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bstract

The hydrated stannic oxide (HSO) was synthesized and arsenic adsorption behaviour is reported. HSO is found to be amorphous, and stable
hermally up to 700 ◦C. The adsorption of As(III) is much higher than As(V) in the drinking water pH (6.5–8.5) range. The time required for reaching
quilibrium is 4.0 and 3.0 h, respectively for As(III) and As(V). The adsorption kinetic data obtained at pH 7.0 (±0.1) and temperature 27(±1) ◦C
ollow the pseudo-second-order kinetic model best (R2 > 0.98). The analyzes of isotherm adsorption data by two parameter isotherm model
quations show the order to obey: Langmuir > Freundlich > Temkin for As(III), and Langmuir > Temkin > Freundlich for As(V). The monolayer
dsorption capacities (mg/g) obtained for As(III) and As(V) are 15.85 and 4.30, respectively. Excepting phosphate, other anions studied show no
dverse effect on adsorption of As(III) onto HSO. A fixed bed HSO packed column (internal diameter 0.70 cm, bed height 3.7 cm and particle

ize 0.14–0.29 mm) generates 2400 and 450 BV of potable water (As < 0.01 mg/L), respectively, for As(III) and As(V) from arsenic spiked
1.0 mg/L) water samples at pH 7.0 (±0.1), which indicated that HSO can be used as an efficient scavenger for As(III) from the contaminated
ater.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Occurrence of arsenic in ground water much exceeding the
olerance limit (10 �g/L) is a global problem [1], and posed an
ver increasing degree of health hazard. The Bengal delta basin
West Bengal in India and Bangladesh] has become infested with
his menace, and in some pockets of this region it has assumed
life-threatening proportion causing deaths of a good number
f inhabitants. The arsenic content in ground waters as reported
1] is wide in range (West Bengal in India: <10–3200 �g/L, and
angladesh: <0.5–2500 �g/L). The cause of accumulation of
rsenic in ground water in this delta region is an anoxic environ-
ent around its alluvial deposits of geogenic arsenic pyrites and

ron oxyhydroxide with adsorbed arsenic undergoing microbial

eduction [2–5]. The aquifers thus become rich in this reduced
s(III) along with Fe(II). The reported ratios of As(III)/As(Total)

t a depth of 30–40 m in these aquifers [5] are in the range of
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.6–0.9. This high ratio is a matter of great concern since As(III)
as much greater combining affinity with the thiol (–SH) group
f proteins.

Treatment of arsenic-contaminated ground water by sur-
ace adsorption method has been found to be simple and
ost effective suitable for catering to the needs of this peo-
le of rural areas of third world countries like India and
angladesh. The adsorbents studied so far are many and

nclude amorphous iron hydroxide [6], hydrous ferric oxide
7], granular ferric hydroxide [8], ferrihydrite [9], red mud
10], activated alumina [11–13], iron oxide coated poly-
eric materials [14], iron oxide coated sand [15], Fe(III)–Si

inary oxide [16], iron oxide impregnated activated alumina
17], blast furnace slug [18], iron–cerium bimetal oxide [19],
ron-coated sponge [20], nano-scale zerovalent iron [21–23],
ulfate modified iron oxide-coated sand [24] and hydrous fer-
ic oxide incorporated into naturally occurring porous diatomite

25]. In our laboratory, we have used crystalline hydrous
erric oxide [26], crystalline hydrous titanium oxide [27],
ranular hydrous zirconium oxide [28] and iron(III)–tin(IV)
inary mixed oxide[29] for arsenic removal. A pilot-scale run

mailto:ucg@vsnl.net
dx.doi.org/10.1016/j.jhazmat.2006.10.066
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Nomenclature

a1, a2, b1, b2 constants of power function and simple
Elovich equation

A, B Temkin constants
b Langmuir constant
BV bed volume
C0 initial adsorbate concentration (mg/L)
Ce equilibrium adsorbate concentration (mg/L)
Ct the concentration (mg/L) of adsorbate at any time,

t
K0 constant
K2 pseudo-second-order rate constant
Kad pseudo-first-order rate constant
Kf Freundlich constant
M mass of HSO added (g/L)
n Freundlich constant
pHZPC zero point surface charge pH
pKa negative logarithm of dissociation constant
qe uptake capacity at equilibrium (mg/g HSO)
qt uptake capacity at time t (mg/g HSO)
RL separation factor
R2 correlation coefficient
V volume of solution (mL)

Greek symbols
α constant
θ0 Langmuir constant (mg/g)
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or removal of excess iron and arsenic from contaminated
ater using manganese dioxide and crystalline hydrous ferric
xide packed columns has also been reported [30] from our
aboratory.

Literature survey revealed that there are some adsorbents
hich have greater affinity for As(V) than for As(III) both in the

cid and drinking water pH range; but hydrous oxides of tetrava-
ent metals clearly showed the opposite property as reported
rom our laboratory [28]. Since the underground aquifers at
he depth of 30–40 m in the Bengal delta basin region are
eported [5] to contain arsenic mainly as As(III), the objective
f the present work is to develop adsorbents for preferen-
ial removal of As(III) from water, and offers still a frontier
rea of research work. As(III) exists as As(OH)3 [pKa1 = 9.2]
n the pH range of potable water and is a softer Lewis base
han the anionic As(V). Sn(IV) [4s24p64d10] is a softer Lewis
cid than either Fe(III) or Ti(IV). So hydrated stannic oxide
HSO) is expected to have greater affinity for As(III) than for
s(V).
With this view, the present paper reports the synthesis,
haracterization and systematic arsenic adsorption behaviour
f hydrous stannic oxide (HSO). Finally, a fixed bed column
dsorption test on arsenic removal from water on a lab-bench
cale has also been reported.
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. Materials and methods

.1. Preparation of adsorbent

Hydrous stannic oxide (HSO) was prepared by neutraliz-
ng 0.1 M sodium stannate with drop-wise addition of 0.1 M
mmonium chloride solution. The white gel-like precipitate of
tannic hydroxide formed was aged for ten days with mother
iquor. Decanting the mother liquor, thereafter, the precipitate
as washed with de-ionized water till alkali free. The filtered
hite mass was dried in an air oven at 50–60 ◦C. The dried mass
hen treated with cold water was broken into fine particles, and

ieved to collect the particles ranged between 0.14 and 0.29 mm.

.2. Arsenic solutions

A standard stock As(III) solution (1000 mg/L) was prepared
y dissolving 0.1320 g of As2O3 (99.9% Aldrich, USA) in
0 mL 4% (w/v) NaOH, acidified with 2.0 mL concentrated
Cl and then diluted to 100 mL with arsenic free de-ionized
ater. The working solutions of As(III) of desired concentra-

ions were made by diluting the stock with 0.2% (v/v) HCl. The
tock solution was prepared freshly after every three days and
rozen to prevent oxidation. The standard stock As(V) solution
1000 mg/L) was also prepared by dissolving 4.1601 g of sodium
rsenate (Na2HAsO4, 7H2O, E. Mark, Germany) with arsenic
ree de-ionized water in to a 1000 mL volumetric flask. The
orking solutions of As(V) of a required concentration were
ade by diluting the stock with de-ionized arsenic free water

nd frozen.

.3. Analytical methods

Total arsenic as well as As(III) species was analyzed
y hydride generation atomic absorption spectrophotome-
er (Perkin-Elmer-3100) and UV–vis spectrophotometer
HITACHI model-3210). Total dissolved inorganic arsenic in
ater sample was determined by adding HCl (32%, v/v) and KI

10%, w/v) where As(V) was reduced to trivalent state, which
as converted to arsine with 3% (w/v) NaBH4. The arsine gas
as carried over to the flame of atomic absorption spectropho-

ometer, and absorbance value was noted at 193.7 nm against
lank, and compared with standard for arsenic concentration.
s(III) in water sample was determined by selective reduction
ith 3% NaBH4 to volatile arsine at pH 4.8 in acetate buffer. This
ethod allows rapid determination of arsenic species down to
�g/L with ±4% accuracy [31]. In spectrophotometric method,

he generated arsine gas was adsorbed in silver dietyl dithiocar-
amate(SDDC) (G.R., E. Marck) solution in chloroform solvent,
nd absorbance was measured at 535 nm against blank and com-
ared with the standard curve [31]. Some common ions, viz.,
hosphate, sulfate, nitrate, chloride, fluoride and bicarbonate in
ater sample were estimated by ion-chromatography (IC) using
tandard method [31]. Stannic ion in solution was determined
olorimetrically. Here, a definite volume (40.0 mL) sample solu-
ion was concentrated to 10.0 mL, and used for developing color
n dithiol method [32].
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presumably owing to the lower basicity of tin(IV). Thus, HSO
could be a surface-active oxide. The anion and cation exchange
properties of HSO were also reported [33] at pH below 4.6 and
above 6.4, respectively.
24 B. Manna, U.C. Ghosh / Journal of H

X-ray diffraction (XRD) analysis of the synthetic oxide was
onducted by the powder method with Philips PW 1830 gen-
rator. Thermo gravimetric (TG) and differential thermal (DT)
nalyzes of the adsorbent were recorded using a seterm ana-
yzer in argon atmosphere at a heating rate of 20 ◦C/min over a
emperature range of 30–1000 ◦C. Point of zero charge (pHzpc)
as determined from electrophoretic mobility (EM) of the oxide
sing a Zeta-Meter. The electrophoretic mobility of solid sor-
ent suspensions containing 0.02% solid in 0.01 (M) NaCl was
etermined at various pH. Surface area of the sorbent particles
as measured by Brunauer–Emmett–Teller (BET) method by

dsorption of N2 gas at liquid N2 temperatures using Micromer-
ties high-speed surface analyzer.

.4. Batch experiments

.4.1. pH effect
The effect of pH in a range from 2 to 10 on arsenic adsorp-

ion was conducted by mechanical agitation (250–260 rpm) at
oom temperature, 27 (±1) ◦C. Here, 0.1 g HSO (particle size:
.14–0.29 mm) was added with 50.0 mL aliquots of As(III) and
s(V) solutions (5.0 and 10.0 mg As/L) taking separately in well

apped 100 mL polythene bottles. The required initial pH (pHi)
f test solutions were adjusted using 0.1 (M) HCl and/or 0.1 (M)
aOH. Agitating the reaction mixtures for 5.0 h for both As(III)

nd As(V), the solutions were filtered using 0.45 �m membrane
lter; and analyzed for residual arsenic and equilibrium solution
H (pHf).

.4.2. Adsorption kinetic studies
Adsorption kinetic experiments were performed by batch

ethod at pHi 7.0 (±0.1) and room temperature, 27 (±1) ◦C.
ere, 50.0 mL solution of arsenic [concentrations (mg/L): 5.0

nd 10.0] was taken in to 100 mL polythene bottles with 0.1 g
SO, and agitated (250–260 rpm) using a shaker. A pH elec-

rode was inserted into the solutions 10 min before withdrawing
f samples for pH measurement, and 0.1 (M) NaOH or 0.1 (M)
Cl was added, if required, for pH adjustment (∼7.0) during

xperimental run. The reaction mixtures including bottle were
ithdrawn at a time interval of 15 min from starting till the equi-

ibrium reached. The filtered sample solutions were analyzed for
rsenic.

.4.3. Adsorption isotherm
Adsorption isotherm experiments were conducted at room

emperature, 27 (±1) ◦C and at pH 7.0 (±0.1) by batch
dsorption procedure as described above. Here, six different
oncentrations ranging from 1.0 to 10.0 mg/L were used sep-
rately each for As(III) and As(V). The agitation time and speed
sed were 5.0 h and 250–260 rpm, respectively, for equilibrium.
he solution pH was adjusted twice in the middle (after 1.0 and

.0 h of agitation) using 0.1 M HCl and/or 0.1 M NaOH solution.
imilar intermediate pH adjustment was made by Jang et al.
25] for arsenic adsorption isotherm experiment using 250 rpm
haking speed. Residual arsenic was determined in the filtered
ample.
dous Materials 144 (2007) 522–531

.4.4. Column test
The glass columns (internal diameter: 0.70 cm) were packed

ith HSO (particle size: 0.14–0.29 mm, pH ∼ 7.0) up to a height
f 3.7 cm. The laboratory tap water of Presidency College (PC)
as spiked with As(III) and As(V) separately up to a level of
.0 mg/L. The tap water used for sample preparation was the
round water of PC. The tap water composition [27] was found
o be almost the representative of the field samples of arsenic-
ontaminated belt of West Bengal in India. The arsenic spiked
C tap water samples were passed with a down flow (flow rate:
100 mL/h; contact time: ∼35 s) direction to evaluate column

fficiency for As(III) and As(V) removal.

. Results and discussions

.1. Physico-chemical characteristics of HSO

The X-ray diffraction analysis showed that the synthesized
ydrous stannic oxide (HSO) was of amorphous variety. The
hermal stability of the hydrous oxide is shown in Fig. 1. Thermo
ravimetric (TG) analysis recorded 8.26% and 6.81% weight
oss in drying temperature range below 190 and 190–700 ◦C,
espectively. The weight loss below and above190 ◦C corre-
ponds to dehydration and phase transition of the oxide. The
alculated weight loss of 4.22% on drying up to 110 ◦C was
ttributed to the irreversible loss of physically adsorbed water
olecules, and that would be the moisture content of the hydrous

xide. This is confirmed from a broad endoergic DTA peak
Fig. 1) at 110 ◦C. The differential thermal analysis (DTA)
howed no exoergic peak (Fig. 1), so the chemical reactions, viz.,
olymerizations or crystallizations did not take place on drying
p to 700 ◦C. Electrophoretic mobility studies of the oxide sus-
ensions at various pH values showed that pHZPC of the synthetic
xide was 4.6 to 6.4. The wide range of pHzpc value of HSO is
Fig. 1. Thermo gravimetric and differential thermal analysis of HSO.
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of surface complex formation without specifying the stabilizing
interaction.

SnOH(s) + As(OH)3 � HO–Sn–As(OH)3(s) (2)
ig. 2. (a) Effect of initial pH on arsenic adsorption by HSO at 27 (±1) ◦C and
b) the plot of equilibrium pH (pHf) vs. initial pH (pHi).

Some determined physico-chemical characteristics of HSO
re: nature: amorphous; metal content: 61.60%; moisture con-
ent: 4.22%; bulk density: 1.38 g/cm3; particle size: 0.14 to
.29 mm; surface area: 140.8 m2/g; pHzpc: 4.6–6.4; solubility
pH 6.5–8.0) = 0.02 mg/L.

.2. Effect of pH

The effect of initial pH (pHi) on adsorption of arsenic
as determined by loading 5.0 mg As/g of adsorbent in the
Hi range of 2.0–10.0 and at temperature 27(±1) ◦C. Fig. 2a
emonstrates the efficiency of arsenic removal, and shows the
ncrease in adsorption capacity (qe, mg/g) for As(III) with
ncreasing pHi from 2.0 to 6.0, that remained almost same
n the pHi range 6.0 to 8.0 while that for As(V) decreased
ith increasing pHi from 2.0 to 10.0. In general, the adsorp-

ion of As (III) is less pH dependent, while that of As(V)
s highly pH dependent. The determined qe-value for As(V)
as significantly greater than As(III) at pHi 2.0, while that

or As(III) was clearly greater than As(V) at pHi > 3.0. Results
Fig. 2a) show that the percentage of As(V) adsorption was
ound to be about 12.0 to 13.0% of As(III) at pHi 10.0.
dditionally, the equilibrium solution pH (pH ) was found to
f

ncrease (Fig. 2b) somewhat more for As(V) adsorption onto
he HSO than the increase found for As(III) in the pHi-range of
.0–8.0.

w
r

ous Materials 144 (2007) 522–531 525

The lower adsorption capacity for As(III) than As(V) of HSO
t pHi 2.0 is due to the electrostatic hindrance between posi-
ive surface sites of the adsorbent [pHzpc = 4.6 to 6.4] and H�+

enter of OH groups in As(OH)3 [pKa1 = 9.2]. For As(V), the
ositive surface sites of the adsorbent attracts the anionic adsor-
ate species [pKa1 = 2.6 and pKa2 = 6.4 of H3AsO4], and the
dsorption capacity is high. With increasing pHi, the positive
harge density of adsorbent surface decreases and, therefore,
he adsorption of non-ionic As(III) increases due to decrease
n electrostatic hindrance while that of As(V) decreases due to
ecreasing electrostatic attraction. At pHi ∼ 6.0, HSO surfaces
re to be negative and the As(V) anion being repelled due to
ike nature of charge, and the adsorption capacity for As(V)
s about 50% less than that obtained at pHi 5.0. In contrast,
hat decrease for As(III) adsorption was not found, because
he earlier noted adsorptive force persists up to pHi 8.0. At
Hi > 8.0, the less adsorption capacity of adsorbate ions are obvi-
usly due to (i) increase in electrostatic hindrance between like
harges on adsorbent and adsorbate, and (ii) increase in compet-
ng OH− concentration for sorption sites. Thus, the adsorption
f As(III) and As(V) onto HSO takes place with different
echanisms.
The high value of As(III) adsorption data in the pHi range

f 4.0–8.0 resembled closely to our earlier studies [26,28].
he present observation on As(III) adsorption is similar to

he literature available reports made by other workers using
ifferent adsorbents [6,14,16]. However, the pHi value for max-
mum As(V) adsorption differ from the reports made by others
11,16,26]. The lower pHi value for high arsenic adsorption
ompared to other literature available data may be due to the
resence of 4d10 configuration in valence shell of the metal ion
n HSO. The mechanisms for As(III) and As(V) adsorption are
imilar to that reported by others. In addition, As(V) adsorption
t pHi ≤ 6.0 can be attributed by ligand (or anion) exchange [33]
henomenon. This supports the increase in pH of equilibrium
olution.

Sn–OH(s) + −O–AsO(OH)2(aq) + H+

� Sn+–−OAsO(OH)2(s) + H2O (1)

The adsorption capacity for As(V) was very high at pHi
.0 despite some solubilization loss of the HSO (0.03 mg/L)
t that pHi, because the anion-exchange property increases with
ecreasing pH. The high adsorption capacity of HSO for As(III)
ay be due to soft Lewis acid–base type interaction., where
nO2·xH2O (Sn4+, a 4d10 species) functions as soft Lewis acid
nd As(OH)3 a soft Lewis base, giving a surface complex.
ther workers, however, have earlier reported the probability
here SnOH(s) stands for solid HSO in noted two adsorption
eactions (Eqs. (1) and (2)) for mechanisms.
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ig. 3. Effect of drying temperature of adsorbent on As(III) adsorption at pH
.0 (±0.1).

.3. Effect of drying temperature

The synthetic HSO was dried for an hour at the temper-
tures 25, 50, 100, 150 and 200 ◦C separately, and used for
s(III) adsorption. Results (Fig. 3) show a small increase in

dsorption capacity of As(III) when the drying temperature was
ncreased from 25 to 50 ◦C, and that, thereafter, decreased slowly
ith increasing drying temperature of adsorbent. This indicates

he increase of surface active sites for As(III) adsorption with
ncreasing drying temperature from 25 to 50 ◦C which is due
o the loss of physically attached (H-bonded) water molecules
rom the surface and, increases availability of surface active OH
roups for arsenic adsorption. The decrease in adsorption capac-
ty with increasing temperature for drying above 50 ◦C is due
o the loss of surface active OH sites as water which agrees
ell with the loss of weight in thermal analysis (Fig. 1). Simi-

ar results were reported for As(III) adsorption using crystalline
ydrous titanium oxide [27]. In contrast, crystalline hydrous fer-
ic oxide showed an increase in arsenic adsorption capacity with
ncreasing temperature for drying up to 300 ◦C [26]. Thus, it can
e suggested that HSO, dried at 50◦ C, could be used for As (III)
emoval.

.4. Kinetic modeling

Fig. 4a and b show the time dependent arsenic adsorption
ata at pH 7.0 (±0.1) and temperature 27 (±1) ◦C. For the ini-
ial arsenic loads 2.5 and 5.0 mg per g adsorbent, the adsorption
apacities (mg/g) nearly obtained were 1.80 and 3.33, 2.30 and
.96, and 2.49 and 4.26 for As(III); and those were 0.47 and
.74, 0.56 and 1.00, and 0.68 and 1.09 for As(V), respectively,
t 1, 2 and 4 h of contact. The results show that the initial rate of
dsorption was fairly rapid for both As(III) and As(V). ∼70%
f the adsorbed amount took place in an hour of agitation and,
he remaining ∼30% adsorption took place taking additional 3.0
nd 2.0 h. That is, the time required for reaching adsorption equi-

ibrium was 4 h for As(III), while that was 3 h for As(V). Results
how (Fig. 4a and b) that the adsorption of As(V) onto HSO is
aster than As(III) which is similar to the observation reported
y Raven et al.[9]. However, the equilibrium time obtained in

(

q

ig. 4. Adsorption kinetic data for: (a) As(III) at pH 7.0 (±0.1) and at 27 (±1) ◦C
nd (b) As(V) at pH 7.0 (±0.1) and at 27 (±1) ◦C.

he present case is found to be less compared to the studies made
sing some other oxides [26,27].

The data shown in Fig. 4a and b are used for analysis taking
he linear form of the following kinetic model equations:

The pseudo-first-order equation [34]:

og(qe − qt) = log qe −
(

Kad

2.303

)
t (3)

here qe and qt are the adsorption capacity (mg/g) at equilibrium
nd at time, t, respectively; and Kad the pseudo-first-order rate
onstant (time−1).

The pseudo-second-order equation [35]:

t

qt

)
=

(
1

K2q2
e

)
+

(
1

qe

)
t (4)

here both qe and qt have the same meaning as above. K2 is the
seudo-second-order rate constant (g mg−1 time−1).

The Bhattacharya–Venkobachar equation [36]:

n(1 − U(t)) = KBt (5)

here U(t) = C0 − Ct/C0 − Ce, where C0, Ct and Ce are the con-
entrations (mg/L) at t = 0, t and equilibrium, respectively.

The power function equation [37]:

og qt = log a1 + b1 log t (6)

here a1 and b1 are some constants, qt the adsorption capacity

mg/g) at time, t.

The Elovich equation [38]:

t = β ln(αβ) + β ln t = a2 + b2 ln t (7)
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ig. 5. Pseudo-second-order plot of: (a) As(III) adsorption at pH 7.0 (±0.1) and
t 27 (±1) ◦C and (b) As(V) adsorption on HSO at pH 7.0 (±0.1) and at 27
±1) ◦C.

here α and β have usual signification of the model equation,
nd a2 = β ln(αβ) and b2 = β.
The estimated kinetic models and related parameters with
inear regression coefficient (R2) are shown in Table 1. The
resent kinetic adsorption data for both As(III) and As(V) on
SO describe the pseudo-second-order model (Fig. 5a and b)

t
l
f
s

able 1
dsorption kinetic model equations with different parameters evaluated on adsorptio

dsorption kinetic model equations Parameters

seudo-first order:
og(qe − qt) = log qe − Kad/2.303t

Kad × 102 (min−1)
R2

seudo-second-order: t/qt = 1/K2q
2
e + t/qe

K2 × 102 (g/(mg min)−1)
R2

hattacharya–Venkobachar:
n(1 − U(t)) = KBt; U(t) = C0 − Ct/C0 − Ce

KB (min−1) × 102

R2

ower function:
og qt = log a1 + b1 log t

a1

b1

R2

imple Elovich:

t = a2 + b2 ln t

a2

b2

R2
ous Materials 144 (2007) 522–531 527

est (0.98 < R2 < 1.0) while, those also describe the pseudo-
rst-order model well (0.97 < R2 < 0.98). Other models tested
escribe the present kinetic data, in general, poorly. The sim-
le Elovich equation explained the kinetic data fairly well.
he regression coefficient (R2) values obtained for As(III)
re 0.9582 and 0.9919, and those for As(V) are 0.9932 and
.9210, respectively for the studied initial arsenic loads 2.5 and
.0 mg/g. The Bhattacharya–Venkobachar [36] kinetic model
quation describes the kinetic data well (R2 = ∼0.98) obtained
or 2.5 mg/g of As(III) while the power function kinetic model
quation describes the kinetic data well (R2 = ∼0.98) obtained
.0 mg/g of As(III). However, no systematic order is found for
tting the kinetic data with analyzed model equations. As the
resent kinetic data describe the pseudo-second-order model
est, thus the arsenic adsorption onto HSO obeyed the pseudo-
econd kinetics.

.5. Intra-particle (pore) diffusion

The adsorption process onto an adsorbent follows three steps,
iz., film diffusion, macro and micro-pore diffusions phenom-
na. The slowest of the three-step controls the overall rate pro-
ess. Generally, intra-particle (pore) diffusion is the rate-limiting
tep in batch process, while for a continuous flow system film
iffusion is more likely to be the rate-limiting step. The intra-
article (pore) diffusion rate constant (ki) can be defined as the
radient of the plot of sorption density versus square root of time
39,40]. The plot of qt versus t1/2 was found to be linear for a wide
ange of contact time for arsenic sorption indicating the presence
f external mass transfer (Fig. 6). It shows three separate regions:
nitial part of the curve is attributed to mass transfer [41] (slope
1) taking place with boundary layer (film) diffusion, while
he final linear portion(s) of the curve indicate intra-particle
iffusion (slope k2 and k3). The values of k2 and k3 indicate
hat the pores are micropore and intra-particle diffusional resis-

ance is due the micro pores only which is more pronounced for
arge As(V) compared to small As(III) species. This is evident
rom smaller values of k2 and k3 for As(V). Moreover, pore
orption of As(III) and As(V) are concentration dependent and

n of arsenic by HSO at pH 7.0 (±0.1) and at 27 (±1) ◦C

Initial As(III) loads
(mg/g of adsorbent)

Initial As(V) loads
(mg/g of adsorbent)

2.5 5.0 2.5 5.0

1.36 1.49 1.75 3.09
0.9782 0.9822 0.9719 0.9723
1.35 1.16 2.63 1.20
0.9990 0.9991 0.9960 0.9804
1.50 1.36 0.20 1.88
0.9811 0.8798 0.8522 0.9559
0.4533 1.3478 0.0599 0.0432
0.3284 0.2116 0.4776 0.6286
0.9065 0.9811 0.9157 0.9098

−0.4181 0.4402 −0.2635 −0.7072
0.5467 0.7067 0.1780 0.3383
0.9582 0.9919 0.9932 0.9210
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the following form [45]:

qe = A + B log Ce (11)
ig. 6. Intra-particle diffusion rate constants (ki, mg g−1 min−1/2) of arsenic
dsorption at pH 7.0 (±0.1) and at 27 (±1) ◦C.

he rate of pore diffusion increases with increasing concentra-
ion.

The Bangham’s equation, furthermore, as suggested by Aha-
oni and Ungarish [42] (Eq. (8)) has been applied for verifying
he pore-controlled adsorption phenomena,

og

(
log C0

C0 − qtm

)
= log

(
K0m

2.303V

)
+ α log t (8)

where C0 is the initial As(III) concentration (mg/L), V the
olume of solution (mL), m the mass of adsorbent (g/L), qt the
mount of adsorbate retained in solid at time t, α and K0 are con-
tant. The plots of log(log C0)/(C0 − qtm) versus log t (Fig. 7a
nd b) obtained for As(III) and As(V) adsorption data show
etter correlation coefficient values for As(III) (R2 = 0.97–0.99)
han for As(V) (R2 = 0.73–0.75). This supports the previous
onclusion that the adsorption kinetics for the As(III) is more
ore-diffusion controlled than As(V). This is presumably due
o larger size of As(V) than As(III) in aqueous solution that
indered to enter into the pore.

.6. Isotherm envelope

Fig. 8a and b show the equilibrium isotherm data for arsenic at
H 7.0 (±0.1) and temperature 27 (±1) ◦C. The following linear
sotherm model equations are used for analyzing the equilibrium
dsorption data of As(III) onto HSO:

Freundlich equation [43]: qe = kfC
1/n
e . The linear from of

he equation is:

og qe = log Kf + 1

n
log Ce (9)

Langmuir equation [44]: qe = (θ0bCe)/(1 + bCe). The linear

rom of the equation applied for isotherm data analysis is:

1

qe
= 1

θ0bCe
+ 1

θ0
(10) F

a

ig. 7. Pore diffusion controlled adsorption kinetics of: (a) As(III) at pH 7.0
±0.1) and at 27 (±1) ◦C and (b) As(V) at pH 7.0 (±0.1) and at 27 (±1) ◦C.

he Temkin isotherm equation applied for isotherm analysis in
ig. 8. Equilibrium isotherm data for: (a) As(III) adsorption at pH 7.0 (±0.1)
nd 27 (±1) ◦C and (b) As(V) adsorption at pH 7.0 (±0.1) and 27 (±1) ◦C.
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Table 2
Estimated isotherm parameters for As(III)-sorption onto HSO at pH 7.0 (±0.1)
and at 27 (±1) ◦C

Estimated isotherm parameters

As(III) As(V)

Langmuir
R2 0.9850 0.9707
θ0 (mg/g) 15.850 4.303
b (L/mg) 0.2727 0.0488

Freundlich
R2 0.9720 0.8935
Kf 3.548 0.1521
n 1.569 1.0739

Temkin
R2 0.8069 0.9553

w
t
K
t
a
i
c

(
T
(
t
t
a
t
i
m
m
A
w
9
L
t
i
A

a
s
f
s
H
7
t

i
t
[
i

F
a

a
f
b
f
7
t
o

3

g
s
chloride and fluoride ions show no significant interference
while phosphate ion shows (Fig. 10) notable effect on As(III)-
adsorption, particularly at higher phosphate concentrations. The
arsenic(III) removal was found to decrease from 87.86 to 79.30%
A 4.2472 −0.928
B 4.9862 2.4739

here qe is the amount adsorbed at equilibrium (mg/g) and Ce
he equilibrium concentration of adsorbate in solution (mg/L),

f and n are the Freundlich constants corresponding to adsorp-
ion capacity and adsorption intensity, respectively; θ0 and b
re Langmuir constants related to maximum monolayer capac-
ty and energy of adsorption, respectively; A and B are Temkin
onstants.

The isotherm parameters and linear regression coefficient
R2) values obtained from the linear plots are shown in Table 2.
he best-fit plots are shown in Fig. 8a and b. The results

Table 2) obtained from the isotherm analysis indicated that
he Langmuir model describes the As(III) and As(V) adsorp-
ion isotherm data onto HSO best. The R2 values were of 0.9850
nd 0.9707 for As(III) and As(V), respectively. The order of fit-
ing of the present data with the two parameter isotherm models
s: Langmuir > Freundlich > Temkin for As(III), and Lang-

uir > Temkin > Freundlich for As(V). The Langmuir isotherm
odel describes the adsorption data for As(III) better than for
s(V). Similar order on the fitting of the As(III) adsorption data
as reported by Zeng [16] and Raven et al. [9] at pH 6.5 and
.2, respectively. The better fit of As(III) adsorption data with the
angmuir isotherm was reported earlier [27,28]. The different

rend found in describing the adsorption data with two-parameter
sotherm models suggests different adsorption mechanisms for
s(III) and As(V) adsorption onto HSO (Fig. 9).
The evaluated values for mono-layer adsorption capacity (θ0)

nd adsorption energy (b) from the Langmuir isotherm plots
how (Table 2) that the values for As(III) are much higher than
or As(V). The higher values of the Freundlich and Temkin con-
tants for As(III) compared to As(V) also support the fact that
SO has much greater affinity for the lower valent species at pH
.0 (±0.1). This agreed well to the results (Fig. 2a) obtained in
he studies of pH effect.

Despite well-fit of adsorption data with used three different
sotherm models, yet it can not high light the mechanis-

ic implications. However, the dimensionless parameter, RL
=1/(1 + C0b)] [46], where b is the Langmuir constant and C0
s the initial adsorbate concentration, can predict whether the
ig. 9. Langmuir isotherm plot of: (a) As(III) at pH 7.0 (±0.1) and at 27 (±1) ◦C
nd (b) As(V) at pH 7.0 (±0.1) and at 27 (±1) ◦C.

dsorption is favorable or unfavorable. The calculated RL-values
or a range of initial concentrations (1.0–20.0 mg/L) of adsor-
ates are found to lie between 0 and 1.0, and indicate the
avorable adsorption of both arsenic species onto HSO at pH
.0 (±0.1). The RL-values for As(III) are found always lower
han those for As(V) suggested the more adsorption favorability
f the reduced arsenic compared to that of the oxidized species.

.7. Adverse effect of some anions

The adverse effect of some anions (commonly found in
roundwater) on As(III) adsorption onto the adsorbent were
tudied in the pH range 5.0–8.0. The studied sulfate, nitrate,
Fig. 10. Effect of phosphate on As(III) adsorption by HSO.
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Fig. 11. As(III) and As(V) in effluent of HSO column.

t pH 5.0, and 84.52 to 67.50% at pH 8.0, when the mole ratio
f PO4

3−:As(III) was increased from 0.662 to 2.648. The phos-
hate mass balance for these experiments confirmed that the
O4

3− ions adsorbed but barely on HSO probably through the
ormation of surface complexes with surface hydroxyl groups
47,48] reported similar significant adverse effect of phosphate
n As(III) adsorption onto ferrihydrite. This indicates that the
dsorbent, HSO can be used efficiently for As(III) removal
rom contaminated groundwater when phosphate concentration
n that water is low.

.8. Column study

The results (Fig. 11) obtained on the arsenic removal using
xed bed adsorbent columns show that the break-through and
xhaustion point (10 �g/L As in effluent) for As(V) were 120
nd 450 bed volumes (BV), while those for As(III) were 400 and
400 BV, respectively. The early attainment of break-through as
ell as exhaustion point clearly supported the obtained results

hat HSO has strong affinity for As(III) compared to that of
s(V) in the drinking water pH range, and HSO can be used

ffectively in removing predominated As(III) species of the con-
aminated ground water of Bengal delta basin. In contrast, Joshi
nd Chaudhuri [49] reported that iron oxide coated sand removes
oth As(III) and As(V) with almost equal efficiency; and a
imple fixed bed unit was treated about 160–190 BV of water
ontaining 1000 �g/L arsenite and 150–165 BV of water with
000 �g/L arsenate. Clifford [50] obtained 300 and 2300 BV of
reated waters up to the As(III) and As(V) level of <10 �g/L from
he influent (As(III) and As(V) concentration: 100 �g/L) water
eparately using activated alumina column at pH 6.0. Compar-
ng the present results with the results reported by Joshi and
haudhuri [49] and also by Clifford [50] have revealed that
SO is a better adsorbent for scavenging As(III) for the con-

aminated ground water treatment of Bengal delta basin of the
iver ‘Ganga’.

.9. Cost estimation of HSO
The cost (per kg) of raw materials used was ∼$6.0 (for
rdinary sodium stannate) and ∼$2.5 (for ordinary ammonium
hloride). Adding 10% additional with the above cost, the cost
dous Materials 144 (2007) 522–531

or the preparation of HSO is ∼$9.35. This cost could be reduced
p to 50% if sodium stannate be prepared from waste metallic
in materials.

. Conclusion

Hydrous stannic oxide (HSO), an amorphous variety, showed
reater adsorption affinity for the As(III) than for As(V). The
dsorption of As(III) was found almost pH insensitive, and
aximum adsorption took place in the pH range of 3.0–8.0,
hereas that of As(V) was highly pH sensitive and maximum

dsorption took place at pH < 3.0. There is a small change of
s(III)-adsorption when HSO used was pre-dried up to the

emperature of 200 ◦C. The adsorption kinetic data for As(III)
nd As(V) at pH 7.0 (±0.1) and at temperature 27 (±1) ◦C
escribed the pseudo-second-order kinetic equation best. The
s(III) and As(V)-adsorption equilibrium reached in 4.0 and
.0 h, respectively, and adsorption isotherm data described the
angmuir isotherm model best. The competing ions, viz., sul-

ate, nitrate, chloride and fluoride showed no adverse effect on
s(III)-adsorption up to their permissible concentration levels

n groundwater whereas the phosphate ion showed a signifi-
ant interference on As(III)-adsorption in the drinking water pH
ange. A fixed bed HSO column was produced 2400 and 450 BV
f potable water (As content <0.01 mg/L) for As(III) and As(V),
espectively from the contaminated water (1.0 mg As/L). Thus,
SO can be used as an efficient adsorbent for more toxic and
revalent As(III) species from groundwater.
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