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bstract

Batch studies were conducted to examine the adsorption kinetics and adsorption capacity of iron oxide-coated biomass (IOCB) for As(III)
nd As(V). The optimum pH for As(V) and As(III) removal was found to be 6. The equilibrium time for removal of arsenic was found to be
pproximately 7 h. The adsorption of As(V) on IOCB was rapid compared to that of As(III) adsorption. An increase in temperature (from 5 to
0 ◦C) was found to increase As(III) removal, whereas in the case of As(V), the removal increased with temperature from 5 to 10 ◦C, but remained
elatively constant thereafter up to 30 ◦C. The pseudo-second order rate equation was found to describe better the kinetics of arsenic adsorption

han other equations. The isotherm data for As(V) removal fitted better with the Langmuir equation compared with other tested models and the
sotherm data for As(III) removal fitted better with Redlich–Peterson equation than other tested models. Iron oxide-coated fungal biomass (A.
iger) was found to be efficient in removing arsenic from an aqueous solution.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Arsenic in groundwater has become a serious problem to
umanity because of its toxicity. Chronic arsenic poisoning of
rinking water is reported to cause numerous health disorders
1]. Therefore, the World Health Organization (WHO) in 1993
2] and the United States Environmental Protection Agency (US
PA) in 2001 reduced the limit of arsenic in drinking water to
0 �g l−1 from an earlier value of 50 �g l−1 [3]. It was esti-
ated that some 35–77 million people were at extreme risk of

roundwater arsenic poisoning in Bangladesh [4]. Arsenic exists
n natural waters in both inorganic as well as organic forms. The
norganic form of arsenic is more toxic than its organic form.
norganic arsenic exists in natural waters in two oxidation states:
s(III) and As(V). As(III) is dominant in more reduced condi-

ions whereas As(V) is dominant in an oxidizing environment.

Arsenic can be removed by coagulation and filtration, ion

xchange, membrane and adsorption technologies. Coagula-
ion and filtration is the most commonly used technique. Ion

∗ Corresponding author. Tel.: +1 306 585 4094; fax: +1 306 585 4855.
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Isotherms

xchange resins are effective in removing arsenate [As(V)] but
aw water may contain arsenite [As(III)]. So use of resin as
n arsenic removal method may not be suitable for certain raw
ater sources which are dominant in As(III). Use of membrane

s an arsenic removal method is quite expensive compared to
ther methods [5]. Arsenic removal by adsorption on activated
lumina, granular ferric hydroxide (GFH) and manganese green
and filtration were proven to be effective. Iron oxide based
dsorbents are classified as emerging technologies for arsenic
emoval [6]. Iron oxide-coated sand was reported to be efficient
o remove arsenic from water [7–9]. Other iron oxide-coated or
oaded materials were also reported to be effective in remov-
ng aresinc [10–12]. Loukidou et al. [13] obtained enhanced
rsenate removal using chemically modified [polyelectrolyte
magnafloc), dodecylamine and cetyl trimethyl ammonium bro-
ide] P. chrysogenum compared with the unmodified biomass.
okhrel and Viraraghavan [14] investigated arsenic removal
otential of chemically modified A. niger biomass because pre-
iminary studies showed that arsenic removal was less than 20%

sing non-viable A. niger biomass. Among the various pretreat-
ent studies, iron oxide-coated A. niger biomass was found to be

he best in terms of arsenic removal efficiency [14]. Further, iron
xide-coated biomass may be a better option to use in the case

mailto:t.viraraghavan@uregina.ca
dx.doi.org/10.1016/j.jhazmat.2007.05.041
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f drinking water compared to other chemical modifications. A
actorial design study identified temperature and the mass of
dsorbent as important factors in the removal of arsenic by iron
xide-coated A. niger biomass [15]. In this study, iron oxide-
oated A. niger biomass was used in batch studies to examine
he feasibility of adsorption of As(III) and As(V).

. Kinetic and isotherm models

.1. Kinetic models

The most common kinetic models available for the evaluation
f the adsorption data are discussed further.

.1.1. Lagergren model
Lagergren [16] showed that the rate of adsorption of pollu-

ants on the adsorbent followed a pseudo-first order equation:

dqt

dt
= k1(qe − qt) (1)

here qe and qt are the sorption capacity (�g g−1) of the adsor-
ent at equilibrium and at time t (h), respectively and k1 is the
seudo-first order sorption rate constant (h−1).

Integrating and applying the boundary conditions t = 0 to t = t
nd qt = 0 to qt:

t = qe[1 − exp(−k1t)] (2)

.1.2. Ho model
Ho and McKay [17] proposed that the kinetics of the sorption

rocess was best described by a pseudo-second order equation:

dqt

dt
= k2(qe − qt)

2 (3)

Integrating and applying the boundary conditions t = 0 to t
nd qt = 0 to qt and rearranging:

t = k2tq
2
e

1 + k2tqe
(4)

here k2 is the pseudo-second order sorption rate constant
g h �g−1) and, t time (h).

.1.3. Elovich equation
The Elovich equation is described as follows [18]:

dqt

dt
= α exp(−βqt) (5)

here α is the initial sorption rate constant (�g g−1 h−1) and β

s the desorption constant (g �g−1).
Chien and Clayton [19] simplified the equation assuming

βt � 1 and applying the boundary conditions t = 0 to t and

t = 0 to qt:

t = 1

β
ln(αβ) + 1

β
ln(t) (6) u

t

ardous Materials 150 (2008) 818–825 819

.1.4. Weber and Morris model
Weber and Morris [20] described the intraparticle uptake of

he sorption process to be proportional to the half-power of time:

t = kwt1/2 (7)

here kw is sorption constant (�g g−1 h−1/2).

.2. Equilibrium isotherm models

The equilibrium isotherm models describe the adsorption
rocess in terms of mathematical equations. Normally, the exper-
mental data and the model predicted values are plotted in terms
f adsorption density versus the equilibrium concentration. The
angmuir, Freundlich and Redlich–Peterson models were tested

o fit the isotherm data.

.2.1. The Langmuir isotherm model
The Langmuir equation is expressed in the following form

21]:

e = KLCe

1 + αLCe
(8)

here qe is the adsorption of adsorbate to the adsorbent (�g g−1)
nd Ce is the equilibrium solute concentration (�g l−1). KL is
he solute adsorptivity (l g−1) and αL is related to the adsorption
nergy (l �g−1). The ratio of KL/αL is defined as the monolayer
dsorption capacity.

.2.2. The Freundlich isotherm model
The Freundlich isotherm is of the following form [22]:

e = KFCe
1/n (9)

here KF is the equilibrium constant indicative of adsorption
apacity (l g−1), the larger the value of KF the greater the adsorp-
ion capacity. ‘n’ is the adsorption equilibrium constant whose
eciprocal (1/n) is the indicative of adsorption intensity. The
eciprocal of ‘n’ is called heterogeneity factor and its value
anges from 0 to 1; the more the surface is heterogeneous, the
alue of 1/n is closer to zero.

.2.3. The Redlich–Peterson model
The Redlich–Peterson equation is expressed as follows [23]:

e = KRCe

1 + αRC
γ
e

(10)

here KR, αR and γ are the isotherm constants. KR is the solute
dsorptivity (l g−1) and αR related to the adsorption energy
l �g−1) and γ is the heterogeneity constant (0 < γ < 1).

. Materials and methods

.1. Preparation of standards and reagents
Distilled deionized water (VWR International, USA) was
sed for the preparation of standards, modifier and wash solu-
ion [for sample dispenser of graphite furnace atomic absorption
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pectroscopy (GFAAS)]. Deionized water obtained from the
ocal supplier was used in preparation of all sample solu-
ions. As(III) standard reference [arsenic oxide, concentration
000 mg l−1] was purchased from Fisher Scientific, Ontario.
s(V) stock solution (1000 mg l−1) was prepared by dissolving
.164 g of sodium arsenate (Na2HAsO4·7H2O; Sigma Chemi-
al, MO, USA) in deionized water to make a solution volume of
l. The stock solution was preserved with 1% trace metal grade
itric acid [14].

.2. Preparation of biomass and modification methods

.2.1. A. niger
Detailed procedure for the preparation of non-viable A. niger

iomass has been provided elsewhere [14].

.2.2. Iron oxide-coated biomass powder (IOCB)
A volume of 80 ml of the 2 M Fe(NO3)3·9H2O was prepared

nd 1 ml of 10 M NaOH was added in this solution and mixed
horoughly. Twenty grams of the autoclaved biomass powder
ere measured in a porcelain pot; the mixture of the iron oxide

nd NaOH solution was poured in to the porcelain pot and
omogenized; kept in an oven for about 3 h at 80 ◦C. After 3 h the
ven temperature was raised to 110 ◦C and continued for 24 h.
he coated biomass powder was found to stick to each other
hich was separated by crushing with a mortar and pestle. The
ashed-coated biomass was dried and used for the experiment.
his biomass is termed iron oxide-coated biomass (IOCB).

.2.3. Characterization of the adsorbent
The IOCB used for the adsorption experiments was of sizes

assing through 400 �m sieve. The IOCB was found to have a
urface area of 2 m2 g−1, a density of 0.7188 g cm−3 and an iron
ontent of 254 mg g−1. The surface potential of the IOCB was
egative from a pH of 3–9 whereas it was positive at pH 2 [14].

The iron content of the biomass was determined by the fol-
owing method [24]: 1 g of the IOCB was added to 50 ml of
0% HNO3 in a beaker and the solution was boiled for 2 h. The
ron oxide detached completely from the IOCB turning the solu-
ion color yellow. The solution was allowed to cool down and
ltered. The solution was made up to 1 l with distilled deion-

zed water. The iron content of the solution was determined by
raphite furnace atomic absorption spectroscopy.

.2.4. Batch kinetic and isotherm studies
A volume of 100 ml of the arsenic solution of a concentration

As(III) and As(V)] of 100 �g l−1 was contacted with 0.1 g of the
iomass in a series of conical flasks at various pHs (pH 4–8.5)
nd samples were collected at every 15 min for the first 1 h and at
very hour then after for kinetic studies. The mass of the biomass
as varied from 0.01 to 0.1 g in the isotherm studies keeping

ll other parameters constant (equilibrium contact time 7 h and
H 6). The arsenic solutions and the adsorbent (IOCB) were

ixed thoroughly at a speed of 175 rpm in a platform shaker,

model: Classic C2), manufactured by New Brunswick Scien-
ific, New Jersey, USA. pH was kept constant during each run
sing 0.1 M tris buffer (Invitrogen life technologies, USA) for

[
R
o
o

ardous Materials 150 (2008) 818–825

H 6 and above. The initial pH of the 0.1 M tris buffer was 10
nd it was reduced to pH 6 by adding 0.5 M HNO3. For pH 4 and
, a mixture of acetic acid (0.2 M) and acetate (0.2 M) was used
25]. All experiments were conducted in duplicate and average
alues were used in data analysis.

.2.5. Arsenic analysis
The sample preservation and arsenic analysis procedures had

een detailed in earlier publications [14,15].

.2.6. Evaluation of data
The kinetic and isotherm data were fitted to various mod-

ls described earlier by non-linear regression analysis using the
oftware package STATISTICA (release 5.0) for Windows. The
ignificance of the data fit by various models was conducted by
-test. The paired comparison of t-test is a meaningful method
f judging significance of the data fit. However, only the t-value
btained by t-test cannot be considered as the judging parameter
o accept the significance of the data fit. The probability of the
-test result is one of the major parameters to be considered to
eject or accept the significance of the data fit. The data were
udged based on the t-value obtained from the t-test and also
ith the probability of the test result. The standard deviations of

he fit are also shown in the figures.

.2.7. Spectroscopic studies
In order to investigate the chemical change in the A. niger

iomass after coating with iron oxide, Fourier Transform
nfrared (FT-IR) spectra were obtained. The samples were ana-
yzed qualitatively on a Bio-Rad FTS-60 infrared system using
potassium bromide (KBr) pellet technique (6 mg sample per

00 mg KBr).

. Results and discussion

.1. Batch kinetic studies [As(V)]

The rate of adsorption of As(V) was evaluated using vari-
us kinetic models. The goodness of fit was evaluated by the
east square method. The residual As(V) versus time is shown
n Fig. 1 with error bars; the kinetic models for the data at pH 6.0
optimum pH) are presented in Fig. 2 with standard deviation of
t.

The optimum pH for As(V) removal was found to be pH 6.
he analysis of the kinetic data showed that As(V) was poorly
dsorbed at pH values of 4 and 5 (Fig. 1). The equilibrium
dsorption qe, (�g g−1) of As(V) on IOCB, predicted by pseudo-
econd order equation [17] is presented in Table 1. Table 1
hows kinetic parameters at different pH values. The equilib-
ium adsorption was found to be highest at pH 6 and decreased
s the pH increased or decreased (Table 1). The equilibrium time
f adsorption was considered to be 7 h (Fig. 1) as the adsorp-
ion of As(V) beyond 7 h was insignificant. Pseudo-second order

17] rate equation best described the kinetic data with a higher
2 value (0.974 at pH 6). The equilibrium adsorption of As(V)
n IOCB at pH 6 was found to be 96.9 �g g−1. The pseudo-first
rder rate equation [16] and Elovich equation [18] described
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Fig. 1. Residual As(V) at different time intervals [initial As(V) concentration
100 �g l−1, adsorbent (IOCB) dose 1 g l−1 and error bars are shown in the figure].

Fig. 2. The rate of adsorption of As(V) on IOCB predicted by various models
[initial As(V) concentration 100 �g l−1, adsorbent dose 1 g l−1 and standard
deviations (S.D.) of fit are shown in the figure].

Table 1
Kinetic parameters for arsenic removal by IOCB as estimated by Ho model

Description As(V) As(III)

qe K2 R2 qe K2 R2

pH 4 31.2 0.066 0.898 – – –
pH 5 35.9 0.137 0.849 – – –
pH 6 100.0 0.025 0.974 85.9 0.020 0.987
pH 7 91.2 0.010 0.950a 70.1 0.012 0.944a

pH 7.6 – – – 78.4 0.005 0.987
pH 8 50.6 0.037 0.942 – – –
pH 8.5 – – – 80.5 0.003 0.986a

a Model parameters are not statistically significant (t-test) at 95% confidence
level for pH 7. Model parameters at other pH values are statistically significant
at 95% confidence level.
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ig. 3. Residual As(III) at different time intervals [initial As(III) concentration
00 �g l−1, adsorbent (IOCB) dose 1 g l−1 and error bars are shown in the figure].

he kinetic data with R2 value of 0.960 and 0.883, respectively.
eber and Morris [20] model (R2 = 0.260) did not fit adequately

he experimental adsorption data for As(V) removal by IOCB.
he t-test results showed that all the tested models adequately
escribed the kinetic data at 95% confidence level except Weber
nd Morris model.

.2. Batch kinetic studies [As(III)]

The residual As(III) versus time is shown in Fig. 3 with error
ars in it. The kinetic models are presented in Fig. 4. The effect
f pH on As(III) adsorption can be observed from Fig. 3 and

able 1. The equilibrium adsorption of As(III) on IOCB at pH
was found to be 80.1 �g g−1.
The equilibrium time of adsorption was considered to be 7 h

Fig. 3). The kinetic data were fitted to various kinetic mod-

ig. 4. The rate of adsorption of As(III) on IOCB predicted by various models
initial As(III) concentration 100 �g l−1, adsorbent dose 1 g l−1 and standard
eviation (S.D.) of fit are shown in the figure].
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Table 2
Best fit model equations for kinetic and isotherm data for As(V) and As(III) removal using IOCB at pH 6

Description As(V) R2 As(III) R2

Ho model (kinetic data) (pseudo-second order) qt = 0.025 × 1002t

1 + 0.025 × 100t
0.974 qt = 0.020 × 862t

1 + 0.020 × 86t
0.987

Langmuir model (isotherm data) qe = 58.55Ce

1 + 0.060Ce
0.948 – –

R

N vel.

e
e
T
E
g
m
A
t
t
I
r

4

w
A
s
T
m
T
i
A
T
m

F
A
s

i
e

w
a
t

K

w
t
i
u
v

0
f
i
l

4.4. Effect of temperature on arsenic removal
edlich–Peterson model (isotherm data) –

ote: Model parameters are statistically significant (t-test) at 95% confidence le

ls. Among the models tested, pseudo-second order [17] rate
quation was found to fit better compared with other models.
he pseudo-first order [16], pseudo-second order [17] and the
lovich equation [18] described the kinetic data with R2 values
reater or equal to approximately 0.95. Weber and Morris [20]
odel (R2 value 0.537) exhibited a poor fit to the kinetic data for
s(III) removal using IOCB. The t-test results showed that all

he tested models other than Weber and Morris model described
he kinetic data at 95% confidence level for As(III) removal by
OCB. The best fit kinetic model equations for As(III) and As(V)
emoval by IOCB are presented in Table 2.

.3. Isotherm studies for As(V) and As(III)

The equilibrium time for As(V) and As(III) removal by IOCB
as considered to be 7 h. The optimum pH for both As(V) and
s(III) removal was found to be pH 6. Therefore, the isotherm

tudies were conducted at pH 6 for these two species of arsenic.
he experimental data were tested for fit with commonly used
odels such as the Langmuir, Freundlich and Redlich–Peterson.
he isotherm plots for As(V) and As(III) removal are presented
n Figs. 5 and 6, respectively. The best fit model equations for
s(V) and As(III) adsorption isotherms are shown in Table 2.
he isotherm data for As(V) were better fit with the Lang-
uir equation with R2 value of approximately 0.95 and As(III)

ig. 5. Model predicted isotherm plots for As(V) using IOCB at pH 6 [initial
s(V) concentration 100 �g l−1, equilibrium time 7 h and error bars as well as

tandard deviation of fit are shown in the figure].

p

F
A
a

– qe = 0.844Ce

1 + (−0.00093)C1.479
e

0.810

sotherm data were better represented by the Redlich–Peterson
quation (R2 value 0.810).

The shape of the isotherm curve is considered to predict
hether a sorption process is ‘favorable’ or ‘unfavorable’. Hall et

l. [26] defined a dimensionless number KH (separation factor),
o indicate whether the isotherm is favorable.

H = 1

1 + αLC0
(11)

here αL = Langmuir constant, l �g−1, C0 = initial concentra-
ion of solution, �g l−1. According to the value of KH, the
sotherm is considered to be of the following types: KH > 1,
nfavorable. KH = 1, linear. 0 < KH < 1, favorable. KH = 0, irre-
ersible.

The value of KH for As(V) removal was calculated to be
.14 meaning that it was a favorable isotherm. The KH value
or As(III) removal was calculated as 0.96 indicating that the
sotherm was still favorable but it may be moving closer to a
inear isotherm.
Experiments were conducted to investigate the effect of tem-
erature on arsenic removal efficiency. In these experiments,

ig. 6. Model predicted isotherm plots for As(III) using IOCB at pH 6 [initial
s(III) concentration 100 �g l−1, equilibrium time 7 h and the error bars as well

s standard deviation of fit are shown in the figure].
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s(V) concentration 100 �g l−1, adsorbent dose 1 g l−1 and error bars are shown

n the figure].

dsorbent dose (1 g l−1), solution pH (optimum pH 6), equi-
ibrium time (7 h) and the rotational speed (175 rpm) were
ept constant and the temperature was varied. There was an
ncrease in As(V) removal when temperature was raised from

to 10 ◦C. The reason for the increase in arsenic removal effi-
iency with increased temperature was not known. But in the
ange of 10–30 ◦C, As(V) removal was nearly constant. It was
ound that As(III) removal increased as the temperature was
ncreased. A plot of arsenic removal versus temperature is pre-

ented in Fig. 7. The effect of temperature on As(III) removal
as more pronounced compared to the temperature effect on
s(V) removal. Thermodynamic studies indicated the reaction
echanism between arsenic and IOCB as chemisorption (data

w
c

able 3
omparison of adsorption capacity (�g g−1) of various adsorbents to remove arsenic

Adsorbent Adsorption capacity
As(III)

Adsorption
capacity As

Iron oxide-coated A. niger biomass 880* 1080*

Iron oxide-coated sand 28.6 –
Hematite – 218.8
Feldspar – 207.9
Iron oxide-coated sand 41.1 42.6
Iron oxide-coated sand 18.3**

Ferrihydrite 285**

Hardened paste of Portland cement – 12.5
Natural iron ores – 400
Ce(IV)-iron oxide – 16,000

Activated alumina – 8300
Coconut-shell carbon – 2400

Peat-based carbon – 4910
Coal-based carbon – 4090
Activated alumina 3480 15,900

Activated carbon 0 20,200
Granular ferric hydroxide (GFH) – 8500

ote: (1) *The adsorption capacity of IOCB was determined by column experiment. (2
hown was for the total soluble arsenic.
ardous Materials 150 (2008) 818–825 823

ot shown). This was evident by the high heat of adsorption
H ≈ −133 kJ mol−1 for As(V) and 89 kJ mol−1 for As(III)

27]. A recent study by Mondal et al. [28] reported decrease
n arsenic [As(III) and As(V)] removal efficiency using Fe3+-
mpregnated granular activated carbon (GAC). These studies
ere conducted between 30 and 60 ◦C and the decrease in

emoval efficiency seemed marginal.

.5. Comparisons of arsenic removal capacity of the IOCB
ith other adsorbents

The arsenic removal capacity of the IOCB was compared
ith those of other adsorbents reported in literature (Table 3).
s the adsorption capacity of the adsorbent varies with the initial

rsenic concentration, solution pH and other experimental con-
itions, it may be difficult to compare the values directly. Since
he batch study can only indicate the feasibility of adsorption, the
dsorption capacity of the IOCB obtained in column study has
een included as comparison in Table 3. These data has been
ublished elsewhere [29]. The regenerated IOCB responded
ery well in the column study [29]. The adsorption capacities
or arsenic shown by IOCB were found to be generally similar
o iron oxide-coated material but much less than those shown by
ctivated carbon and activated alumina, mostly due to the fact
hat the initial concentrations of arsenic in these studies were as
igh as 100 mg l−1.

.6. Spectroscopic observations
The reactions between the A. niger biomass and iron oxide
ith the coating process is not known. Formation of different

ompounds and complexes may occur. The FT-IR spectra of

(V)
Reference Remarks

[29] Initial As conc. 100 �g l−1 and pH 6
[39] Initial As(III) 400 �g l−1, pH 7.5
[40] Initial As(V)

10 mg l−1, pH 4.2
[9] Initial As 100 �g l−1 and pH 7.6
[8] Initial As 325 �g l−1 pH 7.4

[41] Initial As(V) 200 �g l−1 pH 5
[42] Initial As(V) 1 mg l−1 pH 4.5–6.5
[43] Initial As(V) 1 mg l−1, pH for Ce(IV)-Fe (3–7)

and pH for activated alumina 5.5

[44] Initial As(V) varied from 50 to 200 mg l−1 at
pH 5

[45] Initial As(III) 0.79–4.9 mg l−1, pH 6.9
Initial As(V) 2.85–11.5 mg l−1, pH 5.2

[46] Initial As varied from 1 to 100 mg l−1 at pH 8
[47] Initial As(V) 5–100 mg l−1 at pH 8–9

) **Natural groundwater was used for the experiment. The adsorption capacity
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. niger biomass and the A. niger biomass-coated with iron
xide were obtained but these data have not been included. The
orm of iron oxide in the iron oxide-coated A. niger biomass
as of iron oxyhydroxide (goethite, �-FeOOH). The IR bands

or goethite were reported to be in between 797 and 890 cm−1

30].

.7. Discussion

The sorption behavior of As(V) and As(III) are quite different
s can be seen from Figs. 1 and 3, respectively. The character-
stics of sorption of As(V) and As(III) at the optimum pH of 6

ay be different because As(V) is fully in the anionic form
dominant As(V) species H2AsO4

−] whereas As(III) is par-
ially ionized at this pH [dominant As(III) species at this pH
s molecular H3AsO3]. That may be one of the reasons why
s(V) was better adsorbed compared to As(III). The reaction

ate of As(V) [0.025 g h �g−1] was found to be rapid than that of
s(III) [0.020 g h �g−1] with IOCB. As(III) and As(V) change

nto different species depending on the solution pH and the redox
otential. As(III) is dominant in the form of neutral species
H3AsO3) below pH 9.22. It has been reported that anionic
rsenic species [H2AsO3

−, H2AsO4
−] get adsorbed with the

ositively charged iron oxide-coated material by electrostatic
ttraction. On the contrary, Huang and Vane [31] reported that
he surface charge of the Fe2+ loaded activated carbon varied
ccording to the quantity of the iron (II) load; generally the sur-
ace potential became less negative as the iron load increased.
okhrel and Viraraghavan [14] found that iron oxide-coated A.
iger biomass was negatively charged from a pH of 3–9.

It is likely that the mechanism of removal of arsenic by the
ron oxide-coated biomass may be complexation (sorption) reac-
ion between the arsenic and iron oxide rather than by surface
otential. As(V) and As(III) are adsorbed on oxyhydroxide by
orming complexes with goethite sites by following reactions
32].

-FeOOH + H2AsO4
− + 3H+ → FeH2AsO4 + 2H2O (12)

-FeOOH + H3AsO3 + 2H+ → FeH2AsO3 + 2H2O (13)

Oxides of iron, aluminum and manganese are the potential
ource/sink for arsenic in aquifer sediments because of their
hemistry, occurrence and tendency to adsorb other particles
33]. When these metal oxides are exposed to water, metal ions
n the oxide surface complete their coordination shells with
H groups [34]. These OH groups can bind or release H+ ions
epending on the pH, resulting in the development of the sur-
ace charge. The adsorption properties of oxides are due to the
xistence of these OH2

+, OH and O− functional groups [35].
rsenic is adorbed by ligand exchange with OH and OH2

+ sur-
ace functional groups forming an inner-sphere complex. This
rocess requires an incompletely dissociated acid H2AsO4

− to
rovide a proton for complexation with the OH group, forming

2O and providing a space for anion adsorption [34]. Spec-

roscopic (particularly infrared, X-ray photoelectron and X-ray
bsorption spectroscopy) tests conducted to understand the inter-
acial reactions between arsenic species and natural minerals
ardous Materials 150 (2008) 818–825

nd other solid phase materials indicated that arsenic sorption
n material surfaces may be outer-sphere (physisorbed) com-
lexes, inner-sphere (chemisorbed) or by surface precipitation
36]. Experimental results and the various test conducted on the
ydrous iron oxide indicated that adsorption of arsenate was
hemisorbed on iron oxide surface [37]. Grossl and Sparks [38]
lso concluded that the adsorption of arsenate on goethite was an
nner-sphere surface complexation. More detailed studies would
e necessary to examine the reaction between iron oxide and A.
iger biomass and nature of reaction of arsenic with iron oxide-
oated biomass. A reduced removal of both As(V) and As(III) at
pH greater than pH 6 may be due to the reason that the density
f OH− ion becomes dominant at an alkaline pH and this ion
ompetes with arsenic species [H2AsO3

−, H2AsO4
−].

. Conclusions

Based on the experimental results, the following conclusions
ere drawn:

1) Iron oxide-coated A. niger biomass can be used to remove
arsenic from water.

2) The optimum pH for both As(V) and As(III) removal was
found to be 6. The reaction for As(V) removal was found
to be more rapid compared to that of As(III) based on the
reaction rate constant.

3) An increase in temperature from 5 to 30 ◦C, increased
As(III) removal. There was an increase in As(V) removal
when the temperature was raised from 5 to 10 ◦C; however,
the removal remained almost constant thereafter until 30 ◦C.

4) The adsorption kinetic data for both As(V) and As(III)
removal can be described better by a pseudo-second order
rate equation compared to other models.

5) The isotherm data for As(V) fitted better with the Langmuir
model and the As(III) isotherm data fitted better with the
Redlich–Peterson model compared to other tested models.

6) The spectroscopic observations indicated that the form of
the iron oxide on the iron oxide-coated biomass was of
oxyhydroxide (goethite).
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