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ABSTRACT

Low-cost filter developed with indigenous materials seems to be the only option in rural areas of
arsenic contaminated villages in Assam valley. To meet the desired objective, adsorptive properties
of some chosen native materials, that is, red soil, sand and naturally oxidized iron scraps (NOISs)
are evaluated by conducting a series of batch experiments and surface morphological analysis. The
materials have been characterized by field emission scanning electron microscopy and X-ray powder
diffraction (XRD) for their morphological study. Batch experiments are performed by changing
various parameters including the contact time, pH, temperature, adsorbent dose and initial arsenic
[As(II) and As(V)] concentration in the aqueous solutions. Results suggest that the efficiency of
the adsorbents in adsorbing both As(III) and As(V) from aqueous solutions sharply declined with
increasing pH, particularly for NOIS. The sorption process occurs mainly by intraparticle diffusion
followed by film diffusion. The experimental kinetics data can be best described by pseudo-second-
order reaction model, while the thermodynamic study showed that the arsenic sorption process is
exothermic in nature. The maximum adsorption capacities of red soil, sand and NOIS were found to be
40.26,19.69 and 166.95 pg g, respectively, for the sorption of As(V) from the solution. Such adsorption
can be attributed to the amorphous nature of the NOIS, as verified from the XRD patterns. The results
indicate that NOIS can be used as promising adsorbent for the removal of arsenic from water.
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1. Introduction

Arsenic contamination of groundwater is considered to be
one of the biggest human threats being faced by the world in
the last three decades [1]. The problem is mainly faced by the
people of the Southeast Asia region where four major countries
are the worst targets of arsenic contamination [2]. In India, the
groundwaters of Ganga-Meghna-Brahmaputra floodplains
are highly affected with arsenic contamination due to both
anthropogenic and natural causes [3,4]. In order to assess
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the severity of the newly discovered arsenic contamination
in Assam, a study, carried out jointly by The United Nations
Children’s Fund (UNICEF) and Public Health Engineering
Department (PHED) of Assam, found that 18 districts were
affected with arsenic contamination [3-6]. Several technologies
have already been developed based on oxidation [7,8], adsorp-
tion and coprecipitation [9], adsorption [10-13], ion-exchange
[14,15], membrane filtration [16,17] and electro-coagulation
processes [18] to remove arsenic from drinking water. Many
of these processes remove arsenic satisfactorily, both at house-
hold and community level. However, water purification
cost is a significant issue for rural as well as for semi-urban
masses because of their low earnings. Hence, researchers need
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to develop affordable arsenic removal filtration systems by
employing locally available cheap materials. Some low-cost
treatment facilities have been already implemented in certain
arsenic contaminated areas of Bangladesh, Vietnam and India
(West Bengal) since arsenic problems were detected in these
places, decades ago [19-21]. Hossain et al. [22] evaluated the
efficiency of arsenic removal projects (ARPs) in removing arse-
nic and iron from raw groundwater. During 2 years of their
study, 15 (78%) out of 18 ARPs were no longer in use due to lack
of information technology [22]. The literature corroborate that
the acceptability and sustainability of the technology depends
on the cost associated with the technology (capital and opera-
tional cost), complexity system, life of the filter and the effluent
quality [22,23]. It has been experienced that successful arsenic
removal technologies will not necessarily prosper in the vil-
lages of India, unless it fits into the rural circumstances and
is well accepted by the consumers [23]. The acceptability of a
technology to the rural people enhances when the technology
is easy to use and affordable to the users. The main objective of
the present study is to evaluate the arsenic adsorption poten-
tial of three indigenous materials, that is, naturally oxidized
iron scrap (NOIS), sand, and red soil by conducting a series
of batch experiments, so that an efficient filtration system can
be designed to meet the desired needs of the rural people.
The choice of the above substances can be justified by the fact
that, sand has been used for long time by people all over the
world due to its easy availability and simplicity of usage [24].
In fact, people of Assam are familiar with its usage in water
purification as they have used it extensively for the removal
of iron from water. Whereas, the usage of red soil and NOIS in
this study can be attributed to the fact that iron has the ability
to form stable minerals with arsenic. The NOIS can easily be
prepared from disposed scrap iron by the users living in the
contaminated areas and can be incorporated in the sand fil-
tration unit which are in use in Assam valley for the last few
decades. Materials containing iron and iron oxides precipitate
out arsenic from the aqueous medium [8,24,25]. The ease of
preparation of NOIS from disposed scrap iron and its smooth
incorporation in the sand filtration units, used by the people of
the Assam valley, may be stated as the other important reason
for us to use it as an adsorbent in this work.

2. Materials and methods
2.1. Preparation and characteristics of adsorbents

Naturally available river sand, red soil and NOIS have
been used in the present study. Sand was collected from a
river in the vicinity and red soil was collected from a local hill.
NOIS was collected from a local mechanical workshop where
the iron scraps were produced regularly after various cut-
ting and filing operations. These scraps were disposed into
an open chamber where these were naturally oxidized in the
open atmosphere. The collected sand and NOIS were washed
with distilled water to ensure that there were no impurities
left on their external surface. The washed materials were
dried in the oven at 105°C + 2°C for 24 h and then allowed
to cool at room temperature. Thereafter the particles were
sieved to get the desired particle size. The maximum particle
size of NOIS was restricted to 2 mm. In case of sand, 425 pm
to 2 mm sized particles were used to make it silt free. The

collected red soil was allowed to dry at room temperature.
The dried red soil particles were crushed using rubber ham-
mer and passed through 425 um sieve. After which the red
soil particles were collected and stored for adsorption study.

The major oxides compositions of the sand, red soil and
NOIS were determined by X-ray fluorescence spectrometry
analysis (Model: AXIOS, PANalytical, Location: Philips).
The obtained results (Table 1) indicate the presence of iron
oxide in NOIS and red soil that may facilitate the adsorption
of arsenic from aqueous solution. The Fourier-Transform
Infrared Spectroscopy (FTIR) spectra of the NOIS were ana-
lyzed in KBr pellets using Perkin-Elmer 281 IR spectropho-
tometer. The properties of NOIS, sand and red soil have been
summarized in Table 2.

The degree of lateritization of the red soil was estimated
from the silica-sesquioxide (S-S) ratio (SiO,/(Fe,O, + ALQO,)).
The soil type can be characterized from the obtained value of
the degree of lateritization using following values:

e < 1.33: laterite soil
e 1.33-2: lateritic soil
® > 2:non-lateritic, tropical soil

Degree of lateritization for red soil is 1.77, indicating that
the soil is lateritic soil.

The surface morphological study of the sand and NOIS
was carried out by using scanning electron microscope
(Model: LEO, 1430 VP, Carl Zeiss, Location: Germany) as
shown in Fig. 1. The surface of NOIS was characterized
by field emission scanning electron microscopy (FESEM;
Sigma, Zeiss) images. From the images of Fig. 1, it can be
seen that the sand and red soil particles are irregular in

Table 1
Major oxide compositions of the adsorbents (all the values
in wt%)

Adsorbent Red soil Sand NOIS
SiO, 57.61 70.08 23.14
ALQO, 24.31 14.46 9.53
Fe,O, (total) 8.23 4.40 52.29
MnO 0.16 0.15 0.48
MgO 1.10 0.58 0.14
CaO 0.58 1.22 0.07
Na,0 225 3.06 2.18
KO 4.09 3.37 0.28
TiO, 1.36 0.42 0.14
PO, 0.20 0.12 0.53

Table 2

Properties of the adsorbents (sand, NOIS and red soil)
Properties NOIS Redsoil Sand
Particle size range (mm) <2 <0.425 0.425-2
Mean particle size diameter (um) 801 20 653
Density (g cm™) 503 254 2.65
Bulk density (g cm™) 274 131 1.51
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Fig. 1. SEM images of (a) sand, (b) red soil and (c) NOIS.

shape with sharp edges whereas NOIS particles have irreg-
ular shape with high porosity.

The major and minor mineralogical composition of the
adsorbents were identified using X-ray powder diffrac-
tion (XRD) system (Model: XRD 3003TT, SEIFFRT, Rich
Seifert & Co., Ahrensburg, Germany) with Cu Ka radiation
(A =154 A), a Cu filter on secondary optics, 45 kV voltage
and 20 mA current. The XRD profiles of the samples were
measured in the range of 10°-95° with the step size of 0.05°/s.

The obtained characteristic strong peaks (Fig. 2(a)) in the
case of sand were related to quartz (JCPD file no. 05-490).
Absence of other prominent peaks in the XRD pattern con-
firms that quartz is the major component of sand. The XRD
pattern (Fig. 2(b)) indicates that red soil contained quartz,
maghemite, goethite and kaolinite. The XRD pattern of NOIS
indicates the absence of sharp peaks, thus confirming the
amorphous nature of the particles (Fig. 2(c)). Kulal et al. [26]
synthesized amorphous phase of Fe,O, and used them for
supercapacitor application. They stated that the amorphous
nature of the material allowed easy diffusion of ions through
the bulk of the material. Hence, it may be possible that the
amorphous phase allows better removal by facilitating the
adsorption process through bulk diffusion of ions [26-29].

The FTIR spectra for NOIS before and after adsorption of
arsenic (Fig. S1), shows peaks at 3,434 and 3,436 cm™ (nearby
3,400 cm™), which can be assigned to the —OH stretching
vibrations of the water molecules coordinated to the triva-
lent cations (Fe** or AI**) [30] and the corresponding peaks
at 1,637 and 1,632 cm™ due to -OH bending [31]. Peak at

597 cm™ confirmed that NOIS contain a-Fe,O, whereas peak
at 562 cm™ indicated the presence of y-Fe O, in the NOIS after
adsorption of arsenic [32]. Again peak at 880 cm™ represents
AsO(OH),” species [33] confirming the presence of arsenic
adsorption by the NOIS.

2.2. Reagents and analytical methods

All the chemicals used were of analytical grade and used
without further purification. HPLC grade ultrapure water
was obtained from Chemiton water purification system
(CHEMITON SL, Spain, Model no. QRP-380 BC) and was
used for preparation of all the reagents and aqueous solu-
tions. 1,000 mg L™ arsenic stock solutions were prepared
using required amounts of arsenic trioxide (As,O,; Merck,
India, AR grade) for As(Ill) solutions and sodium arsenate
(Na,HAsO,.7H,O; Merck, India, AR grade) for the As(V)
solutions. The stock solutions were preserved with 1% trace
metal grade nitric acid. Required standard and experimental
solutions were prepared from the stock solutions by serial
dilution for arsenic standardization and experimental pur-
poses. Aqueous As(IIl) and As(V) samples were analyzed
for total arsenic by atomic absorption spectrometry (Spectra
AA Varian, Australia, Model no. 55B) with vapor generation
accessory (VGA-77) in the form of AsH, at a wavelength
of 193.7 nm. All the samples were pre-reduced with 5%
KlI-ascorbic acid solution (KI; Merck, India, AR grade and
l-ascorbic acid; Merck, India, AR grade) under highly acidic
conditions using HCI (Suprapur grade, Merck, Germany).
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Fig. 2. XRD patterns of (a) sand, (b) red soil and (c) NOIS.

2.3. Experimental methods

All batch experiments were carried out for the selected
adsorbents (sand, red soil and NOIS) using synthetic As(III)
and As(V) spiked solution, which are prepared by diluting
respective stock solutions by distilled water. Before con-
ducting the experiments, all the glassware were soaked in
dilute HNO, for 24 h and then washed with tap water and
finally with distilled water. The batch sorption studies were
performed at 25°C + 1°C in an incubator shaker (Daihan
Labtech Co. Ltd., Korea, Model no. LSI-1005R) at an agi-
tation speed of 200 rpm. 100 mL As(IIl) or As(V) samples
(having concentration 200 pg L) with fixed amount of
adsorbents (red soil: 1 g, NOIS: 0.5 g and sand: 2 g) were
taken into 250 mL conical flasks and covered with alumin-
ium foil. The samples were placed in the incubator shaker
for fixed span of time. For each experiment, separate coni-
cal flasks were used. In the all cases, at the end of the exper-
iments, the supernatant of the samples were filtered with
Whatman-42 filter paper and were preserved with 1 mL
1:1 HCI for arsenic assessment. The kinetic studies were
carried out using fixed amount of adsorbent in appropriate
amount of arsenic spiked solution at constant strength and
temperature varying the contact time of the samples. The
isotherm study was conducted by varying the adsorbent

dose in the samples at equilibrium time. To determine the
effect of pH on arsenic sorption onto the adsorbents, the
experiments were performed at different pH in the range of
0.94-12.37. Desired pH of the arsenic spiked solution was
adjusted using 1 N NaOH and 1 N HCI. The thermodynam-
ics study was conducted at different temperatures of 10°C,
25°C, 40°C and 55°C for an initial concentration of 200 pg g™
at constant adsorbent dose (sand: 2 g, NOIS: 0.5 g and red
soil: 1 g). The effect of initial arsenic concentration was
checked by varying the initial arsenic strength (100, 200,
300 and 500 pg L) for both As(Ill) and As(V) species at
equilibrium time.

2.4. Adsorption capacity

The amount of arsenic species adsorbed at time ¢, which
is known as adsorption capacity, g, (ug g™') is calculated from
the mass balance equation as below [34]:

C,-C
g == 0

m

where C_ is the initial concentration (ug L™), C, is the concen-
tration of the arsenic spiked solution at time t (ug L™), Vis the
volume of sample (L) and m is the mass of adsorbent (g). The
amount of arsenic species adsorbed at the equilibrium, g, is
calculated from Eq. (1), when f is equal to the equilibrium
contact time, C,=C, q,= g,

3. Results and discussion
3.1. Effect of pH on arsenic sorption

Arsenic sorption from aqueous medium onto adsorbent
is governed by the pH of the medium. Arsenic sorption onto
all the adsorbents was same in the acidic media whereas
under alkaline conditions, the arsenic adsorption capacity of
NOIS and red soil rapidly decreased with increasing of pH as
shown in Fig. 3(a). The adsorption capacity of sand remained
almost unaffected with the increase of pH throughout the
studied range. Generally, it is found that As(IIl) remains in
the solution in the neutral state as H,AsO, from the pH range
of 3-8.5 [35]. A positive surface charge on the surface of the
sorbent acts as the driving force for the adsorption process in
this pH range [33-35]. Fig. 3(b) indicates that As(V) sorption
on the adsorbents was influenced by the pH of the solution.
Similar results can also be noticed for As(V) sorption onto lat-
erite iron [25,33,35-39], ferric hydroxides and titanium diox-
ide nanoparticles [40,41]. Neutral arsenate (H,AsO,) exists
in the aqueous medium only below pH 2 under oxidizing
conditions; whereas, its presence has been observed in the
solution in the form of HAsO,” and HAsO,* even at normal
condition [36].

3.2. Effect of contact time

From the experiment, it was found that uptake capacity
of sorbate is faster in the initial stage of sorption process,
thereafter, it decreases as the solute concentration reaches
equilibrium [33,42-45]. In Figs. 4(a) and (b), similar observa-
tion has been noted for the both As(Ill) and As(V) sorption
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Fig. 3. Effect of pH on arsenic sorption onto red soil, NOIS and
sand.

onto the adsorbents. It may be possible that initially a large
number of vacant sites were available for the sorbate; but
as time progresses, remaining vacant sites were difficult
to access for the sorbate due to repulsive force between
the solute molecules present in the solid and bulk phase
[46]. Result shows that maximum quantities of arsenic
were adsorbed by all the adsorbents within 120 min of the
adsorption process. The initial uptake rate of NOIS is high
in comparison with the other adsorbents. To achieve 80%
removal efficiency, NOIS took only 15 min for As(V) and
30 min for As(III) species.

3.3. Kinetic modeling

Adsorption is a time dependent process and it is very
important to find out the equilibrium contact time, rate of
adsorption and sorption mechanism for design and evalua-
tion of the adsorption mechanism for removal of arsenic spe-
cies from water [47,48]. The essential stages in the adsorption
processes are:
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Fig. 4. Dynamics of arsenic adsorption onto red soil, sand and
NOIS [matrix: initial As(III) or As(V) concentration =200 ug L,
volume of sample = 100 mL, agitation speed = 200 rpm,
temperature = 25°C + 1°C and pH =7].

e Film diffusion
e Pore diffusion
* Intraparticle diffusion

In order to investigate the arsenic adsorption rate and
sorption mechanism onto the adsorbents (red soil, sand and
NOIS), the pseudo-second-order reaction model, the intra-
particle diffusion model, the film diffusion model, the liquid
film mass transfer model and the Richenberg model were
analyzed [49].

3.3.1. Pseudo-second-order reaction model

The pseudo-second-order reaction model or second-or-
der rate expression of Lagergren is based on the adsorption
capacity of adsorbent. It may be expressed in the form [46]:

dg_,
52

I (9,—4,) @)
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where k , is the rate constant of pseudo-second-order adsorp-
tion (g pg™ min™). Integration of Eq. (2) for boundary condi-
tiont=0tot=tand g,=0toq,=q, gives:

t 1 t
pu— ) +7

q, kg’ 4,

®)

The validity of the model can be checked by linear plot of
t/q, vs. t. q, and k, can be obtained from the slope and inter-
cept of the linear plot. In Fig. S2, straight-line plots of t/g, vs.
t represented pseudo-second-order reaction model that was
obtained from the experimental data. The evaluated parame-
ters of the pseudo-second-order reaction model are summa-
rized in Table 3. High correlation coefficient (R?) values and
low standard error (SE) values confirm that the kinetics of
the arsenic sorption by the selected materials followed pseu-
do-second-order reaction model. Maji et al. [35] got similar
results for arsenic sorption onto the laterite soil [49].

3.3.2. Intraparticle diffusion model

Intraparticle diffusion model or parabolic diffusion
model developed by Weber and Morris (1963) is also fre-
quently used to describe the adsorption kinetics. The model
can be express as [8,50]:
q, =kt +C, @)
where k, is the intraparticle diffusion rate constant
(ug g min™?) and C, (ug g) the constant that gives idea
about the thickness of the boundary layer (Cabal et al. [51]). k,

and C, can be calculated from the slope and intercept of linear
plot of g, vs. 2

Table 3
Comparison of pseudo-second-order reaction model parameters
for the arsenic adsorption onto different adsorbents
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Plots of g, vs. t of the kinetic data of the selected adsorbents
are representing the intraparticle diffusion model (Fig. S3). The
correlated parameters are summarized in Table 4. In Figs. S3(a)
and (b), multiple lines are assuring that the adsorption process
consists of several sorption mechanisms. Cheung et al. [52]
found similar observation for the sorption of an acid dye onto
chitosan. The first portion of the graph, started from the origin
indicating external diffusion or film diffusion. Steepness of the
line is the evidence of rapid sorption. The second portion grad-
ually increased with the square root of time, indicating that
the intraparticle diffusion is the rate-limiting step in this stage.
Last portion of the curve is almost parallel to the x-axis, con-
firming the retardation of intraparticle diffusion and existence
of low concentration of sorbate in the solute [52,53].

3.3.3. Liquid film mass transfer model

Boyd, Adamson and Myers derived an equation assum-
ing that the adsorption process is controlled by film diffusion
and the concentration gradient is negligible. The equation
can be written as [8,54-56]:

In(1-F)=Kt ©)
where F is the fraction of the solute and k, is the adsorption
rate constant (min™). The constant value can be obtained from
the plot of In(1 - F) vs. t. The initial adsorption rate constant
can be evaluated from the given expression as the initial rapid
adsorption of solute is controlled by the film diffusion [47].
The values obtained from the plots of In(1 — F) vs. t (Fig. S4)
have been shown in Table 5. Good R? values are supporting
the applicability of this model and is the evidence of the film
diffusion is the controlling step at initial stage. Remaining
non-linear portion of the plot is confirming that film diffusion
is not the rate-limiting step; some other diffusion processes are
also involved in the sorption process. In Table 5, it can be seen
that the film diffusion rate constants (K,) are greater for As(V)
sorption from aqueous medium than As(IIl). The K| values for
NOIS and red soil are higher than sand, indicating different

A t A K R? E
dsorbent ~ As ) e P 5 degrees of affinities of the sorbent for arsenic species. It may
species  (ugg’) (gug’ min’) be possible that red soil and NOIS contain iron oxides, causing
Red soil As(IlT) 16.946  0.0046 0.9999 0.317 arsenic adsorption and enhancing the uptake capacity.
As(V)  19.214  0.0206 1.0000 0.270 Initial adsorption kinetic coefficient can be deter-
Sand AS(IH) 5.720 0.0098 0.9994 0.246 mined by Adam-Bohart-Thomas equation. It can be
As(V) 7992 0.0107 09999 0282  ©expressedas[57]:
NOIS As(Il)  36.887  0.0042 0.9998 2.019 _K VvV (dC, 6
As(V)  37.613  0.0087 10000 0849 7T TewDn T T gy o0 ©)
Table 4
Parameters of the intraparticle diffusion rate constant
Adsorbent As species K, R} C, K, R} C, K, R?
Red soil As(IIT) 2.25 0.992 10.03 0.46 0.963 15.20 0.057 0.988
As(V) 4.81 0.959 6.50 0.26 0.965 18.46 0.029 0.851
Sand As(III) 0.62 0.990 2.10 0.25 0.982 5.37 0.007 0.725
As(V) 1.08 0.975 4.13 0.28 0.971 7.37 0.019 0.859
NOIS As(IIT) 5.95 0.975 28.07 0.75 0.969 35.98 0.017 0.841
As(V) 9.71 0.974 28.67 0.91 0.963 36.01 0.061 0.827
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Table 5
Adsorption kinetics and mass transfer coefficients of arsenic sorption onto studied adsorbent
Adsorbent Arsenic species K, (min™) R? Y (L pg? m™) x 103 kA, (m?s™) x 10 R?
Red soil As(III) 0.0517 0.9451 7.11 3.97 0.9377
As(V) 0.1391 0.9315 17.91 12.10 0.8948
Sand As(III) 0.0168 0.9715 2.20 1.87 0.8096
As(V) 0.0230 0.8700 3.95 3.81 0.8497
NOIS As(III) 0.0715 0.9978 12.79 6.15 0.9961
As(V) 0.1216 0.8932 31.19 10.19 0.8425
where K (L ug™ min™) is the adsorption kinetic constant The intraparticle diffusion will be the sole rate-

and vy (L ug™ m™) is the initial adsorption kinetic coefficient.
The values of the kinetic coefficient were determined using
the initial slope of the plots between solute concentration
and time and the values of the initial kinetic coefficients are
depicted in Table 5. The y values are approximately two times
higher for As(V) than As(Ill). For the As(V) sorption, maxi-
mum value 17.91 x 10°L pg™ m™ is found for NOIS whereas
minimum value 3.95 x 107 L ug™ m™is obtained for the sand.

Mathews and Weber proposed the initial estimation of
liquid film mass transfer model and that can be expressed
as [47,58]:

VE:kaS(C—CS)

5 @)

where V is the volume of arsenic spiked solution (L), k, is
the liquid film mass transfer coefficient (m* s™), C_ is the {iq—
uid-phase concentration at external sorbent surface (ug L™)
and A_is the surface area of adsorbent. Integrating Eq. (7) at
t— 0, C,— 0 gives [59]:

—ln[cl = kf 4, t
C \%

The value of k , which is known as global external trans-
port coefficient (m?s™), can be calculated from the slope of
linear plot of —In (C/C,) vs. time (t). The values of kA_for the
studied adsorbents are determined instead of k, to standard-
ize the material adsorption properties. The obtained results
are presented in Table 5.

®)

3.3.4. Richenberg model

The Richenberg model was developed to check the sorp-
tion process is based on film diffusion or intraparticle dif-
fusion mechanism and that can be written in the following
form [54,60]:

q'—(l—i)exp(Bt) )
9. a

Bt can be calculated for each value of g, as:
Bt = —0.497711{1 - %j (10)

controlling step, if linear plot of Bt vs. t passes through
the origin [61]. The non-linear plots of the kinetic data are
the evidence of intraparticle diffusion and it is not a rate-
limiting step (not shown here).

3.4. Thermodynamics evaluation of arsenic adsorption

To observe the effect of temperature on arsenic sorption
onto the red soil, sand and NOIS thermodynamics study was
conducted. The thermodynamic equilibrium constant (K)
can be evaluated from the following expression [62]:

(11)

where C, (ug L) is the equilibrium arsenic concentration
in solution and C, (ug L™) is the concentration of arsenic
adsorbed at equilibrium. The thermodynamic parameters
can be evaluated from the following equations [61-64]:

AG®=-RTInK,_ (12)

AG°® =AH°-TAS® (13)
where AG®, AH° and AS° are the Gibb’s free energy of arse-
nic sorption (k] mol™), enthalpy (k] mol™?) and entropy
(J mol™ K™) change of adsorption, respectively [61]. T is the
adsorption temperature (K) and R is the universal gas con-
stant (8.314 ] mol™ K™'). The K_may be expressed as a function
of temperature using the following expression [61]:

AH® AS°
- +

InK =
¢ RT R

(14)

The values of AH® and AS° can be evaluated from the
slop and intercept of the plot of K_vs. 1/T (Van't Hoff plot).
The Van’t Hoff plots (InK_vs. 1/T) for arsenic [As(IIl) and
As(V)] sorption onto red soil, sand and NOIS are shown in
Fig. S5. The evaluated thermodynamic parameters using
Egs. (12) and (13) are summarized in Table 6. From the Van't
Hoff plots, negative values of change in enthalpy (AH®) and
entropy (AS°) are obtained. From Table 6, it can be seen that
Gibb’s free energy of arsenic sorption (AG®) values are nega-
tive except for As(III) sorption using sand at 328 K. Negative
AG® values confirm that the adsorption process is feasible
and spontaneous in nature [62]. Increasing of AG® values
with temperature indicates that the adsorption process is
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Table 6
Evaluated thermodynamic parameters of both As(III) and As(V) sorption onto red soil, sand and NOIS
Adsorbent Temperature (K)  As(III) As(V)
AG® AH° AS° AG® AH° AS°
(k] mol™) (kJ mol™) (J mol! K1) (k] mol™) (kJ mol™) (J mol”' K™)
Red soil 283 —-4.95 -16.65 -41.35 -8.70 -33.43 -87.37
298 —-4.33 -7.39
313 -3.71 -6.08
328 -3.09 -4.77
Sand 283 -1.04 -10.09 -31.98 -3.78 -16.09 —-43.49
298 -0.56 -3.13
313 -0.08 -2.48
328 0.40 -1.82
NOIS 283 -6.15 -18.39 —-43.23 -7.53 -26.99 —-68.75
298 -5.51 -6.50
313 -4.86 -5.47
328 -4.21 —4.44
not favorable at higher temperature [65]. The negative val-  Table 7

ues of change in enthalpy (AH®) of both As(IIl) and As(V)
sorption confirm that the adsorption process is exothermic
in nature. Further negative values of entropy change (AS°) in
both cases indicate that the degree of freedom of solute mol-
ecules decreases as the adsorbate adsorbed onto the surface
of adsorbent [40,61].

3.5. Equilibrium study

Equilibrium study is important to describe the adsorption
system of adsorbents and to optimize the design adsorption
mechanism of adsorbate. Several isotherm models have been
used to describe the equilibrium characteristics of adsorp-
tion [46,66]. In this study, Langmuir [67], Freundlich [68,69],
Redlich-Peterson [70,71] and Temkin [64,72] methods were
used to interpret the obtained equilibrium values.

3.5.1. Langmuir isotherm

Langmuir developed the isotherm assuming that fixed
number of equal energetically one molecular thick site are
available for adsorption and there is no interaction between
adsorbed molecules of neighbor sites [72-74]. The isotherm
can be represented as:

e _ PG, (15)
q, 1+0bC,

where C, is the solute concentration of adsorbate at equilib-
rium (ug L), q,is the amount of adsorbate adsorbed at equi-
librium (ug g™), g, is the maximum adsorption capacity of
adsorbent, b is the Langmuir constant which is directly related
to Henry constant (K'=bq,). Eq. (15) can be rewritten as [47,50]:

cC 1 C
— = 4 £

(16)
q, bq, 4,

Langmuir isotherm parameters of various adsorbents

Adsorbent As q, b R R, Remarks
species (ugg™) (Lpg™

Red soil ~ As(Il) 21.86 0.0136 0.9906 0.27 Favorable
As(V) 4644 0.0124 0.9932 0.29 Favorable

Sand As(Il)  17.16 0.0066 0.9991 0.43 Favorable
As(V) 2381 0.0138 0.9937 0.27 Favorable

NOIS As(Ill) 155.60 0.0064 0.9670 0.44 Favorable
As(V) 24510 0.0056 0.9289 0.47 Favorable

The above model is known as type 1 Langmuir isotherm.
Plot of C/q, vs. C, gives good fit over wide concentration
ranges and represents qualitative type 1 isotherm form.

Weber and Chakravorti [58] expressed the favorable
nature and the essential characteristics of adsorption iso-
therm in terms of a dimensionless separation factor that is
defined by [61]:

R, = L
1+bC,

(17)

where b is the Langmuir constant and C is the initial adsor-
bate concentration (ug L™).The value of R, indicates the type
of isotherm which can be expressed as irreversible adsorp-
tion (R, = 0), favorable adsorption (0 < R, < 1), linear (R, = 0)
and unfavorable adsorption (R, > 1) [47].

Langmuir isotherm constants for arsenic sorption onto
different adsorbents are determined by linear regression
method by plotting C /g, vs. C, and the results are depicted
in Table 7. The result shows that the dimensionless R, values
(0.27-0.47) lie within favorable limit for each adsorbent. The
R? values of red soil and sand are above 0.99 which suggest
that the adsorption isotherm follows the Langmuir model.
R?values of NOIS are found to be 0.96 for As(IIl) and 0.92
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for As(V), respectively. Moderate values of R?indicate that
the Langmuir isotherm may not be a good model for arsenic
sorption onto NOIS.

3.5.2. Freundlich isotherm

Freundlich developed an empirical equation applicable
to adsorption onto heterogeneous surface composed of dif-
ferent classes of adsorption sites with adsorption in each class
following the Langmuir isotherm. The isotherm is defined as
follows [12,68,69]:

_ 1/n
g.=K,C! (1s)
where K, is constant related to adsorption capacity of the
adsorbent (ug'"/" L' g1) and # is the Freundlich empirical
constant depending on the heterogenic properties of adsor-
bent [47,66]. The Freundlich equation can be liberalized as
follows:

Ing, =InK, +(1/n)InC, 19)
where K, and # values can be evaluated from the linear plot
of Ing, vs. InC, if the sorption process obeys Freundlich
model. The maximum adsorption capacity (g, ) of the sorbent
can be evaluated from Halsey equation using constant initial

concentration C, and variable weight of the adsorbent. The
equation is defined as [47,75].

p— qm
KF - C(l)/n

(20)

Freundlich isotherms parameters for the experimen-
tal data of the studied adsorbent are presented in Table 8.
Higher correlation coefficient values indicate that the
Freundlich model delineates the sorption isotherm better
than the Langmuir model. The values of n varying from 1.16
to 1.77 indicate the favorable adsorption of arsenic on the
sorbent. The maximum adsorption capacity determined by
Freundlich model is found to be almost the same or lower
than the Langmuir model.

3.5.3. The Redlich—Peterson isotherm

Freundlich isotherm at high concentrations and is in accor-
dance with the low concentration limit of the Langmuir iso-
therm. The R-P isotherm is expressed as [66,71,76]:

KRCE

_ 21
1+a,CP &)

9.

where K, (L g") and «, (L pug™) are the isotherm constants
and (3 is the constant with the value lies between 0 and 1. For
B =1, the equation will perform as Langmuir and for 3 =0, it
will reduce to Henry equation.

The linear form of Eq. (21) can be written as:

ln[KRC”—lJInaR +BInC, (22)

qe
where K,, a, and B can be determined using non-linear
regression method.

The R-P equation was solved by minimizing root mean
square errors (RMSEs) and maximizing the correlation coef-
ficient (R?) between predicted data for g, and the experimen-
tal equilibrium data, using the solver add-in function in MS
excel spreadsheet. The R-P isotherm constants for arsenic
sorption are summarized in Table 9. Low RMSE value and
high correlation coefficient (R?) confirming the best fit of
experimental data in the R-P model.

3.5.4. Temkin isotherm

The Temkin isotherm is based on the following assump-
tions [66,73]:

* The heat of adsorption of all the molecules in the layer
decreases linearly with coverage due to adsorbent-
adsorbate interactions.

® The sorption is characterized by a uniform distribution
of the binding energies, up to some maximum binding
energy.

The equation of the Temkin isotherm can be written as
follows [47]:

The Redlich-Peterson (R-P) isotherm is combined form e :Eln( K,C,) (23)
of Langmuir and Freundlich isotherm. It approaches the ¢, AQ ‘
Table 8 Table 9
Freundlich parameters for arsenic removal by various Comparison of R-P isotherm parameters for arsenic sorption by
adsorbents the adsorbents
Adsorbent As K, n q, R? Adsorbent As o B K, R? RMSE
species (ug""" L' g™) (hg g™ species (L pg™ Lg"
Red soil As(IlT)  0.899 177 1782  0.9911 Redsoil ~ As(Ill) 0.0639 0.7742 0.3998 0.9971 0.0363
As(V) 1156 149 4026  0.9866 As(V) 0.0227 0.9028 0.6194 0.9902 0.0935
Sand As(IIl)  0.345 156  10.35 0.9928 Sand As(III) 0.0100 0.8172 0.1072 0.9771 0.0701
As(V) 0941 1.74  19.69  0.9924 As(V) 0.0758 0.7483 0.4529 0.9997 0.0126
NOIS As(IIl)  1.352 121 109.73  0.9981 NOIS As(Ill) 0.0815 0.5438 1.2000 0.9932 0.0499
As(V)  1.700 116 166.95  0.9994 As(V) 0.1990 0.3690 1.8640 0.9883 0.0460
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The equation can be expressed as:

ge _RTy +%lan (24)

q, AQ

where R is the universal gas constant (8.314 ] mol™ K™), T is
the absolute temperature (K), AQ is the energy transmission
during sorption of the sorbate (k] mol™) and K is the Temkin
constant (L pug™). Values of AQ and K| can be calculated from
the linear plot of g /g, vs. InC..

To plot the Temkin equation, the maximum adsorp-
tion capacity (g,) is derived from Freundlich equation. The
Temkin isotherm plots and the parameters are depicted in
Table 10. Positive adsorption energy (AQ) indicates that the
adsorption reaction is exothermic. Moderate R* values of the
studied adsorbents indicate that the Temkin model cannot
represent the equilibrium data satisfactory.

From all the results of the equilibrium study (Tables 7-10),
based on the correlation coefficient, it may be concluded that
Freundlich model is the best-fit model for the adsorption of
arsenic. However, Langmuir and R-P models are also appli-
cable for describing the equilibrium data. The isotherm mod-
els can be arranged in order of excellent fit of the equilibrium
data as: Freundlich > Redlich—Peterson > Langmuir > Temkin.
The experimental data confirm that NOIS can remove arsenic

Table 10
Temkin isotherm parameters of red soil, sand and NOIS
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to a greater extent. Based on the adsorption capacity, the
materials can be arranged in the following order: NOIS >
red soil > sand. A comparative analysis has been drawn here
to show the efficiency of the used materials. A comparative
analysis of the arsenic removal by different adsorbent is pre-
sented in Table 11.

3.6. Effect of initial arsenic concentration

The effects of initial As(Ill) and As(V) concentration on
the removal capacity of NOIS, red soil and sand are pre-
sented in Fig. 5. Results indicate that as the initial arsenic con-
centration increased the removal efficiency of the adsorbents
decreased for both As(IIT) and As(V). In case of red soil and
sand, there was appreciable decrease in removal percentage
with increase in concentration of arsenic sample. This may
be because of the fact that for the lower adsorbate concen-
tration, sufficient amounts of free sites are available which
results maximum removal of the adsorbate. Whereas for
higher adsorbate concentration, limited sites of the sorbents
remain to be occupied by the adsorbate molecules. The excess
amounts of adsorbate remain in the solution. Both As(III) and
As(V) removal efficiencies for NOIS were slightly decreased
whereas the initial arsenic concentration was increased to a
greater extent. This is because of the fact that the adsorption
capacity of the NOIS is higher; hence, many free sites are
available for arsenic adsorption. Although the arsenic con-
centration in the bulk solution was increased significantly,
vacant sites were still available for adsorption.

Adsorbents Asspecies K (ugL™") AQ (kJmol?) R?

Redsoil  As(Il) 0.1380 9.33 09850 % Conclusions
As(V) 0.1718 11.44 0.9685 In the present study, the adsorption characteristics of the

Sand As(1II) 0.0628 6.76 0.9958 low-cost adsorbent, that is, red soil, sand and NOIS for the
As(V) 0.1439 9.59 0.9851 removgl of arsenic from aqueous solutipn has been investi-

NOIS As(IIT) 0.2055 15.08 0.8736 gate.d in batch mode. XRD patterns conﬁrmed that the NOIS
As(V) 0.9587 1826 0.8467 particles were amorphous in nature, which may fac1.11.tate

better arsenic removal. All of the adsorbents were efficient
Table 11
Comparative analysis of arsenic sorption capacity of various adsorbents

S.No. Material taken Initial As concentration As sorption capacity (mg g™) Reference

1 Manganese ore - 0.53 [8]

2 Portland cement 0.2 mgL"! 3.98 [8]

3 Modified calcined bauxite 0.5mgL™! 1.37 [8]

4 Iron oxide-coated sand 100 pg L 0.136 [77]

5 Red mud 33.37 umol L! 0.663 [78]

6 Biomass of Rhizopus oryzae 100 mg L™ 0.047 [79]

7 Magnesia loaded-fly ash cenospheres 50 mg L™ - [80]

8 Haematite - 31.3 [81]

9 Magnetite - 25.6 [81]

10 Goethite - 12.5 [81]

11 Iron-coated pottery granules 150 mg L™ 1.17 [82]

12 FBBS 5mgL™" 59.7 [83]

13 Sand 250 pug L™ 0.00572 This work

14 Red soil 250 ug L™ 0.01695 This work

15 NOIS 250 ug L™ 0.0367 This work
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Fig. 5. Effect of initial arsenic concentration for the adsorption of
(a) As(Ill) and (b) As(V) onto the surface of NOIS, sand and red
soil [matrix: initial arsenic concentration =200 pg L™, volume of
the solution = 100 mL, temperature = 25°C + 1°C and pH = 6.96].

in adsorbing arsenic under acidic medium, whereas under
alkaline condition, the removal efficiency of arsenic was
rapidly decreased with increasing the pH of the solution.
Adsorption kinetics of arsenic sorption onto the adsorbents
followed Lagergren pseudo-second-order reaction model.
The arsenic sorption process consisted of two phases. Initial
rapid sorption was controlled by film diffusion whereas
comparatively slower second phase of the adsorption pro-
cess was controlled by intraparticle diffusion. The ther-
modynamic study showed that the adsorption processes
of all adsorbents were exothermic in nature. The experi-
mental equilibrium data obtained were applied to several
isotherm models. Results revealed that the Freundlich iso-
therm was the best-fit model. From the interpretation of the
equilibrium data, the isotherm models can be arranged in
the order of excellent fit as Freundlich > Redlich-Peterson >
Langmuir > Temkin. The maximum adsorption capacity (g,
was found to be highest for NOIS [109.73 ug g™ for As(III)
and 245.10 ug g™ for As(V)]. Initial arsenic concentration of
the solution affected the arsenic removal efficiency for the
studied adsorbents. Adsorbent efficiency decreased with
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increasing the arsenic concentration in the solution. The
batch studies ensured that the NOIS can be used as promis-
ing adsorbent for arsenic remediation in developing indige-
nous treatment technologies.
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Fig. S1. FTIR spectra of NOIS (a) before and (b) after adsorption of arsenic.
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Fig. S2. Test of pseudo second order reaction model for arsenic [As(II) and As(V)] adsorption onto different material.

40 40
ARG o= 0— 0= —"-0
As(ll) 2ol Vol c ol Conlbibl 4 As(V) o0 |
M X Red soil oeve'e‘e X Red soil
7 7 A Sand 07 o A Sand
= 2 Y o NOIS
S o0 | o NOIS 5 s
- b SRS S Suldlier Sl OW KX~ K= X=X —--X
o . M e ; S
i ks
A VAR A A A A
AAAAAA A A Ao A X ANAAEA
0 | | 0 & ‘ |
0 10 20 30 0 10 20 0
{172 (min1/2) (b) {112 (min”z)

(a)

Fig. S3. Plots of intraparticle diffusion for arsenic [As(Ill) and As(V)] sorption onto different adsorbent.
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Fig. S4. Plots of In(1 — F) vs. t for arsenic adsorption onto different adsorbent.
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Fig. S5. Thermodynamic study of arsenic sorption onto NOIS, sand and red soil.



