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ABSTRACT

In this study, adsorption of As(Ill) removal on iron oxide-coated quartz, iron oxide-coated
lignite sand, and iron oxide-coated silica sand were investigated. Batch studies were per-
formed to evaluate the influences of various parameters like initial pH, adsorbent dose, and
initial concentration for the removal of As(IIl). Optimum conditions for As(Ill) removal on
the three adsorbents were found to be pH 7, adsorbent dose 20g/1 of solution, and equilib-
rium time 6h. The kinetics study of As(IIl) removal have also been determined using a
pseudo-first-order, pseudo-second-order, Weber and Morris, and Elovich model. Among the
conventional models, the geexp and the gecqc values from the pseudo-second-order kinetic
model are very close to each other and followed by Weber—Morris and Elovich model for all
adsorbents. In this system, the effective diffusion coefficient (D,) value of As(IIl) is more than
the order of 107? cm?/s. This order shows in the literature that pore diffusion is the rate-lim-
iting step for all the adsorbents. Equilibrium isotherms for the adsorption of As(IIl) on all
the three adsorbents were analyzed by Langmuir, Freundlich, Redlich-Peterson (R-P), and
Temkin isotherm models using nonlinear regression technique. R-P and Freundlich isotherm
was found to be the best to represent the data for As(Ill) adsorption on all the adsorbents.
The parameters obtained in this study for different kinetic and equilibrium models of all
adsorbents are very comparable with other reported values for sand-based and other adsor-
bents.
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1. Introduction

Water is one of the prime elements responsible for
life on earth. The water contaminated with enormous
quantities of heavy metals as pollutants is being
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released by various industries because of the broad
range of applications of heavy metals among the top
chemical compounds used in many industries. Out of
many heavy metalloids, arsenic is of major concern as
an environmental pollutant due to its recalcitrant and
toxic nature [1-5]. Leaching from geological
formations is a major natural source of arsenic in
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ground water. Chronic health effects of arsenic
include, development of various skin lesions, such as
hyper pigmentation dark spots, hypo pigmentation
white spots, keratoses, corns, and small warts of the
hands and feet. Skin cancers and internal cancers
~lung, kidney, liver, and bladder can appear due to
high arsenic exposure [1-4,6]. Humans may be
exposed to arsenic mainly through food and water,
particularly in certain areas, where the groundwater is
in contact with arsenic-containing mineral [1-2,5-7].
Studies have reported that people exposed to high
levels of arsenic are having severe health problems in
many countries like Argentina, India, Pakistan, Mex-
ico, Germany, Bangladesh, USA, Canada, America,
Hungary, Nepal, Myanmar, Cambodia, etc [6-8].

From the Priority List of Hazardous Substances
Comprehensive Environmental Response, and Com-
pensation and Liability Act [9], arsenic is ranked first
among 275 substances identified to pose the most sig-
nificant potential threat to human health. Arsenic is
also classified as a hazardous substance in the Envi-
ronmental Protection Agency list of priority pollu-
tants. Considering the lethal impact of arsenic on
human health, environmental authorities have taken a
more stringent attitude towards the presence of
arsenic in water. The World Health Organisation and
the United States (USEPA) has set a standard of
10pg/1 [1,10,11]. Australia, Japan, and Canada have
recommended a maximum contaminated level of
arsenic in drinking water as 7, 10, and 25 pug/1, respec-
tively [10,12]. However, for India, Bangladesh, Tai-
wan, and Vietnam, this limit is still as high as 50 pug/1
[13]. In India, many districts of West Bengal are facing
the problem of arsenic contamination of groundwater.

Various physico-chemical methods for the treat-
ment of arsenic contamination have been investigated.
These include adsorption [1-7], biodegradation
[14-17], and biosorption [14]. Recently, few research-
ers have reported that the iron oxide-coated sand
(IOCS) [1-4,18-20] has very good arsenic removal
capacity. In these investigations, a wide range of
adsorbent doses have been taken and effects of pro-
cess parameters (pH, temperature and agitation peri-
ods) on the removal of arsenic by IOCS and iron
oxide-coated quartz sand (IOCQS) have been
reported.

Some work has also reported on the Fe- and Mn-
impregnated granulated activated charcoal (GAC-Fe)
and the comparable removal of arsenic from water
[6,21-26]. Though adsorption of arsenic on iron-coated
different sand has been studied by many workers
[1-4,18,26], the information available on analysis of
kinetics and equilibrium parameters are limited and
more testing is necessary. There is a need to study the

3179

kinetics and equilibrium parameters of iron-oxide
coated with different sands for arsenic removal to
achieve the permissible concentration in drinking
water. However, there is hardly any reported work on
the kinetics and equilibrium studies on As(III)
removal from contaminated water by IOCQS, iron
oxide-coated lignite sand (IOCLS) and iron oxide-
coated silica sand (IOCSS). The objectives of this work
are to study the feasibility of IOCQS, IOCLS, and
IOCSS as adsorbent for arsenic removal from contami-
nated water. The effects of initial As(III) concentration,
the kinetics, and equilibrium isotherm studies for the
removal of arsenic from the contaminated water in the
presence of IOCQS, IOCLS, and IOCSS have also been
undertaken. The kinetics and isotherms parameters
obtained in this study can also be compared to pro-
vide an economical adsorbent for feasible solution to
the arsenic-contaminated drinking water problem with
other reported adsorbent systems.

2. Models

To understand adsorption phenomena under equi-
librium as well as at equilibrium, two types of models
are normally developed on the basis of agitation
period (kinetics modeling) as well as initial arsenic
concentration (equilibrium modeling) as stated below:

2.1. Kinetics modeling

Different kinetic models, such as pseudo-first-order
model, pseudo-second-order model, Weber and Mor-
ris model, Elovich model, etc. are normally used to
describe the nonequilibrium stage of adsorption [27].
In brief, the original forms of these models and the
linear forms of these models are described as follows:

2.1.1. Pseudo-first-order model

Lagergren [28] showed that the rate of adsorption
of pollutants on the adsorbent follows a pseudo-first-
order model.

k
log(qe — q:) = log e — 57>t (1)

where g. and g; are the sorption capacity (mg/g) of
adsorbent at equilibrium and at time ¢ (min), respec-
tively, and k¢ is the pseudo-first-order sorption rate
constant (s ).
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2.1.2. Pseudo-second-order model

Ho and McKay [29] proposed the pseudo-second-
order kinetic model for the sorption process as
described below:

t 1 1
kg(qe—qt)2 or — + —t (2)

dq: _ _ 1.1
g ksq2 = qe

dar

where ks is the pseudo-second-order sorption rate
constant (g/mgs); at t — 0, ksqe2 represents the rate of
adsorption and hence, it is termed as initial sorption
rate, i (mg/gs).

2.1.3. Weber and Morris model

Weber and Morris [30] described the intraparticle
uptake of the sorption process to be proportional to
the half-power of time:

qt = kidtl/z + C (3)

where k;q is intraparticle diffusion rate constant (mg/
g/s'/?) and C (mg/g) is a constant that gives idea
about the thickness of the boundary layer, i.e. larger
the value of C, the greater is the boundary-layer
effect.

2.1.4. Elovich model

Elovich model [31] describes the chemisorption
phenomena in which desorption is negligible. In this
model, the rate of adsorption decreases due to the
increase in the surface coverage of adsorbent with
time as in the following statement:

dg;
o = xexp(—fa) @)

where « is the initial sorption rate constant
(mgg 'min"") and B is the desorption constant
(g/mg). Chien and Clayton [32] simplified the
equation assuming «fit > 1 and applying the boundary
conditions, =0 to t=t, and 4;=0 to q;=g; as:

qe = In(af)/f +1In(t)/p (5)

2.2. Equilibrium modeling

Adsorption isotherm indicates the relationship
between equilibrium adsorption capacity and equilib-
rium concentration. The overall adsorption process
can be modeled by monocomponent and multicompo-
nent isotherms. Commonly used monocomponent
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isotherm models are Langmuir, Freundlich, and
Temkin isotherms and for multicomponent isotherms,
Redlich-Peterson (R-P) was used. Various isotherm
equations like those of Freundlich, Langmuir, and R-P
have been used to describe the equilibrium character-
istics of adsorption.

The Freundlich isotherm [33] is derived by
assuming a heterogeneous surface with a nonuniform
distribution of heat of adsorption over the surface.
Whereas, in the Langmuir theory [34], the basic
assumption is that the sorption takes place at specific
homogeneous sites within the adsorbent.

The R-P isotherm [35] can be described as follows:

KrCe

qe - 1 +ﬂch

or ln<KR%—l>zlnaR+ﬁlnCe (6)

where Ky is R-P isotherm constant (1/g), ag is R-P iso-
therm constant (1/mg) and f is the exponent which
lies between 0 and 1, C. is the equilibrium liquid-
phase concentration (mg/L).

For high concentrations, Eq. (6)
Freundlich isotherm

reduces to

Je=KiCY/" or Ing. = InKg + nlnC, (7)

where Kp = Kr/ar is the Freundlich constant (1/mg),
and (1/n) = (1 — p) is the heterogeneity factor.
For =1, Eq. (6) reduces to Langmuir equation, i.e.

_ quL Ce Ce Ce 1

TTIiKC T e T Kida ®)

where K; (=ar) is the Langmuir adsorption constant
(1/mg) related to the energy of adsorption and g,
(=Kr/ag) signifies adsorption capacity (mg/g).

Another equation used in the analysis of isotherms
was proposed Temkin isotherm [36]. Temkin isotherm
contains a factor that explicitly takes into account,
adsorbing species—adsorbate interactions. This iso-
therm assumes that (i) the heat of adsorption of all
the molecules in the layer decreases linearly with cov-
erage due to adsorbate-adsorbate interactions, and (ii)
adsorption is characterized by a uniform distribution
of binding energies up to some maximum binding
energy [36,37]. Temkin isotherm is represented by
following equation:

ge = ﬂ In(KrC,)

b or g.=B;InKr+B;InC, 9)

where B| = %, Kr is the equilibrium binding constant
(I/mol) corresponding to the maximum binding
energy and constant B; is related to the heat of
adsorption.
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To find out the kinetic parameters and isotherm
constants, the original forms of kinetic and isotherm
equations are converted to linear forms as described
previously. The slope and intercepts of derived linear
forms of the kinetic and isotherm equations are used
to determine the isotherm constants. For each system
kinetic and isotherm, all the experimental data were
used. The kinetic parameters, isotherm constants, and
the correlation coefficient, R?, are determined by using
the solver add-in function of the MS Excel for the fit-
ting of the experimental data.

2.3. Error analysis

In this study, nonlinear error functions were exam-
ined. In each case, a set of parameters were deter-
mined by minimizing the respective error function
across the concentration range.

The sum of the squares of the errors (SSE) is
given as:

SSE = > (fecat —Geexp);

i=1

(10)

3. Materials and methods
3.1. Chemicals

All the chemicals used in the study were of analyt-
ical-reagent grade. A solution of As(Ill) was prepared
in double-distilled water by dissolving 0.1734g of
sodium arsenite (NaAsO,) in 1,000ml volumetric
flask. Standard acid and base solutions (0.5M H,SO,
and 1M NaOH) were used for pH adjustments. In
arsenic adsorption process, the pH of the solution
increases with time, thus, after every 2h of agitation,
the solution pH was measured and adjusted with
0.5M H,S0,.

3.2. Preparation of adsorbents

Three adsorbents IOCQS, IOCLS, and IOCSS were
used in this study. These adsorbents were prepared
using the procedure adopted in our previous study
[1,2]. The quartz, lignite, and silica sand used in this
study were obtained from local quarry from the bank
of river Yamuna from mining area near Shankargarh,
Allahabad (India). In order to remove any fines
attached to these particles and leachable matter, this
was further washed several times with distilled water.
The quartz, lignite, and silica sand were considered fit
for use only when the distilled water obtained after
washing them was evidently clear. After this, these
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were dried in an oven at 103-110°C. The quartz, lig-
nite, and silica sand were then sieved to the geometric
mean (GM) sizes of 547.72, 547.72, and 547.72 pm by
standard sieves. GM size of particles is equal to
(d1d)°°, where d; and d, are the sieve openings in
mm for particles retained and particles passed, respec-
tively. These sands were acid-soaked in 1.0M HCI
solution for 24h to remove the foreign substance and
dust followed by rinsing with distilled water. The
sand was oven-dried later at 103°C. Dried sand was
stored in PVC cans for further processing to oxide-
coated quartz, lignite, and silica sand.

The iron-coated sands were prepared by mixing
50g ferric nitrate (Fe (NO3);:9H,O) and 150ml dis-
tilled water in iron bowl for 10 min using a glass rod
and until all ferric nitrates were dissolved. About
250g quartz sand was poured in the bowl and the
total mixture was again mixed for about 20 min with
the glass rod. The total mixture was heated until dry
with frequent mixing of sand with solution. The
coated sands were cooled at room temperature and
washed with tap water until the supernatant was
clear. The washed coated sands were then dried in an
oven at 103+2°C. The coated sands were cooled and
stored in plastic jars for further use.

3.3. Analytical procedures

The concentrations of As(Ill) present in the solution
were measured by a spectrophotometer (model Gene-
sys-20), Thermo Spectronic (USA). The maximum wave-
length for arsenic was determined to be 865nm. The
calibration curves were then prepared by reading absor-
bance at the maximum wavelength against the known
amount of the As(Ill) present in the solution. The pH
values of the aqueous solution of arsenic were
monitored by a digital pH meter (model 420A +, Thermo
Orion, USA).

3.4. Batch experimental programmer and kinetics and
equilibrium study

In order to understand the adsorption pattern of
the adsorbate on the IOCQS, IOCLS, and IOCSS, the
effects of various operating parameters like pH,
As(IIl) initial concentration, and adsorbent dose was
performed in 300 ml biological oxygen demand (BOD)
bottles with various concentrations of arsenic. For
each batch experiment with all three coated sands,
one of the following parameters was varied while the
others were kept constant: pH, temperature, arsenic
concentration, and adsorbent dose. For each experi-
ment, 100ml of the aqueous solution of known As(III)
concentration, pH, and a known amount of the
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adsorbents were taken in a 300ml Stoppard BOD bot-
tles. This mixture was agitated at a temperature of 30°
C in rotary shaker at constant speed of (40+1) rpm. A
small amount of the sample was withdrawn with time
and was filtered through Whatman filter paper No. 42
(pore size 2.5um) and analyzed for arsenic concentra-
tion by spectrophotometer.

To study the effect of initial pH (4-11) of all three
adsorbents on As(Ill) uptake, the experiments were
performed with initial arsenic concentrations of
500 pg/l and adsorbent dose of 20g/1 at a fixed contact
time of 6h. Isotherm studies were conducted with
varying initial As(Ill) concentrations (300-2,100 pg/1) at
fixed adsorbents dose of 20 g/l and varying adsorbents
dose (5-35mg/1) at fixed As(Ill) concentration 500 pg/
1, and contact time of 6h at pH 7.0. The effect of con-
tact time was studied with an initial As(IIl) concentra-
tion of 500 pg/l and adsorbent dose of 20g/l; pH was
kept at 7.0 and contact time was varied from 0 to
450min. The effect of adsorbent dose was studied by
varying the dose from 5 to 35g/l at a fixed pH of 7.0
with an initial As(Ill) concentration of 500 pg/l and
contact time of 6 h.

4. Results and discussion
4.1. Effect of pH

The pH of the solution affects the surface charge
of the adsorbents, as well as the degree of ionization
and speciation of different pollutants [38]. Change in
pH affects the adsorptive process through dissociation
of functional groups on the adsorbent surface-active
sites. This subsequently leads to a shift in reaction
kinetics and equilibrium characteristics of adsorption
process. Adsorption of various anionic and cationic
species on such adsorbents has been explained on the
basis of the competitive adsorption of H" and OH™
ions with the adsorbates [39]. It is a common observa-
tion that the surface adsorbs anions favorably at lower
pH due to the presence of H' ions, whereas, the sur-
face is active for the adsorption of cations at higher
pH due to the deposition of OH™ ions [40].

The effect of variation of the initial solution pH
(3-10) on the adsorption of As(IIl) is illustrated in
Fig. 1. The data in Fig. 1 reveal that the removal
efficiency of As(Ill) increases with an increase in pH
from 4 to 7 and remains almost constant on further
increase in pH up to 9 for IOCQS, IOCLS, and IOCSS
adsorbents but the removal efficiency drastically
decreases with further increase in pH above 7, in case
of IOCLS. The maximum 96% removal of As(Ill) was
observed between pH range 6-7 for all the three
adsorbents. The oxides of alumina, calcium, and silica
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Fig. 1. Effect of pH on the removal of As(Ill). T: 30°C;
t: 6h; C,: 500pg/L; I0CQS, IOCLS, and IOCSS dosage:
20g/1; rpm: (40 +1).

present in IOCQS, IOCLS, and IOCSS develop charge
on contact with water. Except silica, all other oxides
possess positive charge in the pH range of interest
because zero-point charges of SiO,, Al,O; and CaO
are 2.2, 8.3, and 11.0, respectively. In the solution, Fe3*
exists as positively charged species, such as Fe(OH),"
and Fe(OH)** and as neutral species like Fe(OH).
With an increase in the value of pH, the relative
amounts of positively charged species decrease and
the relative amount of neutral species increase. At pH
5.8+0.2, both Fe(OH)," and Fe(OH)*" coexist. How-
ever, the relative amount of Fe(OH)?** is more than
that of Fe(OH),". At pH 8 and 12, the predominating
species are Fe(OH)," and Fe(OH);, respectively [6].
The positively charged hydroxides of iron can be
chemisorbed on the negatively charged sites on
I0CQS, 10CSS, and IOCLS surfaces created by the
oxides present in the sand. We can see from the figure
that a similar behavior of As(Ill) removal was
observed for IOCQS and IOCSS, but a different pat-
tern was observed in the case of IOCLS. Similar
results have also been reported [18] using iron oxide-
coated sand: removal of As(Il) and As(IV) was

100

80 —e— 10CQS
—&— IOCLS
—&— 10CSS
£ 60+
£
U
&
® 40
20 -
0 5 10 15 20 25 30 35 40

Adsorbent dosage (g/1)

Fig. 2. Effect of adsorbent dose on the removal of As(III).
pH: 7.0; T: 30°C; t: 6 h; C,: 500 pg/1; rpm: (40 +1).
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greater than 95% in the pH range 5-7.6 after 6h of
contact time with an initial arsenic concentration of
100 pg/l. Maximum As(IIl) uptake was observed at pH
7.5, and hence, all further experiments were carried
out at pH of 7.5.

100

——10CQS
—m— IOCLS
—e— 10CSS

95 -

90 4

% Removal

85

804

75

0.6 0.8 1 12 14

Initial concentration (mg/l)

0.4 L6

Fig. 3. Effect of initial As(III) concentrations on removal of
As(Il). pH: 7.0; T: 30°C; t: 6h; IOCQS, IOCLS, and IOCSS
dosage: 20g/1; rpm: (40 +1).
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4.2. Effect of adsorbent dosage (m)

The effect of m on the uptake of As(IIl) on IOCQS,
IOCSS, and IOCLS was studied and is shown in
Fig. 2. This figure reveals that the removal of As(III)
increases very rapidly with an increase in adsorbent
dosage from 5 to 20g/l and then, it remains almost
constant. The removal of As(Ill) at adsorbent dosage
larger than 20g/l remains almost unchanged. At
20g/1 As(IIl), a percentage removal of above 95% for
all three adsorbents was observed. The increase in the
efficiency of removal may be attributed to the fact that
with an increase in the adsorbent dose, more adsor-
bent surface is available for the solute to be adsorbed.
Same trend was also observed by Gupta et al. for the
adsorption of As(IIl) from aqueous solutions by iron-
oxide-coated sand [18]. At m<20g/l, the adsorbent
surface becomes saturated with As(IIl) and the resid-
ual concentration in the solution is large. With
increase in m, the As(III) removal increases due to
increased As(IIl) uptake by the increased amount of
adsorbent. At m>20g/l, the increment in As(III)
removal becomes very low as the surface As(Ill) con-
centration and the solution As(IIl) concentration come
to equilibrium with each other. It can been seen that
the As(Ill) removal becomes almost constant at

Kinetic parameters of various kinetic models for removal of As(Ill) by three adsorbents (IOCQS, IOCLS, and IOCSS)

Table 1

Model qe,exp qe,cal
10CQS

Pseudo-first-order 0.02449 0.00585
Pseudo-second-order 0.02449 0.02522
Weber and Morris model - -
Elovich model - -
IOCLS

Pseudo-first-order 0.0244 0.00455
Pseudo-second-order 0.0244 0.09621
Weber and Morris model - -
Elovich model - -
IOCSS

Pseudo-first-order 0.0242 0.00853
Pseudo-second-order 0.0242 0.02521

Weber and Morris model - -

Elovich model - -

Kinetics parameters R? Error, SSE
k¢ (min~"): 0.0062 0.9628 247 x 103
ke (min™"): 2.3111 0.9982 2.15%x10°°
kia (mgg ™" min~'/?): 0.00028 0.9887 3.635x 107
C (mgg"): 0.0187

% (mgg ' min~'/?): 13.2941 0.9496 1.591 x 10°°
B (gmg"): 625

k¢ (min™"): 0.00299 0.9524 2.85x10°
ks (min™Y): 2.0616 0.9912 3.02x107°
kia (mgg~" min~'/?): 0.00027 0.9568 1.35x107°
C (mgg ":0.0184

o (mgg ' min '/?): 23.67 0.9038 2.982x10°°
B (gmg): 666.67

k¢ (min™): 0.00875 0.8803 1.74x 1073
ke (min~'): 1.8752 0.9942 291 x10°°
kia (mgg ™" min~'/?): 0.00033 0.96005 1.92x10°°
C (mgg"): 0.0174

« (mg g~ min~"/?): 2.4649 0.90315 4549 x10°°

B (gmg"): 555.56

Note: —, not applicable.
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m=20g/l. Optimum IOCQS, IOCLS, and IOCSS doses
were found to be 20g of each adsorbent per litre of
As(IIl) solution. Here, optimum adsorbent dose of all
three adsorbents are approximately the same. This
may be one reason for very little difference between
the As(Il) uptake by all the three adsorbents.

4.3. Effect of initial arsenic concentration (C,)

The effect of C, on the removal of As(Ill) by the
adsorbents at optimum dosage of each adsorbent is
shown in Fig. 3. From the figure, it is evident that the
As(IIT) removal decreased with the increase in C,,
although the actual amount of As(Ill) adsorbed per
unit mass of adsorbent increased with the increase in
C,. Fig. 3 reveals that removal efficiency is higher
(96%) with a lower initial As(Ill) concentration
(0.2mg/1); a gradual decrease in As(Ill) uptake was
observed at higher initial concentrations of As(IID).
The pattern of all the three adsorbents is the same.
The maximum removal efficiencies at higher As(III)
concentration of 1.4mg/l are 85, 83.5, and 81% for of
I0CQS, IOCLS, and IOCSS sand, respectively. The
reason for the decrease in As(III) adsorption efficiency
at higher initial concentrations may be that the adsor-
bent sites eventually become saturated with adsorbed
arsenic and at this point, further addition of arsenic to
the solution would not be expected to increase the
amount adsorbed significantly [18].

4.4. Adsorption kinetic study

Normally, four types of kinetic models, such as
pseudo-first-order, pseudo-second-order, Weber and
Morris, and Elovich model, etc. are used to describe
the nonequilibrium stage of adsorption. The details of
general equation and linear form of these models are
described in Section 2.1. To estimate the kinetic
parameters associated with different kinetic models
are reported in Table 1 and specific uptake of As(III)
on IOCQS, IOCLS, and IOCSS with agitation time is
plotted in Fig 4.

The values of adsorption rate constant (kg for As
(II) adsorption on I0CQS, IOCLS, and IOCSS were
determined from the plot of log(q. — q:) against ¢ (not
shown). These ki values (k;=4.33x10 ®min~' for
I0CQS, 0.00299min~" for IOCLS, and 0.00691 min ™"
for IOCSS) (Table 1) and geexp and gecar Of the three
adsorbents are very different. This shows that the
pseudo-first-order is not fitted well for As(IIl) removal.
In the present work, k¢ values of all adsorbents are
within range of reported values of 4.22 x 10 > min "
for the adsorption of As(Il) on GAC-Fe [6].
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Fig. 4(a) shows the plot of t/g; vs. t. The equilib-
rium adsorption capacity, 4. is obtained from the
slope of the plot. Since g. is known from the slope,
the pseudo-second-order constant k, can be calculated
from Fig. 4(a) and listed in Table 2. The g c\p and the
Jecalc Values along with calculated correlation coeffi-
cients for the pseudo-first-order model and pseudo-
second-order models are shown in Table 2. The geexp

(a)20000
15000
£ ——10CQS
m = I0CLS
£ 10000 —e—10CSS
E
e
=
50001
0

0 50 100 150 200 250 300 350 400 450 500

t (min)
(b)0.026
* 10CQS
= JOCLS
0.024 —_— ®
& JOCSS
—— Weber and Morris model
c) x
g 0.0221
5]
0.02
0.018 T y T T
4 8 12 16 20 24
2 (min)!2
(c) 0.026
¢ 10CQS
* 10CLS oo
0.024+
® 10CSS
o0 — Elovich model
)
E 0.0224
S
0.02+
0.018 T T T T T -
3 35 4 4.5 5 55 6 6.5

In(t)

Fig. 4. Kinetic analysis by (a) Pseudo-second-order kinetic
(b) Weber and Morris intraparticle diffusion (c) Elovich
model plots for the removal of As(Il) by various
adsorbents (pH: 7.0; T: 30°C; C,: 500 pg/1; IOCQS, IOCLS,
and IOCSS dosage: 20g/1); rpm: (40 +1).
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and the gecac values from the pseudo-second-order
kinetic model are very close to each other. The calcu-
lated correlation coefficients are also closer to each
other for pseudo-second-order kinetics than that for
the pseudo-first-order kinetic model. Therefore, the
sorption can be approximated more appropriately by
the pseudo-second-order kinetic model than the
pseudo-first-order kinetic model for all the three
adsorbents. Mondal et al. [6] reported a k, value of
0.0602 and 0.1383 g/mg/s for the adsorption of As(III)
and As(V) on GAC-Fe, respectively. Due to difference
in the nature of the adsorbents used in this work, a
direct comparison of the values of k. is not possible
with the reported values.

Fig. 4(b) presents a plot of g, vs. t'/? for all the
three adsorbents. The value of C (Table 1) gives an

Table 2
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idea about the thickness of the boundary layer, i.e. the
larger the intercept, the greater is the boundary-layer
effect [41]. The values of k;qy and C as obtained from
the plots are listed in Table 2. The deviation of the
straight lines from the origin may be due to the differ-
ence in the rate of mass transfer during the initial and
final stages of adsorption. The figure reveals that the
plots g; vs. t'/2 exhibit the linearity of all the three
adsorbents, which indicates that only pore diffusion
controls the adsorption model for As(Ill) removal. The
slope of the Weber and Morris plots g, vs. t'/? are
defined as a rate parameter characteristic of the rate
of adsorption in the region where intraparticle
diffusion is rate-controlling. The more straight line
portion is attributed to diffusion due to intraparticle
macropore diffusion. This figure also reveals that

Isotherm parameters and error analysis for removal of As(IIl) by three adsorbents (IOCQS, IOCLS, and IOCSS)

Model At different doses At different As(II) concentration
Kinetics parameters R? Error, SSE Kinetics parameters R? Error, SSE

10CQS

Langmuir Gm (mgg™: 0.1348 0.9633 4.89x10°* Im (mgg™"): 0.2283 0.9821 1.75x10*
Kp (lmg™"): 12.685 K (Ilmg™"): 1.7837

Freundlich K¢ Img ™ "): 0.65004 09815  209x10*  K;(mg "):0.1803 0.9825  2.58x10*
n: 1.2084 n: 1.4698

R-P Kg (1g™"): 455.05 09757  4.12x10°* Kg (g™"): 1.4559 0.9834 1.97 x10°*
ag (lmg'): 981.016 ag (lmg"): 6.9729
Pz 0.2951 Pz 0.349552

Temkin B, (mgg "): 0.0357 09494  364x10*  B; (mgg '): 0.0298 09162  7.15x10*
Kr (lmg™"): 100.77 Kr (lmg™"): 39.0877

I0CLS

Langmuir Gm (mgg H: 0.0449 0.9441 4.49 x 10° gm (mggH: 0.2102 0.9841 1.89 x10°*
Kp Img™"): 10.8361 Ky Img™"): 9.1247

Freundlich K¢ (Img™"): 0.05871 0.9439 451x107° K¢ Img™"): 0.492499 0.9845 1.74x107*
n: 2.3568 n: 1.467

R-P Kg (1g™"): 1.3161 0.9456 438x10°° Kg (1g™"): 19.8541 0.9846 1.74x10°*
ag (lmg"): 23.357 ag (lmg"): 40.4437
Bz 0.680171 P 0.3422

Temkin B; (mgg"): 0.0104 09464  431x10°° B; (mgg "): 0.0325 0.9601 445x10°*
Kr (lmg™"): 92.3005 Kr (Ilmg ™ ): 169.7125

10CSS

Langmuir Gm (mgg ) 0.1225 0.9789 8.07 x 107> Gm (mgg™: 0.2212 0.981 2.03x10°*
K (lmg™"): 5.5396 Ky (Img™"): 2.7945

Freundlich K¢ Img™"): 0.2019 09849  562x10°  K;(Img "):0.246 0.9861 1.99x107*
n: 1.4585 n: 1.4468

R-P Kg (1g™"): 185.0036 09849  562x10°  Kg (g '): 14.3689 0.9849  243x10°*
ag (Img"): 915.54 ag (Img"): 59.834
1z 0.3151 Pz 0.3459

Temkin isotherm B; (mgg '): 0.0224 0.9692 1.14x10°* B; (mgg'): 0.0325 0.9412 6.07 x 10~*

Kr (lmg™"): 74.7499

Kr (lmg™"): 58.2748
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micropore diffusion is not applicable, it may be one of
the reasons that the size of the micropores of all the
three adsorbents is less than the average size of As
(III) (48nm) [6]. The values of of rate parameters (kig
and C) of the three adsorbents as given in Table 1
show that k;q values of all adsorbents are same but
there are minute differences in their C values. Mondal
et al. [6] reported kig values, 7.74 x 1074, 3.87x 1074
and 7.74 x 10~* and C values, 0.031, 0.017, and 0.31 for
As(II), As(V), and As(T), respectively. These values
are very similar to the values reported in Table 1 in
this study. They show that the Weber-Morris model
shows better representation of the data than the
pseudo-first-order kinetic model.

The Elovich model, an empirical chemisorption
model, was originally developed to describe the kinet-
ics of heterogeneous chemisorption of gases on a solid
surface. The Elovich model has been used to describe
the kinetics of sorption and desorption of various
inorganic materials on many sorbents [42,43]. Elovich
plot of g; vs. In(t) for all the three adsorbents could
indicate a changeover from one type of binding site to
another type of site having different reaction kinetics
[32,44]. In this work, a two-stage Elovich plot can be
observed. The first relatively steeper stage of all adsor-
bents indicates a fast adsorption reaction that takes
place on the outer layer and readily available sites,
and the second almost small horizontal stage could
involve the inner layer of not-readily available sites,
such as adsorption sites located in the micropores.
The value of f as compared with o is very high.
Therefore, as per Elovich equation, the slope of curve
is less and observed wider range for the first stage.
The wider range of the first stage is attributed to the
diffusion due to intraparticle macropore diffusion and
this statement is also supported by Weber and Morris
model for intraparticle diffusion model. Fig. 4(c) sum-
marizes the experimental data along with model pre-
dictions using the Elovich model. The agreement
between the experimental data-set and the model-fit-
ting curves is indicated by high coefficients of deter-
mination for the Weber and Morris model (illustrated
in Fig. 4(b) and (c)). It indicates that the Weber and
Morris model has good model applicability for the
experimental data, which can be utilized to explain
the overall kinetics of As(IIl) adsorption on all the
three adsorbents.

4.5. Adsorption equilibrium study

To optimize the design of an adsorption system
for the removal of adsorption of adsorbates, it is
important to establish the most appropriate correlation
for the equilibrium curves. Various isotherm equations
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have been used to describe the equilibrium nature of
adsorption. Most of researchers have used Freundlich
[33] and Langmuir isotherms [35] to represent
equilibrium adsorption data using iron-coated sands-
arsenic contaminants systems [3,18]. But these equa-
tions have serious limitations on their usage, the most
popular Freundlich isotherm is suitable for highly het-
erogeneous surfaces, however, it is valid for adsorp-
tion data over a restricted range of concentrations. For
highly heterogeneous surfaces and extremely low con-
centrations, Henry’s law is valid. However, Freundlich
equation does not approach Henry’s law at vanishing
concentrations. The Langmuir equation although fol-
lows Henery’s law at vanishing concentrations, is
valid for homogeneous surfaces. Thus, both these iso-
therm equations may not be suitable for As(III)
adsorption on activated carbons and for the whole
range of concentrations used in the study. Temkin iso-
therm contains a factor that explicitly takes into
account the interactions between adsorbing species
and the adsorbate. This isotherm assumes that (i) the
heat of adsorption of all the molecules in the layer
decreases linearly with coverage due to adsorbate—
adsorbate interactions, and (ii) adsorption is character-
ized by a uniform distribution of binding energies, up
to some maximum binding energy [36,37]. The R-P
equation [35], a three-parameter equation, is often
used to represent solute adsorption data on heteroge-
neous surfaces. These equations get reduced to
Henry’s equation at very low concentrations. Due to
experimental limitations, we could not obtain adsorp-
tion equilibrium data at very low concentrations. In
this study, we tried to use the four isotherm equations
given by Langmuir, Freundlich, R-P, and Temkin to
fit the experimental data for As(IIl) on adsorbents
I0CQS, IOCLS, and IOCSS. However, to find out the
isotherm constants of Langmuir, Freundlich, R-P, and
Temkin isotherms, the original forms of these iso-
therms are converted to linear forms as described in
Section 2.2. The slope and intercepts of these derived
linear forms of the isotherms are used to determine
the isotherm constants.

To determine the equilibrium parameters for the
adsorption of As(Ill) on three-adsorbent surface at
different doses, experimental data were used to fit
different adsorption isotherms as reported in the
Figs. 5 and 6 at different dosages and at different As
(I) concentrations, respectively. Parameters calcu-
lated for different isotherms for all As(Ill)-adsorbent
systems are tabulated in Table 2 for different dosages
and at different As(IIl) concentrations, respectively.
The reported values in this study are very compara-
ble with the reported values in other studies [18]. By
comparing the results of the values for the error
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function and correlation coefficients (Table 2), similar
“best-fit” results for As(Ill) adsorption on IOCQS,
IOCLS, and IOCSS are obtained. Figs. 5 and 6 show
the comparative fit of different isotherms with the
equilibrium data plotted as g. vs. C. of the three
adsorbents at different initial As(III) concentrations
and at different dosage of adsorbents, respectively. It
is clear from Figs. 5 and 6 that among the conven-
tional isotherms, the Freundlich isotherm provides

(@) oa
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""" Langmuir *
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&
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0 T T T T T
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0037  ----- Redlich-Peterson — =
Temkin =
C)
H
= 0.02
&
*
>
0.01
0 T T T T T T
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———— Freundlich *
0.06+4  -.—.- Redlich-Peterson
—— Temkin
=
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0.02+
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Fig. 5. Langmuir Freundlich, R-P and Temkin isotherm
analysis on (a) IOCQS (b) IOCLS (c) IOCSS at different
dose for the removal of As(Il) (pH: 7.0; T: 30°C; C,:
500 pg/1; IOCQS, TIOCLS, and IOCSS dosage: 5-35g/1);
rpm: (40£1).
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the best prediction of specific uptake followed by
R-P, Langmuir, and Temkin for As(IIl) investigated.
Due to the aforementioned fact, Freundlich isotherm
provides better prediction for the specific uptake of
As(ID) for all the three adsorbents. Recently, Freund-
lich isotherm has also been found to be more suit-
able to explain the adsorption equilibrium for the
adsorption of arsenic species on GAC-Fe [6] and
10CS [18].

(@) o1
¢  Experimental .
~~~~~~~ Langmuir 2
0.08 N e
- ——- Freundlich s
—-—-- Redlich-Peterson _
Temkin
~ 0.06
L0
)
£
S 0.04
0.02
0 T T
0 0.25 0.3 0.35
(b) 0.12
¢  Experimental
Langmuir
0.09 - Freundlich
—-—- Redlich-Peterson
Temkin
i
£ 0.061
&
0.03 4 *
*
0 T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12
C, (mg/l)
¢) 0.1
© -
¢  Experimental .
Langmuir >
0.08 -——- Freundlich
—-—- Redlich-Peterson
Temkin
o) 0.06
)
g
S 0.04
0.02
0 T T T T
0 0.05 0.1 0.15 0.2 0.25

C. (mg/l)

Fig. 6. Langmuir Freundlich, R-P and Temkin isotherm
analysis on (a) IOCQS (b) IOCLS (c) IOCSS at different
initial As(III) concentration for the removal of As(IIl) (pH:
7.0; T: 30°C; C,: 300-2,100 pg/1; IOCQS, IOCLS, and 10CSS
dosage: 20g/1); rpm: (40+1).
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4.6. Determination of diffusivity

Kinetic data could be treated by models given by
Boyd et al. [45] which is valid under the experimental
conditions used. With diffusion rate controlling in the
adsorption particles of spherical shape, the diffusion
coefficients for As(Ill) of all the three adsorbents have
been computed from Vermeulen’'s approximation [46]
which fits the whole range, 0 <F(t) <1, for adsorption
on spherical particles.

o [r-er (5]

This equation could further be simplified to cover
most of the data points for calculating effective parti-
cle diffusivity.

(11)

1 } _ 7 D,t (12)

i {a “PE)| T R

where F(t) = g;/9. is the fractional attainment of equi-
librium at time t, D, is the effective diffusion coeffi-
cient of adsorbates in the adsorbent phase (m?/s), R,
is radius of the adsorbent particle assumed to be
spherical (m). Thus, the slope of the plot of
In[1/(1 — F2(t))] vs. t would give D, The value of D, is
7.725x107°, 1241x107°, and 8366 x 10~ cm?/s,
respectively for As(Ill) adsorption on I0CQS, IOCLS,
and IOCSS. According to Michelson et al. [47], if film
diffusion is the rate-limiting step, the value of D,
should be between 107° and 10 ®cm?/s, but on the
other hand, if the pore diffusion is in the rate-limiting
step, the D, value should be above 10~?cm?/s for
heavy metals [47]. In this study, for As(III), the D, val-
ues of all three adsorbent is above than 10~°cm?/s.
Therefore, it seems that in this case, pore diffusion is
the rate-limiting step for As(IIl) for all the three
adsorbents. This fact is also supported by Weber and
Morris for interparticle diffusion model (Fig. 4c). The
D, value for IOCQS, IOCLS, and IOCSS is very close
to each other. It may be possible for one reason that
As(IIl) is absorbed in the outer surface in the same
way. But minute difference in D, values of all the
three adsorbents indicates that adsorption in interior
pores may be different.

5. Conclusions

The present study shows that iron-oxide-coated
quartz (IOCQS), IOCLS, and IOCSS are effective
adsorbents for the removal of As(Ill) from aqueous
solution. Optimum conditions for As(Ill) removal
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were found to be pH 7 and adsorbent dose, 20g/1 of
solution. Results shows that As(Ill) removal was
achieved above 95% for the three adsorbents. These
adsorbents can be employed for reducing As(III) con-
centrations to less than 25ug/l (with 20g/l adsorbent
dose and initial As(IIl) concentration of 400 pg/l) in
drinking water. This result is below the levels pre-
scribed by Indian Standards for drinking water pur-
poses. Adsorption kinetics was found to follow
second-order-kinetic model for As(IIl), which is more
accurate for all the adsorbents investigated when com-
pared with other models, such as pseudo-first-order
model, Weber and Morris model, and Elovich model.
In this study, the effective diffusion coefficient (D)
value of As(Ill) is more than the order of 10~ cm?/s.
This order is in-line with that found in the literature
for pore diffusion is the rate-limiting step for all
adsorbents. Among the conventional models-Lang-
muir, Freundlich, R-P, and Temkin isotherm models,
R-P and Freundlich isotherm models provide better
prediction for equilibrium specific uptake for As(III)
throughout the whole range of As(II) investigated.
Over all, conclusions can be drawn on the basis of
previous and present studies that iron-oxide coated
on the selected sand has many advantages for the
removal of arsenic from aqueous solution.

Nomenclature

1/n — heterogeneity factor, dimensionless

aR — constant of Redlich-Peterson isotherm
1/ mg)

By — related to the heat of adsorption (mg/g)

C — constant that gives idea about the thickness
of boundary layer (mg/g)

Ce — equilibrium concentration liquid phase
concentration (mg/1)

IOCQS — iron-oxide-coated quartz sand

IOCLS — iron-oxide-coated lignite sand

IOCSS — iron-oxide-coated silica sand

ke — rate constant of pseudo- first-order
adsorption model (min~")

ks — rate constant of pseudo- second-order
adsorption model (g/mg/s)

kig — interparticles diffusion rate of constant
(mg/g/min'’/?)

Kg — constant of Freundlich isotherm ((mg/g)/
(1/mg)'’")

Ky — constant of Langmuir isotherm (1/g)

Kt — equilibrium binding constant corresponding
to maximum binding energy (1/g)

kr — constant of Redlich-Peterson isotherm (1/g)

Je — equilibrium solid phase concentration (mg/g)

de, cat — calculated value of solid phase concentration

of adsorbate at equilibrium (mg/g)
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Je, exp — experimental value of solid phase
concentration of adsorbate at equilibrium
(mg/g)

Gm — maximum adsorption capacity of adsorbent
(mg/g)

q — amount of adsorbate adsorbed by adsorbent
at time t (mg/g)

R — universal gas constant (8.314 J/K mol)

SSE — sum of square error function

t — time (min)

T — absolute temperature (K)

Greek symbol

o — initial adsorption rate constant (mg/g/s)

p — desorption constant (g/mg)

P — constant of Redlich-Peterson isotherm
O<pr<)
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