-
dride) onto AGSC get protonated and form positively charged -
OHj;, -COOH;, =COH" after reaction with H" in acidic medium.
Therefore, the acidic condition is not favorable for neutral H;AsO,
removal. In this situation, the removal percentage of As(III) ions
was very low. On increasing the initial pH of the solution, the pro-
tonated groups on the AGSC surface decreased. For this reason
the percentage removal of As(III) ions sharply increased till pH 6.
(ii) After XPS analysis of the As3d spectra of arsenic loaded AGSC,
it was found that As(V) was present in the sample. This result shows
that the adsorption of As(IIl) on the AGSC is not only As(III)
form, but it was also absorbed in the form of As(V). The reason
for the presence of As(V) is due to the partial change in the oxida-
tion state of As(IIT). As(V) is also found in the different state at
different pH level, for example, H;AsOj, H,AsO;, HAsO; and
AsOj are found at pH 0-2, 2-7, 7-12 and 12-14, respectively. Due
to the formation of H,AsOj ions at pH range 2-7, the strong elec-
trostatic force of attraction functioned between protonated surface
functional groups and H,AsOj ions. Therefore, the removal per-
centage of arsenic was increased on increasing the initial pH from
2 to 6. The adsorption capacity and removal percentage of arsenic
onto AGSC were decreased when raising the initial pH of the
solution from 6 to 12. This reduction may be due to the deproton-
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At pH below 6

Fig. 4. Proposed reaction mechanism for As(III) adsorption onto AGSC adsorbent.
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ation of functional groups on the ASGC in high pH. The pH,,, for
AGSC was 6.8, and this result indicated that the surface of AGSC
possessed electro-positivity when the pH of the solution was less
than 6.8 and electronegativity gradually increased on increasing
initial pH of the solution from 6 to 12. Due to increasing electro-
negativity in solution, the repulsion force acting between the sur-
face of AGSC and As(III)/As(V) ions was responsible for decreased
adsorption capacity and arsenic removal at higher pH (alkaline)
medium. The possible reaction mechanism for adsorption of arse-
nic species on AGSC is described in Fig. 4. A similar mechanism
was suggested by Alam et al. [35], Chammui et al. [36].

2-3. Effect of Initial As(III) Concentration and Adsorbent Dose

Fig. 5(c) shows the effect of a change in the initial concentra-
tion of As(III) ions on the percentage removal of As(IIT) by AGSC.
Adsorption phenomenon of As(III) ions mainly depends on active
sites of functional groups and pores available on the surface of AGSC
adsorbent because adsorption occurs on these sites and pores of
the AGSC. A fixed quantity of AGSC dose has a constant num-
ber of active sites and on increasing adsorbate concentrations; the
active sites become saturated, so increasing As(III) concentration
does not increase the adsorption efficiency. Percentage removal
was maximum for a particular concentration after which increase
in the concentration of As(III) decreased the removal of As(III), as
illustrated in Fig. 5(c). Due to low As(III) ion/adsorbent ratios, As(III)
ion adsorption involved higher active sites. For increasing As(III)
ions/adsorbent ratio, the higher active sites were saturated by As(III)
ions, and adsorption began at lower energy sites. The initial rate of
external diffusion decreased and the rate of intra-particle diffu-
sion increased as the initial concentration of As(III) increased. A
similar result was reported by Nemr et al. [37].

With increased AGSC adsorbent dose, the removal percentage
of As(IIT) ions increased up to 5 g/L adsorbent dose. After that, there
was no effective increase in the removal of As(III) ions on increas-
ing adsorbent dose after 5 g/L. The percentage removal of As(III) jons
was increased mainly due to the high availability of both active func-
tional sites and surface area of the AGSC adsorbent with the in-

creased dose of AGSC. Due to the availability of highly active func-
tional binding sites, arsenic species would form a complexation [38].
The additional increment in AGSC dose did not cause a significant
improvement in the removal percentage because there was a shortage
of As(III) ions in the solution while the active site and surface area
increased with AGSC dose [39]. Therefore, it showed a negligible
dose effect on As(IIT) removal after 5 g/L. AGSC adsorbent dose.
2-4. Effect of Temperature

The temperature has a substantial effect on the phenomenon of
adsorption. Most of the adsorption process is exothermic and shows
a decreasing trend in the removal percentage with the rise in tem-
perature. The results presented in Fig. 5(d) confirm that the removal
percentage of As(IIT) decreased with increase in temperature, and
the maximum removal of 95.32% was found at 298 K for 200 ng/L
initial As(IIT) concentration. The decrease in the removal percent-
age of As(IIl) ions with the rise in temperature was due to the
increasing Brownian motion and breaks in intermolecular hydro-
gen bonding between arsenic and AGSC molecules in the adsor-
bate solution. For this reason, the removal percentage decreased in
raising temperature [40].
3. Adsorption Kinetics Modeling and Isotherms
3-1. Kinetics Study for Adsorption of As(IIT) onto AGSC

The dynamics of adsorption process describes the rate of
As(IIT) uptake by the AGSC, which controls the equilibrium time.
Kinetic studies were done to understand the rate-determining step
and transport mechanism such as mass transfer of molecules from
liquid to solid phase during the batch adsorption process. In the
present study, pseudo-first-order, pseudo-second-order and Elovich
models were adopted to describe the adsorption of As(IIl) onto
AGSC. Batch experiments were carried out at different time inter-
vals (15-150 min) with changing initial As(IIT) concentration from
200 to 1,000 pg/L by keeping all the other parameters (such as ini-
tial pH, AGSC dose, speed of incubator and temperature of solu-
tion) constant.
3-2. Pseudo-first-order Model

Pseudo-first-order (Lagergren) model showed the kinetic rate

Table 1. Nonlinear and linear form of equation of kinetic and mass transfer models

Equation in nonlinear form

Equation in linear form Equation no.

Kinetic models

=
Pseudo-first-order (Lagergren) model =q,(1-¢ " k,t 3
58 w=ad ) log(q,—q,)=logq.— 23—103

Pseudo-second-order model - qﬁkzt t_t, 1 4
" qkot+l U 9 kg

Elovich kinetics 1 1 1 5

qt:B(ln(aﬂt)) Qz:/‘gln(aﬁ)Jr,‘Hlnt

Mass transfer mechanism models

Weber & Morris model q;= kid‘[o'5 +C

Boyd model In(1-F)=—kgt

g.=experimental adsorption capacity (Lg/g) at equilibrium; q,=adsorption capacity (ug/g) at time t; k,=rate constant for pseudo-first-order
model (min™"): k,=rate constant for pseudo-second-order adsorption model (g/pg-min); =initial desorption rate (ug/g-min); S=desorption
constant (g/ug); k,=intra-particle diffusion rate constant; C=intercept (ug/g); F=fraction of solute adsorbed at any time t (F=q,/q,, dimen-

sionless); ky=liquid film diffusion constant (sec™h)
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equation for the adsorption of the solute particle on the surface of a liquid to the solid phase. According to this model, initially, As(III)
adsorbent is based on the uptake or adsorption capacity of the ad- ions are not existent on the surface of AGSC, and as the adsorp-
sorbent. Lagergren first-order rate equation is one of the most com- tion process starts, As(III) ions start accumulating on the surface
monly used rates kinetic equation for adsorption of adsorbate from of AGSC and the accumulation continues until the adsorption
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Fig. 6. Adsorption kinetic models (a) pseudo-first-order, (b) pseudo-second-order, (c) elovich and (d) van’'t Hoff plots for the adsorption of
As(III) onto AGSC.

Table 2. Kinetic parameters of As(III) adsorption onto AGSC

Initial concentration (ug/L)

Kinetic model Parameters
200 400 600 800 1000
Pseudo-first-order Qeep (UE/E) 38.144 74.64 107.988 133.33 156.96
Qe.ca (UE/8) 30.841 68.52 99.6093 125.19 155.23
k, 0.0235 0.0230 0.0212 0.0225 0.0216
R’ 0.949 0.9536 0.943 0.9687 0.9463
Standard error 0.07522 0.07011 0.0725 0.05613 0.0715
Pseudo-second-order Qe (ME/E) 44.052 88.496 129.87 161.29 192.31
k;, (g/(ug-min)) 8.9%10™ 3.6%10™ 2.2%107 1.8*107* 1.3*¥107°
V, (ng/g-min) 1.73 2.8123 3.652 4.636 4.8614
R’ 0.9948 0.992 0.9885 0.9903 0.984
Standard error 0.0539 0.03347 0.02747 0.02035 0.02181
Elovich B (g/ug) 0.119 0.0560 0.0374 0.0301 0.0248
o (ug/g min) 5.133 7.320 8.995 11.31 11.573
R’ 0.987 0.9847 0.9801 0.983 0.973
Standard error 1.4600 3.3605 5.7511 6.6019 10.1665
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process reaches equilibrium. The rate constant parameter and the-
oretical adsorption capacity of adsorption were calculated using
Lagergrens kinetic equation [41]. Eq. (3) in Table 1 indicates the
nonlinear and linear form of this model.

The value of k; and adsorption capacity q, could be obtained
from the slope and intercept of the plot between log (q,—q,) and
time (t) as shown in Fig. 6(a). If the experimental adsorption capac-
ity does not approximate to calculate adsorption capacity, then the
adsorption process is not likely to be fit for the pseudo-first-order
modal even higher value of correlation coefficient (R’) [42]. Table
2 shows that the value of k; decreased as the initial concentration
of As(IT) increased. The k; values ranged from 0.0235 to 0.0216
min"". The experimental q, values were much higher than theo-
retical q, values shown in Table 2. Therefore, this model could be
unfit for adsorption of As(III) ions onto AGSC.

3-3. Pseudo-second-order Model

The pseudo-second-order is also an important kinetic model
which describes the adsorption dynamics of the process. This model
assumes that chemisorption is the rate determining step and the g,
(uptake or adsorption capacity) is proportional to the number of
the available active functional sites engaged on the surface of the
adsorbent. According to the Azizian derivation, the adsorption pro-
cess follows this model when the initial solution concentration of a
solute is low [43,44]. The nonlinear and linear form of the pseudo-
second-order model can be expressed by Eq. (4) in Table 1.

The straight-line plot of t/q, against t (Fig. 6(b)) was used to
determine the value of k, and q, from the slope and intercept. It
can be observed from the Table 2 that the values of correlation

coefficient (R®) for this model were higher than 0.98 at all initial
As(IIT) concentrations, which indicates that the adsorption pro-
cess of As(III) ions onto AGSC followed the pseudo-second-order
model. Moreover, the calculated adsorption capacity values, 44.052,
88.496, 129.87, 161.29 and 192.31 ng/g at 200, 400, 600, 800 and
1,000 pg/L As(III) initial concentration, respectively, were close to
the experimental adsorption capacity (Table 2). The adsorption
affinity or initial rate constant (V,=k, q?) provides information
about the adsorption rate at the beginning. It ranged from 1.73 to
4.8614 pg/g-min. The value of k, decreases with increasing q, .,
and V, values when the concentration of As(Ill) increases from
200 to 1,000 pg/L. This result recommended that the adsorption
of As(III) was faster at the initial period of time as the As(IIT) con-
centration was increased.
3-4. Elovich Kinetic Model

Elovich kinetic model is usually tested for chemisorption [45].
Nonlinear and linear forms of this model are given in Eq. (5) in
Table 1. These constants were obtained from the slope and inter-
cept of a linear plot between q, vs. Int (Fig. 6(c)). The R” values of
Elovich kinetic are much lower than the R* values of the above
two models (Table 2). Therefore, this model shows its unsuitabil-
ity for the interpretation of experimental results.
3-5. Adsorption Isotherms of As(IIT) Removal by AGSC

The adsorption isotherm describes the most critical informa-
tion, which includes the mechanism of adsorption and distribu-
tion policy of As(III) ions between solid and liquid phases at the
point when the adsorption process achieves equilibrium [46]. The
current research focused on understanding the adsorption nature

Table 3. Comparative evaluation of various adsorbents with AGSC for As(III) removal

Surface Optimum Concentration Adsorption
Adsorbent area - of As(IIT) Isotherm model capacity Reference
(m%/ 2) P (mg/L) (mg/g)

Fly ash-based zeolite-reduced - 8 0.01-0.03 Redlich-Peterson 0.049-0.146 48
graphene oxide composite

Nano aluminum doped - 6 0.02-0.2 Freundlich model 0.053 49
manganese copper ferrite
Polymer

Granular ferric hydroxide 112 7.6 Langmuir and 0.112 50

Freundlich isotherms

Iron oxide coated sand - 7.5 0.1-0.8 Langmuir isotherm 0.029 51

Calcium chloride impregnated ~ 101-173 10-11 Freundlich isotherm  0.0021-0.0183 22
rice husk carbon

Fe-hydrotalcite 38.5 9 0.1-2.0 Langmuir isotherm 0.121 52
Supported magnetite
Nanoparticle

Zinc loaded pine cone biochar 11.54 4 0.05-0.2 Langmuir isotherm 0.007 53

Pyrolyzed sewage sludge 70 3-35 Langmuir isotherm 0.07 54

Fe impregnated biochar - 3.6 - 10.4 55
(anaerobic granular sludge)

Fe-Mn modified biochar 208.6 7 0.2-50 Freundlich and 825 56
(FMBC) Langmuir isotherms

AGSC 228 6 0.2-1.0 Langmuir and 0.192 Present study

Temkin isotherms
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Fig. 7. (a) Weber & Morris model, (b) Boyd model, (c) effect of co-existing anions and (d) adsorption-desorption study of AGSC.

of AGSC adsorbent for As(III) removal. Langmuir, Temkin, and
Freundlich isotherm models were investigated using experimental
isotherm data (Table S5; detailed information of Langmuir, Tem-
kin, and Freundlich isotherm models in Supporting Information).
At 298 K temperature, for 400 pg/L of initial As(IIT) concentration
(50ml) and fixed AGSC dose (0.25g) the experimental, Lang-
muir, Freundlich, and Temkin adsorption capacities (theoretical
adsorption capacities) were found to be 74.64, 73.972, 67.6657 and
111.72 pg/L, respectively. So according to the correlation coeficient
(R®) from Table 6S and proximity of the theoretical to the experi-
mental adsorption capacity, it can be concluded that the experi-
mental data were best fitted to both Langmuir and Temkin models
than to Freundlich isotherm. The aptness of both Langmuir and
Temkin isotherm models indicates that AGSC adsorbent contains
both homogeneous and heterogeneous active sites of functional
groups because both models are based on surface homogeneity
and heterogeneity, respectively. A similar result was also reported
by Lam et al. regarding the removal of nickel ions by using the
Lansium domesticum peel adsorbent [47]. The adsorption capacity
of As(III) onto AGSC was compared with other adsorbents with
their experimental conditions and physical properties as listed in
Table 3.
4. Mass Transfer Mechanism and Thermodynamic Studies for
As(IIT) Adsorption

The adsorption process is a part of the mass transfer operations.
Hence, mass transfer is very important to explain its mechanism
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of As(Ill) ions transfer from the liquid phase to AGSC adsorbent
solid phase. The shifting of the solute particle can be supported by
either the intra-particle diffusion or film diffusion or sometimes
by the combination of both [57]. Weber & Morris and Boyd mod-
els were used to determine the mass transfer mechanism of
As(IIT) adsorption by AGSC adsorbent in this work.
4-1. Weber and Morris Model

Weber and Morris model is also known as the intra-particle dif-
tusion model, as given by Eq. (6) in Table 1. A high C value sug-
gests that the boundary layer has a more significant effect. The
values of k; and C can be calculated from the slope and intercept
of the plot between g, vs. t** (Fig. 7(a)). Application of this model
confirms the dominance of intra-particle diftusion. If the plot of q,
vs. t*? is linear and passing through the origin, then the mass trans-
fer rate is controlled only by intra-particle diffusion. If the plot is
linear or non-linear but does not pass through the origin, then
two or more steps are used to control the mass transfer rate [58].
Table 4 shows the values of k, and C. The R* values are 0.9937
and 0.9862 for the initial As(IIT) concentration of 200 and 400 pg/
L, respectively, which are confirming that the Weber intra-particle
diffusion controls the adsorption of As(III) on AGSC at low con-
centration. The value of rate constant of pore diffusion (k;;) and
intercept (C) increased as the initial As(III) concentration increased
from 200 to 400 pg/L (Table 4). This phenomenon happens due to
the high value of boundary layer thickness and driving force asso-
ciated with the initial As(IIT) concentration. The line did not pass
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Table 4. Mass transfer parameter and correlation coefficients for removal of As(III) onto AGSC

Mass transfer parameters

Weber & Morris model Boyd model
Co (ug/L) ky (ng/ g~min” %) R? C, (intercept) kg (sec™) R’ C, (intercept)
200 2.2472 0.9862 11.781 0.0248 0.9687 —0.1452
400 4.7917 0.9937 17.538 0.0229 0.9536 —0.0867
Table 5. Estimated values of AG’, AH’ and AS’ for adsorption of As(III) onto AGSC
Parameter Temperature (K)
C, AH’ AS° R AG’ (kJ/mol)
(ng/L) (kJ/mol) (J/mol-K) 298+2 303+2 308+2 31342 318+2
200 —63.044 —187.0899 0.9854 —7.489 —-6.218 —-5.294 —4.320 —-3.784
400 —58.119 —173.546 0.9868 —6.525 —5.512 —4.527 -3.609 —3.157
600 —57.269 —-174.11 0.9762 —-5.441 —4.685 —3.351 —-2.590 —2.155
800 —39.226 —117.984 0.9919 —3.986 —-3.535 —3.009 —2.208 -1.693
1000 —-32.775 —-99.24 0.9950 —3.205 —-2.704 -2.156 —-1.811 -1.170
through the origin, thus indicating the possibility of film diffusion K - Cad g a1
along with inter-particle diffusion for As(IIT) adsorption. °C,

4-2. Boyd Model

The Boyd diffusion model was employed to categorize film and
inter-particle diffusion. Boyd diffusion model understands the mech-
anism of film diffusion during adsorption [59]. The linearized equa-
tion is expressed by Eq. (7) in Table 1. From the linear plot slope
between In(1-F) and t (Fig. 7(b)), the kj; value can be calculated.
For the initial As(III) concentration of 200 and 400 pg/L, the R’
values are 0.9687 and 0.9536, respectively (Table 4). The line repre-
senting Boyd model did not pass through the origin, confirming
that the adsorption of As(IIT) onto AGSC is not only controlled by
the film diffusion.
4-3. Thermodynamic Studies

The analysis of the thermodynamic parameters could provide
information concerning the nature of energy and structural change
during the adsorption of As(IIl) ions onto AGSC [60]. The stan-
dard Gibbs free energy change (AG’) is the major thermodynamic
parameter for determining whether the adsorption process will
occur or not. A negative value of AG” shows spontaneity and feasi-
bility of chemical reaction at an appropriate temperature. The follow-
ing equations estimated the thermodynamic properties such as a
change in standard Gibbs free energy change (AG’), change in stan-
dard entropy (AS’) and change in standard enthalpy (AH’) for As(IIT)
adsorption [61]:

AG’=AH’-TAS" (8)

AG’=-RTInK, )
0 0

1n1<0:—AR£T+ATS (10)

where, T, R and K, (dimensionless) are temperatures in Kelvin (K)
scale, universal gas constant (8.314 J/mol-K) and thermodynamic
equilibrium constant, respectively. The K, value can be calculated
from Eq. (11):

where C,;., (ug/L) and C,, (ug/L) are the equilibrium concentra-
tion of As(II) ions after adsorption of As(III) onto AGSC and equi-
librium concentration of As(III) ions in solution, respectively. The
experiments were performed at 298, 303, 308, 313 and 318 K, and
it was observed from data that the K, value decreased on increas-
ing the temperature. The values of AS’ and AH’ were calculated
from linear plots of In K, vs. 1/T known as the van't Hoff plots,
which are presented in Fig. 6(d) [62]. Table 5 shows all values of
thermodynamic parameters. The high negative values of AG’ at all
evaluated temperatures indicate that the As(III) adsorption on
AGSC is spontaneous. The less negative values of AG’ on increas-
ing temperature from 298 to 318 K means that adsorption of As(III)
onto AGSC is spontaneous but less feasible at higher tempera-
tures. Similarly; at different initial concentrations of As(III) (200 to
1,000 pg/L), the AG’ values were negative (~1.170 to —7.489kJ/
mol) indicating that the process was spontaneous for all initial
As(III) concentrations. The lowest value of AG® was obtained at
200 g/L and 298 K, which showed a high removal potential for
As(II). The negative value of AH’ (-63.04 to —32.78) indicates the
exothermic nature of adsorption as also evident from the decrease
of adsorption of As(IIT) with increasing temperature. A negative
value of AS” (-187.09 to —99.24 J/mol-K) reveals decreased random-
ness at the solid-liquid interface during the adsorption of As(III)
onto AGSC.
5. Effect of Co-existing Anions and Regeneration Studies
5-1. Effect of Co-existing Anions

In the groundwater, many ionic species are present along with
the target pollutant. Thus, these ionic species may hinder the ad-
sorption capacity of AGSC for arsenic via the emulative accumula-
tion or binding with AGSC adsorbent, which affected the result of
arsenic removal by AGSC adsorbent [63]. Batch experiments were
performed to understand the individual separate effect of co-exist-
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Table 6. Analysis of real groundwater sample of ghazipur district

Before treatment

Sample collected pH Na'(mg/L) K" (mg/L) Ca"(mg/l) SO; (mg/L) CI (mg/L) NO;(mg/L) Fe(mg/L) As(ug/L)
Rajapur 7.52 4142 10£1.5 61.2+1.8 74.4+4.8 178.8+4.2 245%0.21 0.41£0.06 137.5%5.2
Gahmar 7.60 50.1+25 13+2.1 72.7+2.8 106.5+3.2 92.6+3.5 791045  0.79+£0.04  67.3£4.6
After adsorption of the above sample using AGSC adsorbent under optimum condition

Rajapur 7.21 324+1.2 8x0.5 51.8+1.3 36.2+2.4 134.4+3.1 2.01+£0.12  0.29+0.08 8.5+14
Gahmar 7.24 43.7+2.1 10+1.7 60.5+2.0 74.3+2.9 62+2.7 6.5+0.31 0.61+0.11 6.7+1.1

ing anions such as sulfate, phosphate, chloride and nitrate on
adsorption of As(IIT) by AGSC adsorbent. The impact of compet-
ing anions was studied at low to high (250 to 1,000 pg/L) concen-
tration of these anions under the optimum condition of the ex-
periment (Fig. 7(c)). The chemicals used in the present study in-
cluded NaCl, Na,SO,, Na,HPO, and NaNO; as the source of these
anions. The removal percentage of As(III) was compared with the
absence of co-existing ions (blank) to the samples having the pres-
ence of co-existing ions (Fig. 7(c)). It was observed from Fig. 7(c)
that the presence of NO; ions had no considerable effect on
As(III) adsorption onto AGSC adsorbent in the concentration
range of 250-1,000 pig/L. This is because the As(III) binding affin-
ity for AGSC adsorbent is much higher than nitrate [64]. In the
presence of chloride anions, no substantial effect shows on As(IIl)
removal by AGSC. It happened because of the competing mon-
ovalent anion of chloride did not clash with As(III) ions. Sulfate, a
divalent oxyanion, has a rivalry with arsenic ions due to electro-
static attraction force with AGSC. Therefore, sulfate has a pro-
found impact on adsorption of As(III) onto AGSC adsorbent. Ap-
proximately 5-15% reduction in removal percentage was seen when
the sulfate concentration was 250-1,000 pg/L in solution [65]. The
presence of phosphate also profoundly influenced the removal per-
centage of As(III) ions, and many researchers also reported simi-
lar results [66-68]. The decrease in removal percentage was found
to be 6-18% when the range of phosphate concentration increased
from 250 to 1,000 pg/L. This is due to high charge density and com-
parable size of phosphate and arsenite oxyanions. The phosphate
provides competition for identical active sites of AGSC adsorbent
[21]. However, phosphate ions are absent or rarely occur in the
groundwater, so its impact on As(III) removal should not be an
issue [69].
5-2. Desorption and Regeneration Studies of AGSC Adsorbent
The reuse of adsorbent is necessary for the feasibility and eco-
nomical operation of the water treatment system. That is why the
study of desorption was carried out with As(IIT) loaded AGSC at
different concentrations of NaOH solution. On increasing the pH
of the solution, the increased number of OH™ ions resulted in
more release of As(III) ions in the solution. Hence, 0.05 to 2.5 M
NaOH solution was used to desorb the adsorbed As(IIl) from
AGSC. From Fig. 4, 60.87% of adsorbed As(III) was found to be
desorbed at 0.05M NaOH solution. On the increase in NaOH
concentration up to 1 M, 91.21% of As(III) was released from AGSC
and then decreased on increasing the concentration of NaOH.
Reusability studies of regenerated adsorbent were also done and it
was found that approximately 73% of Arsenic was removed in the
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fifth cycle (Fig. 7(d)). Due to the high adsorption-desorption rate,
AGSC is an excellent adsorbent for the removal of arsenic.
6. Analysis and Treatment of Real Groundwater Sample
AGSC adsorption efficiency was also investigated for the removal
of arsenic from real groundwater samples. Real groundwater sam-
ples were collected from two blocks: Rajapur and Gahmar from
Ghazipur district, Uttar Pradesh, India. Ghazipur district is highly
influenced by arsenic pollution in groundwater. The concentration
of arsenic and other chemicals present in these two groundwater
samples are listed in Table 6. The results of the AGSC treated sam-
ple are also listed in Table 6.

CONCLUSION

AGSC was an effective adsorbent in treating As(III) contami-
nated synthetic water and as groundwater sample. It removed more
than 94% of As(IIT) from groundwater under the optimum condi-
tion, which is below the permissible limit according to the guide-
lines of WHO. The greater surface area, high porosity, and the
presence of various functional groups onto AGSC are responsible
for the adsorption of As(IIl). In the FTIR spectrum of AGSC after
adsorption, the peaks intensity and position were reduced and
shifted, respectively; this illustrates that the adsorption of As(III)
onto AGSC occurred. BET analysis revealed that most of the pores
were found in the mesopores region in nano shape. These results
were also confirmed by SEM analysis. The fitted XPS spectra of
As3d showed that adsorption of arsenic onto AGSC occurred in
the form of AS(IIT) and As(V). The effect of pH played an essen-
tial role in the removal percentage of arsenic ions from the water;
removal percentage was the maximum on pH 6, and when the
electronegativity of the solution increased, the percentage of removal
decreases. The adsorption efficiency of AGSC for removal of arse-
nic (IIT) from the water was increased when enhanced adsorbent
dose and equilibrium time up to 6 g/L and 150 min, respectively,
and then it remained constant. Both Langmuir and Temkin mod-
els were best fitted with experimental data of adsorption process as
compared to the Freundlich isotherm model. The pseudo-second-
order kinetic described best As(III) adsorption onto AGSC as
compared to pseudo-first-order and Elovich kinetic model. Thus,
chemisorption phenomena might be the rate-limiting step for As(III)
adsorption process. The mass transfer mechanism for As(III) adsorp-
tion onto AGSC showed the possibility of film diffusion along
with interparticle diffusion. The thermodynamic study revealed the
adsorption of As(II) on AGSC is exothermic and spontaneous.
The As(III) adsorption was highly affected by the existence of
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phosphate and sulfate. The regeneration of AGSC exhibited excel-
lent desorption of 91.21% of As(III) at 1 M NaOH solution. Thus,
AGSC is an effective adsorbent for removing low concentration
range of As(III) jons from synthetic water.
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1. Adsorption Isotherms of As(III) Removal by AGSC
1-1. Langmuir Isotherm Model

The essential fundamental assumption of this model is that ad-
sorption happens at energetically non- heterogeneous surfaces of
adsorbent and forms a monolayer of adsorbate ions or particles on
the adsorbent surface with the finite number of identical adsorp-
tion sites. Due to this assumption, the uptake of As(III) arises on
homogeneous sites by monolayer adsorption and no interaction
exists between the adsorbed ions [1]. Therefore, no further adsorp-
tion process can take place after the formation of adsorbate mono-
layer on the adsorbent surface [2]. Eq. (1) in Table S4 represents

Table S1. Experimental condition for As(III) adsorption onto AGSC

the nonlinear and linear form of the Langmuir isotherm equa-
tions. The Langmuir isotherm model characteristics index can be
described by an equilibrium parameter or separation factor (R;)
which is a constant and dimensionless number represented by the
Eq. (2) in Table $4 [3]. The value of separation factor (R;) should
lie in between 0 and 1 for the proper adsorption phenomenon [4].

The maximum adsorption capacity (q,,) and Langmuir con-
stant K; can be calculated from the plot between C,/q, and C,, as
shown in Fig. SI and the calculated value of Langmuir parameters
are presented in Table S5. The maximum Langmuir adsorption
capacities (q,, (ng/g)) were calculated as 181.50, 185.18, 185.20,

Range of operating parameters

S. No. Parameters used H AGSC Temperature Initial As(III) Equilibrium
P dose (g/L) (K) concentration (pg/L) time (min)
1 Equilibrium time 6 5 298 200-1000 15-1200
2 Initial pH 2-12 5 298 400 150
3 AGSC dose 6 1-8 298 200-1000 150
4 Temperature 6 5 298-318 200-1000 150
5 Initial As(IIT) concentration 6 1-8 298 200-1000 150
6 Desorption - 5 298 400 120
Table S2. BET analysis results of AGSC
Sam ple SBET Smicm Smeso Vtutul Vmicm Vmesul Vmicm/ Vtutul Vmeso/ Vtuml D P
(m’/g) (m’/g) (m’/g) (cm’/g) (cm’/g) (cm’/g) (%) (%) (nm)
AGSC 227.62 203.00 28.58 0.12 0.10 0.02 86.19 13.81 2.09

Table S3. FTIR spectrum peaks before and after adsorption of As (III) onto AGSC

Frequency (em™)

Functional groups

Before adsorption After adsorption Differences
3449.8 3439.5 10.3 O-H stretching (phenols, alcohols)
2923.7 29249 1.2 C-H stretching (aliphatic or aldehyde carbon)
2360.4 2362.8 2.8 C=C stretching (alkyne groups)
1634.3 1627.1 7.2 N-H out of plane bend (amide groups)
1388.8 1384.4 44 -CH; stretching (alkanes)
873.5 884.5 11 -C-H out of plane (aromatic ring)




Table $4. Binding energy (BE) and relative content (%) of Cls, O1s and As3d according to the XPS fitted spectrum of AGSC

Peak intensity XPS binding energy (eV)

Possible chemical groups/element with oxidation state

Relative area (%)

Fitted Cls and O1s XPS spectra of AGSC before As(III) adsorption

284.6 C=C (sp” hybridized) 84.13
Cls 286.7 C-OH (carbon present in alcohol or ether groups) 5.76
(90.78)* 287.5 C=O0 (carbon in carboxyl or ester groups) 4.79
289.3 -COOH, C=0 (carbon in carbonyl or quinone groups) 5.32
531.1 C=0 (carbonyl oxygen of quinone) 22.05
o1 532.2 C-OH (carbonyl oxygen in ester, anhydride, and hydroxyl groups) 28.35
92 2; * 533.3 C-O-C (Non-carbonyl oxygen atom in esters and anhydrides) 29.97
' 5344 COOH (oxygen atom in carboxyl groups) 1823
536.2 adsorbed water/oxygen 1.40

Fitted As3d XPS spectra of AGSC after As(III) adsorption
44.6 As (1II) 55.74
As3d 458 As (V) 4426

* Atomic percentage (AP) of carbon, oxygen from XPS data

192.30 and 17241 corresponding to the temperature 298, 303,
308, 313 and 318K, respectively. The values of K, were found as
0.0256, 0.0157, 0.0097, 0.0060 and 0.0057 L/pug at 298, 303, 308,
313 and 318 K, respectively. These low values of K; indicated good
binding capacity of As(III) ions onto the surface of AGSC at dif-
ferent temperatures. It is clear from Table S5 that the Langmuir
isotherm model was exhibiting highest correlation coefficient (R®)
values at all experimental temperatures indicating best fitted to the
experimental data. In the present study, the separation factor (R;)
was ranged from 0.03 to 0.46, which elicited favorable condition
for adsorption at all temperatures. However, on increasing the tem-
perature, R; value was also increased, and the lowest R; value was
obtained at 298 K, suggesting that the process of absorption at
high temperatures was less favorable.
1-2. Freundlich Isotherm Model

The Freundlich isotherm [5] can be utilized for non-ideal adsorp-
tion that includes heterogeneous surface energy system. Unlike Lang-

Table S5. Nonlinear and linear form of equation of isotherm models

muir isotherm, it is based on multilayer adsorption. It gives the
exponential distribution of active sites and suggesting that enthalpy
of adsorption is independent of the mass of pollutant species ad-
sorbed. Freundlich model states that the equilibrium capacity of
adsorbent (q,) is directly proportional to 1/n" power of equilibrium
concentration (C,) as given by the Eq. (3) in Table S4 (non-linear
and linear).

The values of Freundlich constants K; n and linear regression
correlation (R?) were determined from the plot of Ing, vs. InC, as
shown in Fig. S2. These constants of the model cannot explain the
chemo-Phys properties of the adsorption phenomenon [6]. Table
S5 shows the values of these constants and K values of As(III) ions
decreased as the temperature increased, which showed that the
process of adsorption was favored at low temperature.

The magnitude of n lies between 2.27and 1.77 therefore the value
of 1/n lies between 0 and 1 indicating that the adsorption of As(III)
ions onto AGSC is favorable. When the value of 1/n reaches to 0

Equation in nonlinear form Equation in linear form Equation No.
Isotherm models
Langmuir isotherm _ 9.K.C, C_)e B & N 1 1

LTIK.C, 9 Qu 9uK:

1 2
R, =
I71+K,Co
. . _ 1/n

Freundlich isotherm .=KC, Ing,=InK,+ Illln c, 3
Tempkin isotherm q.=B * In(AC,) q.=BlnA+BInC, 4

5

q.=experimental adsorption capacity (ng/g) at equilibrium; q,,=maximum adsorption capacity (g/g) of AGSC (theoretical adsorption capac-
ity); K; is an Langmuir constant (L/g); C,=equilibrium As(III) concentration (ug/L) in the liquid phase; C,=initial As(III) concentration; K=
Freundlich model constants; 1/n=heterogeneity factor constant; R=universal gas constant; T=temperature (K); A=equilibrium binding con-
stant (L/ng); B=Tempkin constant related to the enthalpy of adsorption; b=Tempkin isotherm constant
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Table S6. Isotherm model constants and correlation coefficient for adsorption of As(III) onto AGSC
Temperature (K)

Isotherm model Parameters
298+2 3032 308+2 3132 318+2
Langmuir isotherm q. (ug/g) 181.80 185.18 185.20 192.30 172.41
K; (L/pg) 0.0256 0.0157 0.0097 0.0060 0.0057
R, 0.16-0.03 0.24-0.06 0.34-0.09 0.45-0.14 0.46-0.15
R? 0.995 0.999 0.989 0.980 0.990
Standard error 0.0252 0.01416 0.05502 0.0935 0.0542
Freundlich isotherm K{(ug/g)/(ug/ L)' 15.9061 10.498 7.2623 4718 43146
n 2.27117 2.0169 1.887 1.7301 1.7652
R? 0.968 0.968 0.985 0.993 0.989
Standard error 0.1896 0.2339 0.1776 0.1327 0.15674
B 37.366 40.354 40.4 41.356 39.674
A (L 0.2894 0.1559 0.0987 0.0633 0.0532
Tempkin isotherm 2( ug)
R 0.997 0.998 0.985 0.974 0.976

Standard error 4.5976 3.5256 13.4135 19.1731 12.3746




that means the adsorbent surface is more heterogeneous and when
the values of n lie between 1<n<10 it confirms the physical and
favorable nature of adsorption [7]. The Freundlich isotherm model
did not fit well with the experimental results because of low cor-
relation coefficients (R®) at all evaluated temperatures.

1-3. Tempkin and Pyzhev Isotherm Model

According to Tempkin and Pyzhev isotherm, due to adsorbent-
adsorbate interactions, particle adsorption heat on the layer decreases
linearly with coverage. The binding energies are homogeneously
distributed [8]. The Tempkin and Pyzhev isotherm model for
both non-linear and linear forms are represented by the Eq. (4) in
Table S5.

The values of Tempkin constant A and B were calculated from
the plots between q, vs. InC,, as shown in Fig. 3S. The results ob-
tained from the plots are represented in Table 5S. The high value
of correlation coefficient (R®) indicated that the Tempkin model
was well fitted with experimental data at different temperatures. The
values of Tempkin constant A (L/pg) was found to decrease with

increase in temperature, which indicated lower binding energy at
an elevated temperature that confirmed adsorption of As(III) onto
AGSC was suitable at low temperature.
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