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The adsorption of arsenic from aqueous solution on synthetic zeolites H-MFI-24 (H24) and H-MFI-90 (H90)
with MFI topology has been investigated at room temperature (r.t) applying batch equilibrium techniques.
The influences of different sorption parameters such as contact time, solution pH, initial arsenic concen-
tration and temperature were also studied thoroughly in order to optimize the reaction conditions. The
adsorption of arsenic on to H24 and H90 follows the first-order kinetics and equilibrium time was about
100 min for both the adsorbents. The first-order rate constant (k), 4.7 × 10−3 min−1 for H90 is more than
two times higher in magnitude compared to 2.1 × 10−3 min−1 for H24. Adsorption performance of H90
ynthetic zeolites
oint of zero charge
on exchange
rsenic
dsorption isotherms

is higher compared to H24 due to it’s highly mesoporous nature which in turn accelerates the diffusion
process during adsorption. As(V) sorption capacity derived from Langmuir isotherm for H24 and H90
are 0.0358 and 0.0348 g g−1, respectively. Arsenic uptake was also quantitatively evaluated using the Fre-
undlich and Dubinin–Kaganer–Radushkevich (DKR) isotherm models. Ion exchange between adsorbent’s
terminal aluminol groups with different predominant forms of arsenate in solution is one of the various

red d

o
t
A
A
t
s
a
w
c
p
a

e
o
a
t
S
a
r

important reactions occur

. Introduction

The contamination of natural and wastewater by different pol-
utants in the environment is a major concern worldwide and
onsequently much attention has been aroused in abatement of
uch pollutants [1–3]. Arsenic is one of the contaminants found
n the environment which is notoriously toxic to man and other
iving organisms [4–6]. It is a matter of worry that although

HO lowered the guideline value for arsenic from 50 to 10 ppb,
ome countries like Bangladesh and China still have 50 ppb arsenic
n drinking water [7]. The presence of arsenic in ground water
s mostly due to minerals dissolving naturally from rocks and
oils [8,9]. Moreover, biological and mining activities, geochemical
eactions, volcanic emissions, use of arsenic additives, pesticides,
erbicides and crop desiccants make the problem more serious

or animal and human beings [9,10]. Arsenic-contaminated water
ay cause numerous diseases of the skin and internal organs

8,9,11–13]. An inorganic form of arsenic is highly toxic compared
o organic arsenic [4,14]. Inorganic arsenate (AsO4

3−) and arsen-

te (AsO3

3−), referred to a As(V) and As(III) are most common in
atural waters. Although, As(V) tends to be less toxic compared to
hat of As(III), it is thermodynamically more stable due to which
t predominates under normal conditions and becomes the cause

∗ Corresponding author. Tel.: +81 422 37 3749; fax: +81 422 37 3871.
E-mail address: satokawa@st.seikei.ac.jp (S. Satokawa).
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uring adsorption process.
© 2008 Elsevier B.V. All rights reserved.

f major contaminant in ground water. Most cited example is that
he ground water in inner Mongolia of China is mainly affected by
s(V) [5]. Therefore, removal of As(V) is potentially important as
s(III) irrespective of toxicity. Each of the available conventional

echnologies like coagulation/co-precipitation, adsorption on to
urfaces, membrane technologies and ion exchange methods on
rsenic removal [8,15–17] has some advantages and disadvantages
hich make the selection of a suitable method more critical. Most

onvenient method should have some essential requirements: sim-
le, low-cost, high-efficiency, rural focus, based on local and easily
ccessible materials, etc. [5,13,18].

One promising method appears to be adsorption via ion
xchange by using low-cost ion exchangers like zeolites. The use
f cation exchange properties of zeolites has received consider-
ble attraction over the past decade in water and industrial waste
reatment [12,19–21]. Several zeolites like clinoptilolite, chabazaite,
ZP1, 13X, 5A, Y, ferrierite, ZME, ZH, synthetic mordenite, ZSM-5
nd beta have been identified as potential adsorbents for arsenic
emoval [4,5,8,12,22–24] in addition to usual low-cost adsorbents
ike treated slags, char carbon and coconut husk carbon, biosor-
ents as well as some commercial adsorbents such as resins, gels,
ilica, etc. A comprehensive review on the subject may be found

lsewhere [10]. The arsenic adsorption on zeolites is the result of
xchange between terminal aluminol or silanol hydroxyl groups
nd adsorbate anionic species. When zeolite is in contact with
ater, terminal aluminol or silanol hydroxyl groups will develop

t the edges of the zeolite particles [5,8,25].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:satokawa@st.seikei.ac.jp
dx.doi.org/10.1016/j.jhazmat.2008.05.061
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The synthetic zeolites are useful because of their controlled and
nown physicochemical properties relative to that for natural zeo-
ites [8]. In the present work, studies are focused on evaluation of
he effectiveness of the synthetic zeolites H-MFI-24 and H-MFI-90
s adsorbents for As(V) removal from model aqueous solution. The
otentialities of the adsorbents are their different porous nature
s well as Si/Al ratio which have great impact on arsenic removal
rocess. Adsorption properties as a function of other operational
onditions like contact time, solution pH, initial arsenic concen-
ration, temperature, etc. have been investigated and sorption data
re applied to various isotherm models in order to exploit different
mportant sorption parameters.

. Experimental

.1. Zeolite adsorbents and other reagents

The synthetic zeolites H-MFI-24 and H-MFI-90 in their H-form
re supplied by Süd-Chemie Catalysts Japan Inc. and used as a pow-
er. Before use, the adsorbents are dried at 100 ◦C for about 12 h and
tored in a desiccator. The abbreviations, surface area, Si/Al ratio, Si
r Al contents with some other physicochemical properties of the
eolites are illustrated in Table 1. The Si and Al contents for H24 are
ot provided by the manufacturer and subsequently determined
y LiBO2 flux-fusion technique using ICP-AES. The analytical grade
eagents like Na2HAsO4·7H2O, NaNO3, NaOH and HNO3 are sup-
lied by Wako Pure Chemical Industries and used without further
urification.

.2. Preparation of stock solutions

An aqueous solution (1000 mg L−1) of As(V) is prepared
y dissolving analytical grade disodiumhydrogenarsenate,
a2HAsO4·7H2O into deionized water of pH 6.42, conductiv-

ty 1.01 × 10−4 sm−1 (Yamato, WG222 Water Purifier). The arsenic
olutions used in each study are prepared by fresh appropriate
ilution of this stock solution. Essentially, the concentration of
rsenic species is always given as the concentration of elemental
rsenic. Similarly, desired amount of 0.1 M NaNO3, 0.01 M NaOH
nd 0.01 M HNO3 solutions are prepared at a time and stocked for
se in the different experiments.

.3. Instrumentation

FT-IR spectra in the range 400–4000 cm−1 are recorded using
asco 460 plus spectrophotometer in KBr disk. The good crystallinity

nd purity of the adsorbents are confirmed by X-ray diffraction
XRD) using a Rigaku Miniflex with Cu K� filtered radiation (30 kV,
5 mA). The patterns are recorded in the 2� range 5–50◦ with a
canning speed of 2◦ min−1. Pore size distributions of the adsor-
ents are determined from nitrogen adsorption with the Gemini,

able 1
hysicochemical properties of the zeolite adsorbents

dsorbents H-MFI-24 H-MFI-90

bbreviation H24 H90
orms H+ H+

i (wt.%) 48 46a

l (wt.%) 3.9 0.98a

i/Ala (atomic) 12 45
H in water 7.93 5.30
HPZC 6.8 3.6
urface area (m2 g−1)a 450 400
ing size 10 10

a Information supplied by the manufacturer.
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icromeritics instrument at 77 K. Before operation, the samples
re degassed at 200 ◦C for 3 h under −0.1 MPa to remove any con-
aminants that may be present at the surface. The concentration
f arsenic solutions and Si%, Al% are measured using inductively
oupled plasma-atomic emission spectroscopy (Model ICPS-7500;
equential Plasma Spectrometer; Shimadzu Corporation, Japan).
amples are colleted by a syringe and filtered through a milli-
ore 0.45 �m pore size membrane filter before analysis. Calibration
tandards are prepared using standard solutions certified by the
upplier. Solution pH is measured with a digital pH meter of Horiba
td., Japan (Model D-51).

.4. Sorption experiments

.4.1. Determination of pHPZC
The point of zero charge (pHPZC) is estimated by using batch

quilibrium techniques. For this, 0.1 g of each adsorbent is treated
ith 50 mL 0.1 M NaNO3 solution which is used as an inert elec-

rolyte. The initial pH values (pHinitial) are adjusted in the range
2.5 to ∼11.85 by adding minimum amounts of 0.01 M NaOH or
.01 M HNO3 solutions. The suspensions are allowed to equilibrate
or 6 h in a rotary shaker fixed at 200 rpm at room temperature (r.t;
0 ± 1 ◦C). After completion of the equilibration time, the admix-
ures are filtered and final pH values (pHfinal) of the filtrates are

easured again.

.4.2. Influence of contact time
An aliquot (50 mL) of 100 mg L−1 As(V) solution is measured

ccurately. The pHs of the solutions are maintained at ∼6.5 and ∼3.2
or H24 and H90, respectively, by adding 0.01 M NaOH or 0.01 M
NO3 solutions. The ionic strengths of the solutions are maintained
t ∼0.1 M using NaNO3 solution. Afterwards, the final volumes of
he solutions are made up to 0.1 L by adding deionized water and
.1 g of each adsorbent is added to the solutions. The ultimate sus-
ensions are shaken at 200 rpm at r.t for different time intervals
anging from 10 min to 3 h. The resulting suspensions are filtered
hrough Whatman filter paper to achieve solid–liquid separation
ollowed by washing with water. Finally, the volumes of the solu-
ions are again made up to 0.2 L from which 12 mL is sucked with
syringe to filter again through a 0.45 �m membrane filter and

ubsequently As(V) concentrations are measured using ICP-AES.

.4.3. Influence of solution pH
The experiments are carried out by varying the initial solution

H values from ∼3 to ∼12 by following the same procedure and
nalytical technique used for the study of the influence of contact
ime. Accordingly, adsorption is performed by adding 0.1 g of each
dsorbent to 50 mL of a 100 mg L−1 As(V) solution followed by vol-
me make up as discussed before. The final suspensions are placed

n a shaker and allowed to equilibrate for 100 min for both adsor-
ents. It is difficult to adjust pH for an aqueous solution with zeolite
s adsorbent; the experiments were performed by several repeats
or one pH value.

.4.4. Influence of initial As(V) concentration
Experimental runs are carried out to assess the effect of initial

s(V) concentration on adsorption by zeolites. In this case, the ini-
ial As(V) concentrations are fixed at 10, 20, 50, 100 and 150 mg L−1
nd experimental and analytical parts are same as explained above.

.4.5. Influence of reaction temperature
The influences of five different temperatures viz. 20, 35, 50, 60

nd 70 ◦C on arsenic adsorption have been evaluated by using 0.1 g
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pHPZC. The pHPZC values of synthetic zeolite HUD (H+) and its Al3+-
activated form are reported to be 6.5 and 7.5, respectively [25]. The
pHPZC of adsorbents depends on various factors like nature of crys-
tallinity, Si/Al ratio, impurity contents, temperature, sorbability of
42 P. Chutia et al. / Journal of Haza

f adsorbent H24 in 50 mL of 100 mg L−1 As(V) solution. The exper-
mental and analytical parts are similar to those explained above.

.4.6. Desorption of As(V) ions
HCl (0.1 N) and NaOH (0.1 N) solutions are prepared in order

o conduct desorption experiments. Following reaction to remove
rsenic from solution, the zeolite (H90) is separated from solution
nd re-suspended for 12 h in both acid and base solutions and sub-
equently washed and filtered in order to regenerate the material.
he zeolite is again treated with an arsenic solution (100 mg L−1)
s explained earlier to evaluate the efficiency after regeneration.

.5. Adsorption performance calculations

The arsenic uptake, q (mg g−1) is calculated following the equa-
ion: q = (Ci − Cf)V/m and % adsorption = (Ci − Cf)100/Ci where Ci and
f are the concentrations (mg L−1) of arsenic in initial and final solu-
ions, respectively, V is the volume of the reacting solutions (L), m
s the weight (g) of the adsorbents.

. Results and discussion

.1. Adsorbents physicochemical properties

The zeolites H24 and H90 show similar spectral pattern in IR
pectroscopy indicating structural similarity between them and
ecessary band interpretation is explained for H90 only. Two usual
eak –OH stretching vibrational bands are observed at 3670 and
423 cm−1 due to terminal Si–OH and extra zeolitic Z–OH (also des-

gnated as Si(OH)Al) functionalities, respectively. Two low intensity
ands at 1980 and 1873 cm−1 are attributable to the combina-
ion band of T–O fundamental lattice ring vibration (T = Si, Al).
n the other hand, the band appeared at 1630 cm−1 is due to the
ending mode of H2O. The peaks near about 1220 and 1075 cm−1

epresent the external and internal vibrations of framework TO4
etrahedra, respectively. The peak for –OTO– linkages is recorded
t 802 cm−1. Two strong vibrations in the high frequency region at
46 and 449 cm−1 are ascribed to T–O bending modes. These sets
f IR values match closely with the reported values in literature
14,26]. Crystal structure analyses performed by X-ray diffraction
XRD) reveal a highly pure and well-crystalline nature of the zeo-
ite adsorbents and as expected, XRD-patterns are relative to MFI
ramework topology. Pore size distributions and volume of N2
dsorbed in the zeolites are investigated by low temperature N2
dsorption with BET equipment as presented in Fig. 1. H90 is highly
esoporous in nature compared to H24. The figure reveals that
24 comprises only 2.1% pore in mesopore region of 50–60 nm
hile H90 is composed of 15.4% pore in the same region. In con-

rary, in micropore region of 1–1.5 nm, H24 consists of 27.4% pore
hich is too high compared to 5.5% for H90. The volume of N2

dsorbed by H90 in the region of 50–60 nm is 0.055831 cm3 g−1

hile H24 showed only 0.001024 cm3 g−1 adsorption in the same
egion.

.2. Determination of point of zero charge (pHPZC)

The pH value of adsorbent solution where the net surface charge
s zero is defined as pHPZC. It has great impact in adsorption study
ecause multivalent cation adsorption is occurred effectively at a

H below pHPZC [27]. The batch experiments are carried out using
.1 g of each adsorbent and results are illustrated in Fig. 2. A plot of
H values of filtered solution after equilibrium (pHfinal) as a func-
ion of initial pH values (pHinitial) provides pHPZC of the adsorbents
y the common plateau of constant pH to the ordinate at around

F
d
c

ig. 1. Percentage of pore (�) and volume of N2 adsorbed (�) in the range from 1.0
o 60 nm.

6.8 and ∼3.6 for H24 and H90, respectively (Table 1). In adsorption
xperiments, the respective pHs of these two adsorbent’s solutions
re fixed at ∼6.5 and ∼3.2 which are below their corresponding
ig. 2. Plots of pHfinal as a function of pHinitial for the determination of pHPZC (con-
itions: adsorbent amount, 0.1 g; background electrolyte, 50 mL of 0.1 M NaNO3;
ontact temperature, r.t; reaction time, 6 h).
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ig. 3. Time dependence of As(V) adsorption on to H24 and H90 (conditions:
dsorbent amount, 0.1 g; initial As(V) concentration, 100 mg L−1 (50 mL); reaction
emperature, r.t; pH, ∼6.5 for H24 and ∼3.2 for H90; background electrolyte, 0.1 M
aNO3; reacting volume, 0.1 L).

he electrolytes and degree of H+ and OH− ions adsorption, and
herefore may vary from adsorbent to adsorbent [28].

.3. Adsorption of arsenic on synthetic zeolites

.3.1. Influence of contact time and sorption kinetics
The adsorption of arsenic is greatly dependent on contact time

ith adsorbent and such experiments provide equilibrium time
fter which adsorption could not be achieved. The experiments
ave been performed with 0.1 g of zeolite powder and 50 mL of
00 mg L−1 As(V) solution at r.t for 10, 20, 40, 60, 80, 100, 120
nd 150 min reaction time. The important findings are represented
n Fig. 3 which reveals that, arsenic uptake (q) increases with
ncreasing contact time until the state of equilibrium is reached
ue to saturation of adsorbent’s active sites. Over 70% of the
rsenic is taken up within 80 min exposure and maximum 72.3 and
6.4% arsenic have been removed within 100 min reaction time by
24 and H90, respectively. The removal is rapid within the first
0 min, slowing down between 80 and 100 min and then gradually
pproaching equilibrium after 100 min for both the adsorbents. This
s due to the fact that two processes may involve during adsorp-
ion, a fast ion exchange followed by chemisorption [13]. Since an
ncrease of time to 150 min does not show any notable effects, the
ontact time of 100 min is chosen for both the adsorbents for fur-
her experiments. It is observed that over 60% arsenic is adsorbed by
oth the adsorbents at 10 min exposure. The initial arsenic uptake
y both the adsorbents is high as a large number of adsorption sites
re available for adsorption. In the initial bare surface, the sticking
robability is large and consequently adsorption proceeds with a
igh rate. With the time, the active site also gradually decreases
ue to which the adsorption process becomes slow. The adsorption
erformance of the zeolites in general could be explained on the
asis of Si/Al ratio in the adsorbents. Lower Si/Al ratio will be giving
aise to high concentration of terminal aluminol sites. These sites
lay the key role [8,25] and accelerate the ion exchange process
aking place during adsorption. In the present study, H90 consist
f high Si/Al ratio (45) compared to that of H24 (12), still showing
igh performance unlike the previous results reported. This can be
ttributed that a factor rather than Si/Al ratio is responsible for this

nomaly. During the ion exchange process, arsenic ions had to move
hrough the pores of the zeolite mass and the diffusion will be fast
hrough the pores of large size [2]. As illustrated in Fig. 1, adsor-
ent H90 is highly mesoporous in nature which could be the cause
f showing more efficiency compared to H24.

e
(

t
t

ig. 4. The rate curves of the first-order kinetic model for adsorption of As(V) by
24 and H90 at r.t (conditions: adsorbent amount, 0.1 g; initial As(V) concentration,
00 mg L−1 (50 mL); pH, ∼6.5 for H24 and ∼3.2 for H90; background electrolyte,
.1 M NaNO3; reacting volume, 0.1 L).

Adsorption of As(V) on to H24 and H90 is found to be time
ependent which follows the first-order kinetics to a significant
xtent, indicating that the adsorption of arsenic on to zeolites
s dependent on the concentration of the reacting arsenic only.
mongst several kinetic models, first-order kinetic equation is
elected based on the highest regression coefficients (R2) which
lso follows a good agreement between the model and current
xperimental results. The first-order rate equation can be expressed
s log(Cf/Ci) = −kt where Ci and Cf are initial As(V) concentration
nd concentration at time t (min), respectively, and k the rate con-
tant (min−1). Applying the pseudo-first order condition for both
he adsorbents, i.e. keeping the adsorbent concentration constant,
he plot of log(Cf/Ci) versus time, t (Fig. 4) shows a good linear fit
ith R2 values 0.9668 and 0.9234 for H24 and H90, respectively,
uring the reaction course up to equilibrium time. The respective
ate constants (k) for H24 and H90 computed from slopes of the
lots are 2.1 × 10−3 and 4.7 × 10−3 min−1. The reactivity of H90 is
ore than two times higher than H24 due to which former deserves

he more arsenic sorption capacity.

.3.2. Dependence of arsenic removal on initial pH of solution
The pH is a critical criterion for determining the adsorbent’s sur-

ace characteristics and the adsorption equilibrium of adsorbates.
he standard range of pH in drinking water varies from 6.5 to 8.5
9] and therefore the investigation of effect of wide range of pH on
rsenic removal is needed. The adsorption of arsenic on to H24 and
90 has been conducted using the initial pH range (pHinitial) ∼3

o ∼12. Accordingly, 0.1 g of zeolite samples are treated at r.t with
0 mL As(V) solution with concentration 100 mg L−1 for 100 min
t different pH values. After completion of reaction, equilibrium
H (pHfinal) values as well as the residual arsenic concentration, q
mg g−1) are measured and results are presented in Fig. 5. For the
dsorbent H24, the pHfinal increases smoothly with the increase of
Hinitial (Fig. 5A). However, in case of adsorbent H90, a plateau near
HPZC is found up to pH 6 and then again starts to increase with

nitial pH (Fig. 5B). In both the cases, arsenic uptakes increase up to
ear pHPZC (∼6.5 for H24 and ∼3.2 for H90) and afterwards decrease
ith increase of pH. A maximum arsenic uptake of 72.2 mg g−1 is
stimated at pH 6.35 for H24 while H90 adsorbed maximum arsenic
77.16 mg g−1) at pH 3.15.

The reactions taking place during adsorption process depend on
he predominant protonation state of surface aluminol group and
he arsenate oxyanion [8]. The aluminol groups are supposed to be
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and H90, respectively. The experimental results reveal that arsenic
uptake increases with decrease in initial arsenic concentration. In
case of As(V) adsorption on to H90, the percent removal increases
from 73.13% at 150 mg L−1 to 79.13% at 10 mg L−1. Similarly, adsorp-
tion performance increases from 69.67% at 150 mg L−1 to 75.41%
ig. 5. The pHfinal and arsenic uptake, q as a function of pHinitial for As(V) sorption by
A) H24 and (B) H90 at r.t (conditions: adsorbent amount, 0.1 g; initial As(V) concen-
ration, 100 mg L−1 (50 mL); contact time, 100 min; background electrolyte, 0.1 M
aNO3; reacting volume, 0.1 L).

eactive sites and surface silanol groups developed at the edges of
eolite particles have substantially lower adsorption capacity [29].
qs. (1) and (2) illustrate the surface charge property of aluminol
ctive sites on zeolite:

AlOH + H+ ↔ AlOH2
+, pH < pHPZC (1)

AlOH + OH− ↔ AlO− + H2O, pH < pHPZC (2)

here AlOH, AlOH2
+ and AlO− are the neutral, protonated

nd hydroxylyzed aluminol sites, respectively. It could be a fact
hat these are just some aluminum species present on the sur-
ace of the zeolites, some other species such as Al(OH)3, AlOH2+,
l13O4(OH)24

7+ and Al(OH)4
− may also emerge in the adsorption

ystem [5]. As reported in previous works [5,30], two forces viz.
hemical interaction and electrostatic forces play the key role in
n adsorption process. The latter gives raise the Columbic attrac-
ion or repulsion between binding sites and adsorbing ions. The
HPZC values for H24 and H90 are 6.8 and 3.6, respectively, and
ence at pH < pHPZC, aluminol active site exists as AlOH2

+ (Eq.
1)) and H2AsO4

− form of arsenate will be predominant in this
H range [6,8,31]. A strong Columbic attraction between H2AsO4

−

nd AlOH2
+ (Eq. (3)) along with chemical interaction lead to a

igher arsenic uptake up to pH value less than pHPZC. At ini-
ial pH > pHPZC, although arsenic species is still negatively charge
6,8,31], the aluminol active sites also become negative charged
lO− (Eq. (2)). Consequently, arsenic uptake reduces as a result

f Columbic repulsion between active sites and existing arsenic
pecies. As the solution pH is raised towards the neutral value par-
icularly in case of H90 (pHPZC 3.6), the magnitude of Columbic
ttractive force reduces as the adsorbent’s active site become neu-
ral and reactions proceed by chemical interaction involving ligand F
Materials 162 (2009) 440–447

xchange dominantly (Eq. (4)). In the absence of Coulmbic attrac-
ion, the quantity of arsenic adsorbed also decreases:

(3)

(4)

In order to investigate the structural variation to the zeolite
aterials in a wide range of pH, X-ray diffraction analyses are car-

ied out for parent and arsenic-laden zeolites. All the optimum
onditions are allowed to prepare the arsenic-laden H24 and H90.
ig. 6 shows the XRD patterns for parent and treated adsorbent H24
t pH range ∼3 to ∼13.5 which infer that introduction of arsenic
ad not affected any structural changes in the zeolite framework.
he XRD patterns for H90 also give raise the same observation.
hus, zeolite structures remain intact and consequently effective
or arsenic removal within the investigated pH range 3–13.5. This
bservation has given an additional impact to H24 and H90 over
he synthetic zeolite NH4

+/Y investigated by Shevade and Ford [8].
he structure of NH4

+/Y became unstable at initial pH 13.2 resulting
n alteration to predominantly a poorly crystalline aluminosilicate
ue to which arsenic removal efficiency was reduced significantly.

.3.3. Influence of initial arsenic concentration
The effect of initial concentrations of 10, 20, 50, 100 and

50 mg L−1 on the adsorption of As(V) by H24 and H90 has been
valuated by adopting batch technique. Accordingly, 0.1 g of each
eolite is treated with 50 mL arsenic solution for a reaction period
f 100 min at r.t, and solution pH are adjusted at 6.5 and 3.2 for H24
ig. 6. XRD patterns of the parent H24 and arsenic-laden H24 at different pH.
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Freundlich isotherm is a consecutive layer model which does not
predict any saturation of the sorbent by sorbate [35]. The linearized
form of Freundlich isotherm (Eq. (5)) used to evaluate the different
sorption parameters (Table 2) represents the best suit to the present

Table 2
Summary of equilibrium isotherm parameters for As(V) uptake by H24 and H90

Isotherm models Parameters R2

Langmuir Qmax (g g−1) B (L g−1)

H24 0.0358 9.04 0.9566
H90 0.0348 10.87 0.9642

Freundlich KF (mg g−1) n −�G (kJ mol−1) R2

H24 3.52 1.11 19.89 0.9962
P. Chutia et al. / Journal of Haza

t 10 mg L−1 while using H24 as adsorbent. At higher concentra-
ions, some energetically less favourable sites become involved
nd arsenic uptake decreases with increasing arsenic concentra-
ion in the aqueous solution [2]. At lower concentrations, most of
he arsenic ions present in the solution would interact with the
inding sites facilitating higher adsorption.

The concentration of arsenic in fresh water varies from less
han 0.05 to more than 5000 �g L−1 depending on the source of
rsenic, mobility and the local geographical environment [32]. It is
ssential to evaluate the applicability of the tested zeolites in low
oncentration range (in ppb) where we face the arsenic problem
n drinking water. Therefore, initial As(V) concentration is further
ecreased and experiments have also been carried out with initial
s(V) concentrations of 0.5 and 2 mg L−1 keeping the other condi-

ions same. The adsorption of arsenic with concentration 2 mg L−1

n to adsorbent H90 reveals that the aqueous phase arsenic con-
entration decreases to 0.048 mg L−1 after 80 min, resulting in less
han 0.036 mg L−1 at 100 min equilibrium time. The aqueous phase
rsenic concentration at equilibrium time is 0.025 mg L−1 while
sing 0.5 mg L−1 As(V) solution. The adsorption ability of the H24

s still low compared to H90 and residual arsenic concentrations
re 0.055 and 0.041 mg L−1 while using 2 and 0.5 mg L−1 initial
rsenic concentrations, respectively. Further decrease of initial con-
entration has no influence on the removal performance of the
dsorbents. The saturation of binding sites may be due to the fact
hat zeolites minerals are heterogeneous in nature with regards
o the binding sites. All sites are not equally active for adsorbing
pecies. However, it is worth to mention that the tested zeolites are
fficient to remove arsenic from both high- and low-concentration
anges. The adsorbents H24 and H90 even reduce arsenic concen-
ration below the WHO’s earlier guideline value of 0.05 mg L−1 As
n drinking water. These observations have a good correlation with
he previous report [8] where NH4

+/Y reduced arsenic concentra-
ion below 33 ppb while using 5 ppm initial solution. Essentially,
he present results are promising for the use of H24 and H90 to
reat contaminated drinking water where arsenic is at very low
oncentrations.

The present investigation is mainly dealt with the removal of
s(V) and therefore a model aqueous solution enriched in As(V) is
sed in the experiments so that influence of other metals that may
resent in the solution could be nominal. The tested adsorbents
emove arsenic from both ppm and ppb levels of initial concentra-
ions which prompt us to conclude that the zeolites H24 and H90
re efficient in removing As(V) even in the presence of some light
etals like calcium, magnesium, sodium and iron in trace amounts

n the investigated model solution which is evidenced from ICP-
ES.

.3.4. Influence of reaction temperature
The effect of five different temperatures viz. 20, 35, 50, 60 and

0 ◦C on arsenic adsorption by H24 is investigated. For the pur-
ose, 0.1 g H24 powder and 50 mL of 100 mg L−1 As(V) solution are
ept in contact for 100 min at the above-mentioned temperatures.
n the range between 20 and 50 ◦C, temperature has only marginal
ffect (not reportable) on the adsorption performance of the zeolite.
ecause of that, temperature is increased even up to 70 ◦C so that
particular trend could be gained in order to define whether the

dsorption is exothermic or endothermic in nature keeping aside
he fact that it will be not happening in real life systems. The adsorp-
ion affinity is marginally decreased from 73.73 mg g−1 at 20 ◦C to

2.9 mg g−1 at 70 ◦C. This observation provides an indication about
he exothermic nature of the adsorption process [33] due to which
he rise of temperature suppresses the adsorption affinity. Unlike to
he present study, adsorption of arsenic on natural zeolites reported
y Menhage-Bena et al. [9] was found to be temperature depen-

H

D

H
H
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ent and adsorption performance was increased with increase in
emperature. In consistent with the present results, Borah and
enapati [27] reported that adsorption of Cd(II) on to pyrite sur-
ace decreased with increase in temperature. There is no particular
rend of metal uptake which could be due to fact that temperature
hanges can alter several factors like rate of adsorption, hydroly-
is, recrystallization reactions and dissociation constants of water.
ombined effects of these entire factors marginally degrade the
dsorption performance in support of the present study.

.3.5. Adsorption isotherms
The equilibrium data obtained from the adsorption of arsenic on

o H24 and H90 over the initial arsenic concentration ranging from
0 to 150 mg L−1 previously discussed in Section 3.3.3 are correlated
ith the Langmuir monolayer isotherm model [34]. The model is

ased on some assumptions which include metal ions are chemi-
ally adsorbed at a fixed number of well-defined sites, each site can
old only one ion, all sites are energetically equivalent and there is
o interaction between the ions, etc. [34]. The Langmuir linearized

sotherm is given by the following equation:

Cf

Q
= 1

QmaxB
+ Cf

Qmax

here Q is milligrams of arsenic adsorbed per gram of the adsor-
ent, Cf is arsenic concentration in final solutions (mg L−1), Qmax

g g−1) and B (L g−1) are Langmuir constants related to sorption
apacity and sorption energy, respectively. Maximum sorption
apacity denoted by Qmax represents monolayer coverage of sor-
ent with sorbate and B implies the enthalpy of sorption which
hould vary with temperature. A good linear plot (figure omitted for
ake of brevity) is obtained by plotting Cf/Q against Cf for both H24
nd H90 over the entire range of arsenic concentration investigated.
angmuir parameters together with regression coefficients deter-
ined from the plot (Table 2) confirm a good agreement between

heoretical model and experimental result obtained. Qmax values
omputed from slopes of plots are 0.0358 and 0.0348 g g−1 for H24
nd H90, respectively, while their respective B values derived from
ntercepts are 9.04 and 10.87 L g−1. The deviation from Langmuir
sotherm at lower concentrations observed for H24 is due to active
ite saturation by adsorbate species.

If the number of adsorption sites is large relative to the number
f contaminant molecules, the Freundlich isotherm model could
e apply to the sorption system which describes the physical sorp-
ion of sorbate only. In contrast to the Langmuir monolayer model,
90 4.21 1.12 20.33 0.9993

KR ˇ (mol2 J−2) E (kJ mol−1) R2

24 −8.6 × 10−9 8.12 0.9995
90 −8.3 × 10−9 8.27 0.9993
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Table 3
Comparison of adsorption performance of tested adsorbents with previous works

Adsorbents As concentration Si/Al % removal Capacity (isotherm) Ref.

NH4
+–Y (commercially available zeolite) 5 mg L−1 6 >99 – [8]

NH4
+–ferrierite, NH4

+–ZSM-5, H+–Y (commercially available zeolites) 5 mg L−1 – Not effective – [8]
SZFe (Fe-treated synthetic zeolite) 2 × 10−3 mol L−1 – >99 22.50 mg g−1 (experimental) [32]
CeZP (cerium(III) exchange synthetic zeolite) 40 mg L−1 – – 23.42 mg g−1 (Langmuir) [39]
Al–zeolite (aluminum(III) exchange synthetic zeolite) 1.3 mM – – 10.50 mg g−1 (Freundlich) [5]
H-MFI-24 10 mg L−1 12 >76 35.80 mg g−1 (Langmuir) Current research
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oconut shell carbon with 3% ash (commercial activated carbon) 0–200 m
ctivated carbon produced from oat hulls (synthetic activated carbon) 25–200 �

ata points:

n Q = ln KF + 1
n

ln Cf (5)

his isotherm is usually used in special cases for heterogeneous
urface energy where it is characterized by the heterogeneity fac-
or 1/n. The parameter Q denotes the equilibrium value of arsenic
dsorbed per unit weight of synthetic zeolite powder (mg g−1),
f implies the liquid-phase sorbate concentration at equilibrium
mg L−1) and KF is the Freundlich constant (mg g−1). The KF and

are calculated from the intercepts and slopes of the Freundlich
lots of log Q against log Cf (figure omitted for sake of brevity).
he KF values for H24 and H90 are 3.52 and 4.21 mg g−1, respec-
ively, while their respective n values 1.11 and 1.12 are within
he range between 1 and 10 showing beneficial adsorptions [36].
he numerical value of 0 < 1/n < 1 (in present case 1/n = 0.9009
nd 0.8928 for H24 and H90, respectively) indicates an adsorp-
ion process that only slightly suppressed at lower equilibrium
oncentrations [2] and is attributed to a heterogeneous nature of
he adsorbent’s surface without any interaction between adsorbed
toms, molecules or ions [37]. Knowing the KF value, one can cal-
ulate free energy change (�G) of arsenic adsorption on to zeolite
sing the equation: �G = −RT ln(KF × 1000) where R is the gas con-
tant (0.00831447 kJ K−1 mol−1) and T is the temperature (293 K).
he negative free energy values (Table 2) indicate the feasibility of
he process and the spontaneous nature of adsorption.

Dubinin–Kaganer–Radushkevich (DKR) equation is based on the
eterogeneous surface of the adsorbent which could be expressed
s ln Q = ln Xm − ˇε2 where Q is the amount of arsenic ions adsorbed
er unit weight of adsorbent (mg g−1), Xm is the maximum sorption
apacity (mol g−1), ˇ is the activity coefficient (mol2 J−2) related to
ean sorption energy and ε is the Polanyi potential which can be

alculated using the equation, ε = RT ln(1 + 1/Cf) where R is the gas
onstant (0.00831447 kJ K−1 mol−1), T is the temperature (293 K)
nd Cf implies the liquid-phase sorbate concentration at equilib-
ium (mg L−1). The slopes of the plot of ln Q versus ε2 (not shown)
rovide ˇ value as listed in Table 2 and intercepts yield Xm. The
m values are unreliably large indicating inconsistency with the
resent study. Large values of Xm were also observed by previous
orkers which are probably due to the shape of the isotherms

nd basic principles involved in the mathematical derivation of
he model [25,38]. In order to evaluate the nature of interaction
etween arsenic and the binding sites, the mean energy of sorp-
ion, E is also calculated (Table 2) from the relationship: E = 1/

√−2ˇ.
he calculated E values for H24 and H90 are 8.12 and 8.27 kJ mol−1,
espectively, which lie in the range of energies (8–16 kJmol−1) char-
cteristics for the ion exchange mechanisms [2,25,38].
.3.6. Regeneration of the adsorbents
Preliminary regeneration experiments have been carried out

sing the adsorbent H90. As illustrated in Fig. 5, low adsorption of
s(V) is presented in basic pH range which implies that adsorbed

A

p

45 >80 34.80 mg g−1 (Langmuir) Current research
– – 2.40 mg g−1 (Langmuir) [40]
– – 3.08 mg g−1 (Langmuir) [41]

rsenic can be desorbed effectively from H90 in basic medium. For
onvenience, desorption tests are performed using NaOH (0.1 N)
nd HCl (0.1 N) regeneration solutions. After desorption opera-
ion in acidic medium, 23.8% sequestered arsenic is recovered and
rsenic removal capacity of the regenerate material is almost same
74.1%) with the fresh material (76.4%) while using 100 mg L−1 ini-
ial As(V) solution. In base regeneration with NaOH, 45.3% of the
equestered arsenic is recovered at the cost of decrease of arsenic
emoval capacity of the regenerate material significantly to 21.4%.
his result is consistent with the observed decrease of arsenic
emoval performance by H90 at basic pH range. The basic condi-
ion should be neglected while designing more efficient solutions
or zeolite regeneration due to significant lost of arsenic removal
apacity of the regenerate material. The arsenic-laden zeolites have
assed EPA’s Toxicity Characteristic Leaching Procedure test and
an be safely disposed of as non-hazardous waste [9].

. Conclusions

H24 and H90 zeolites are very effective adsorbents for arsenic
emoval from both high and low initial concentration levels. Both
dsorbents reduce arsenic concentration below the WHO’s ear-
ier guideline value of 0.05 mg L−1 As in drinking water. Table 3
ummarizes a comparative evaluation of the investigated zeolites
ith some commercially available and synthetic zeolites along with

ome commercially available and synthetic activated carbons. In
act, evaluation is a critical task as the efficiency depends on dif-
erent factors which include adsorbent dose, solution pH, contact
ime, initial arsenic concentration and other solution conditions.
herefore, comparison has been made in terms of most essential
arameters, i.e. % removal and maximum adsorption capacity from

sotherm model used. The most important observation is that tested
eolites H24 and H90 exhibit higher adsorption capacity derived
rom Langmuir isotherm model than most of the commercial and
ynthetic zeolites or activated carbons reported earlier. Essentially,
he present results are promising for the use of synthetic zeolites
o treat contaminated drinking water where arsenic is at very low
oncentrations. Moreover, the investigated adsorbents may be use
n the design and performance of a fixed-bed adsorber for As(V).
ctivated carbon has been widely used for the removal of organic
ubstances such as humic acid due to its extended surface area and
icro- or mesoporous structure. In contrast, both synthetic and

ommercial activated carbons have proved to have a low arsenic
ptake capacity in the ranges from 1 to 4 mg g−1 only. The low
dsorption capacity and relatively high-cost preclude the activated
arbons from acting as a favourable adsorbent for arsenic adsorp-
ion. Consequently, the tested materials may be good substitutes
or the use of activated carbon as adsorbent for arsenic.
cknowledgements
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