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ABSTRACT

Presence of arsenic in natural water resource as a common contaminant has always been a
great concern for the scientists. The objective of this study was to explore the possibility of
wheat straw modified with sodium bicarbonate (NaHCO3) for removing arsenate from aque-
ous solution. Adsorption process was accomplished in a laboratory-scale batch with empha-
sis on the effect of various parameters such as pH, contact time, arsenic concentration, and
adsorbent dosage on the adsorption efficiency. In order to understand the adsorption pro-
cess, sorption kinetics and equilibrium isotherms were also determined. It was found that
adsorption of the arsenic is influenced by several parameters such as arsenic initial concen-
tration, adsorbent dosage, and solution pH. Maximum adsorption efficiency was achieved at
a pH of 7. The equilibrium adsorbed amount also increased with the initial concentration of
the metal ions, as expected. NaHCO3 was used to modify wheat straw and scanning electron
microscopy images showed that all of the adsorbents have been affected and modified by
NaHCO3 solution. Among the models tested, both the Langmuir and Freundlich models rep-
resented the experimental data well. According to the Dubinin–Radushkevich isotherm
model, mean free energy of adsorption (15.2 kJmol�1) indicates that adsorption of arsenic by
wheat straw might follow a chemisorption mechanism. It was also found that adsorption of
arsenic by wheat straw followed pseudo-second-order kinetics. It is concluded that adsorp-
tion using modified wheat straw is an efficient and reliable method for arsenate removal
from liquid solutions.
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1. Introduction

Presence of arsenic in natural water resource as a
common contaminant has always been a great concern
for the scientists. Arsenic finds its way into the aqua-
tic environment from both natural and man-made

sources. However, the most common scenario for
arsenic to occur in water is through weathering and
dissolution of arsenic bearing rocks, minerals, and
ores. Typically, both organic and inorganic arsenic
compounds exist in water, but the inorganic forms are
more prevalent and are considered more toxic [1].
Recently, there has been reports about the presence of
arsenic in water from different parts of the world,
such as the USA, China, Chile, Bangladesh, Taiwan,*Corresponding author.
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Mexico, Argentina, Poland, Canada, Hungary, Japan,
India, Vietnam, and Nepal [2,3] and more recently
from Iran [4,5]. Many chronic and acute health conse-
quences have been associated to arsenic exposures [1].
Among arsenicals, inorganic forms have been classi-
fied as group I carcinogens based on human epidemi-
ological data [4].

The water sources of some regions in the western
part of Iran are naturally contaminated with arsenic.
This has exposed the inhabitants of these regions to
arsenic via the consumption of unsafe drinking water
for a long period of time [4]. On the other hand, an
increasing demand of water and an upcoming water
shortage in some regions may soon lead to the neces-
sity to use even raw waters contaminated with arsenic
for drinking water production. Therefore, lack of
suitable water treatment processes may lead to the
drinking water contamination and pose a health risk
to those drinking such water.

Reviewing the literature, several methods such as
chemical precipitation, ion exchangers, adsorption,
biological processes, chemical oxidation/reduction,
reverse osmosis, electrodialysis, ultrafiltration, etc.
have been used for removing metal ions from aqueous
solutions [5–10]. However, almost all of these methods
have had serious disadvantages such as less efficiency,
relatively high operating cost, regeneration problem,
sensitive operating conditions, and high energy
requirement [7,11].

Among the suggested methods, adsorption is
believed to be a very cost effective one. However,
using activated carbon as an adsorbent is not
economical [12]. Therefore, the idea of developing
cheaper and readily available materials had grown
fast in the past few years. According to Bailey et al.
[13], “an adsorbent can be considered as cheap or
low-cost if it is abundant in nature, requires little
processing and is a byproduct of waste material from
waste industry” [14].

To tackle the problems, cheaper and renewable
biomass adsorbents have been proposed as promis-
ing alternatives to activated carbon. Since 1990s,
there has been an inclination among researchers to
use low cost renewable organic materials for adsorp-
tion of heavy metal ions [13,15–17]. Recent studies
have even focused on the biomaterials which are
byproducts or the wastes from large-scale industrial
operations and agricultural waste materials. Biosorp-
tion seems to have some major advantages over con-
ventional treatment methods which can be listed as:
lower cost, higher efficiency, minimization of chemi-
cal or biological sludge, no need for additional nutri-
ent, regeneration of biosorbents, and possibility of
metal recovery [7].

Agricultural cellulose containing materials are one
of the adsorbent which have the best potential metal
biosorption capacity. The basic components of the
agricultural waste materials biomass include hemicel-
lulose, lignin, extractives, lipids, proteins, simple sug-
ars, water hydrocarbons, and starch containing variety
of functional groups that facilitate metal complexation
which helps for the sequestering of heavy metals
[7,13,18–20]. Because of the fact that using agricultural
waste materials is economical and eco-friendly and
many other merits, they seem to be a viable option for
heavy metal remediation [7]. Wheat straw is the most
commonly available crop residue all over the world
and is widely available and abundant natural material
in Iran. It contains 40–60% natural cellulose and hemi-
cellulose. Therefore, it could provide an economical
source of biosorbent for the metal removal and
no elaborate preparation is needed while being used
[21–23]. However, as Wan Ngah and Hanafiah and
Gaballah et al. have stated “the application of
untreated plant wastes as adsorbents can also bring
several problems such as low adsorption capacity and
release of color to aqueous solution” [14,24]. There-
fore, plant wastes need to be modified or treated
before being applied for the decontamination of heavy
metals [23]. The objective of the present study was to
investigate the feasibility of the use of wheat straw as
a biosorbent for the removal of trace amounts of
arsenic from water and modification of wheat straw
using sodium bicarbonate (NaHCO3) to improve the
adsorption capacity. In the investigation, we also stud-
ied several factors influencing the adsorption effi-
ciency. In order to understand the biosorption process
by wheat straw, biosorption kinetics and equilibrium
isotherms were also determined.

2. Materials and methods

2.1. Chemicals

As(V) standard reference (arsenic oxide, concentra-
tion 1,000mg l�1) was purchased from Merck. Deion-
ized water (EC� 1X) was used for preparing all
samples. Stock solutions of As(V) were prepared by
dissolving accurately weighed amount of analytical
grade Na2HAsO4 in 1 l deionized water. The test solu-
tions were prepared by diluting 1 g l�1 of stock solu-
tion of As(V) to the desired concentrations. The range
of concentrations of As(V) solutions prepared was
500–2,000lg l�1. Before mixing the adsorbent, the pH
of each test solution was adjusted to the required
value using diluted and concentrated H2SO4 and
NaOH solutions, respectively. Other agents used were
all of analytical grade.
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2.2. Preparation of raw and modified adsorbent

Wheat straw collected from a local farm in Kurdis-
tan Province, Iran was used as a biosorbent. Wheat
straw was subjected to repeatedly washing with water
to remove dust and soluble impurities. Then we
crushed and sieved them to retain the 20–40 mesh
fractions. Later, the crushed and shredded straw was
washed again with distilled water and was dried
overnight at 80˚C until constant weight. The dried
straw was then stored in a glass container and
designated as raw (unmodified) wheat straw (UWS).

The chemically modified wheat straw was pre-
pared by soaking a known amount of UWS in 1 l of
0.1, 0.4, 0.7, and 1mol NaHCO3 solutions at the ratio
of 1:20 (straw: NaHCO3, w/v). The suspension was
shaken using a rotary shaker at a speed of 170 rpm at
room temperature (25˚C) for 4 h. The modified wheat
straw was then separated from the liquid and washed
with distilled water several times to remove superfi-
cially retained NaHCO3. Finally, the modified wheat
straw was dried in an oven at 80˚C overnight and
stored in a glass container and labeled as NaHCO3

modified wheat straw (SBMWS).

2.3. Analytical determinations

The determination of As(V) was performed by
hydride generation atomic absorption spectrometry
(PG-990, England), according to Water and Wastewa-
ter Standard Methods 206.3 [25]. The morphological
properties of sorbent were analyzed using scanning
electron microscopy (SEM, JEOL, JSM 5800) coupled
with energy dispersive X-ray analysis (EDAX) with
20 kV at 2,500 times magnification for comparison of
the effect of pretreatment. The Fourier transform infra-
red spectroscopy (FTIR) spectra of UWS and SBMWS
samples were taken in KBr pellets using a Tensor 27
spectrophotometer (Bruker Optik GmbH, Germany).
Each analysis for arsenic concentration was carried
out in duplicates and the average value was used for
further calculations.

2.4. Adsorption studies

Sorption studies were conducted in a routine man-
ner by the batch technique. The effects of experimental
parameters for the kinetic studies such as initial arsenic
concentration (500–2,000lg l�1), pH (4–10), and adsor-
bent dosage (1–1.5 g l�1) were studied for a contact time
of 360min. The studies were performed at a constant
temperature of 25˚C to be representative of environ-
mentally relevant condition. As(V) solution (100ml) of
known concentration and initial pH was taken in

250ml stoppered Erlenmeyer Pyrex glass with a
required amount of adsorbent (UWS and SBMWS) and
was agitated at 150 rpm constant shaking rate for 6 h to
ensure that equilibrium was reached. Solution samples
were taken at preset time intervals. The solutions were
separated from the adsorbent materials and the amount
of As(V) adsorbed was determined by difference
between the initial and final concentrations of As(V)
aqueous solution.

In order to evaluate the adsorption capacity of
UWS and SBMWS, the experimental data were fitted
to the Langmuir and Freundlich isotherm models,
which are commonly used in describing adsorption.
Microsoft Excel was used for a quick linear regression
curve fitting. In linear regression using the least-
square method, the coefficient of determination,
r2, was used to evaluate the goodness of fit of the data
to the model. In order to evaluate the effect of the
solution pH on the sorption, experiments were con-
ducted at different pH values between 4 and 10. The
initial metal concentration of 1mg l�1 was used in
experiment with varied pH values.

Each experiment was repeated three times, the
average results are presented. A control experiment
was also carried out using the same solution and
equipment in the absence of sorbents. There was no
change in the metal concentration with the run time
for the control experiment.

3. Results and discussion

3.1. Effect of pH

Solution pH is important factor affecting biosorp-
tion of metal ions on different biosorbents because pH
has a direct influence on the physical and chemical
characteristic of both the adsorbent and the adsorbate.
According to Lodeiro et al. the acidity or alkalinity of
the medium affects the competition ability of hydro-
gen ions or hydroxyl ions with metal ions to active
sites on the biosorbent surface [26]. Therefore, the
effects of initial pH on biosorption capacity of As(V)
ions using UWS and SBMWS were evaluated within
the pH range of 4–10 and the removal percentage is
shown in Fig. 1.

For SBMWS, adsorption increased with increasing
pH and a sharp increase in adsorption at pH 7 was
observed. At pH 7–10, the adsorption still shows a
decreasing trend. For UWS, the adsorption still shows
a similar trend but will not change significantly. Thus,
the maximum biosorption occurred when pH was set
between 6 and 7.

A possible explanation for this observation con-
cerns to surface charge. At pH 2, the predominant
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arsenate species present in aqueous medium is
uncharged H3AsO4, which cannot undergo electro-
static interaction with the adsorbent [27].

According to a speciation diagram for As(V), as
declared by Dambies et al. the predominant arsenate
species is H2AsO4

� between pH 3 and 4 and it mainly
exists as H3AsO4 and H2AsO4

� at pH of 4 [28]. For pH
values between pH 4 and 10, Reed et al. reported that
arsenate speciation in an aqueous medium is con-
trolled by H2AsO4

� $ HAsO4
2�+H+ at pKa of 7 [29].

Based on the experimental results, the pHzpc of UWS
and SBMWS is around 7.5, which suggests that the
surface charge of both the sorbent is negative at pH
higher than 7.5 and it will change to positive charge
at pH lower than 7.5. Arsenate is an anion with
negative charge upon dissolution in aqueous solution,
thus, its adsorption will be reduced after pH 7.5 due
to electrostatic repelling. Moreover, at higher pH
values, sorption was unfavorable because the OH�

ion is competing with arsenic ions for sorption sites
on the UWS and SBMWS.

A similar trend was also observed by Pokhrel and
Viraraghavan during their investigation on arsenic
adsorption from aqueous solution using modified
fungal biomass as adsorbent [30].

3.2. Cause and effect of modification process

Agricultural wastes generally contain cellulose and
lignin as main constituents, and in this regard, wheat
straw is one of the lignocellulosic compounds contain-
ing 35–40% cellulose, 20–25% hemicelluloses, and
8–15% lignin [31,32]. Since compounds above
mentioned have different ability in adsorbing organic

and mineral materials, application of wheat straw in
removal of aqueous pollutants including metals has
been considered by researchers [14]. Removal of
heavy metals using wheat straw has been reported by
other researchers. In this regard, Doan et al. used
wheat straw for removal of cadmium and copper [22].
Their studies revealed that this adsorbent has high
capacity in adsorbing copper rather than cadmium so
that based on Langimur model, QL index for cad-
mium and copper was 0.18 and 0.12mgg�1, respec-
tively, indicating about 38% of this capacity was more
for copper compared to cadmium [22]. However, the
adsorbing capacity of wheat straw is less than what
Doan et al. has reported for adsorbing copper [22]. It
can be attributed to the difference in cell wall struc-
ture of the adsorbent and groups and sites of adsor-
bent on the adsorbent surface, especially after
activation. Moreover, it may be due to the initial con-
centration of the metal discussed later. However, it
should be noted that metal removal efficiency using
agricultural wastes depends upon its capacity, physi-
cal, and chemical nature [7]. Although cellulose has
suitable adsorbing ability, it has been indicated that it
has low capacity in adsorbing heavy metals. There-
fore, it has been considered to modify and alter its
structure in order to access a durable structure having
high adsorbing capacity for heavy metals. In fact, this
modification is carried out to change particular prop-
erties of cellulose, for example, hydrophobic and
hydrophilic characteristics, elasticity, soaking, adsorb-
ing capacity, ion exchange, and heat resistance [33].

Thus, in the present study, NaHCO3 has been used
to modify wheat straw. Since concentration of
NaHCO3 could be effective in modification process,
wheat straw was exposed with different concentrations
of NaHCO3 and in each case; surface properties of the
adsorbent modified was assessed using SEM and
EDAX software to evaluate the ability in adsorbing
arsenic.

SEM images (Fig. 2) show that all adsorbents have
been affected and modified by NaHCO3 solution. In
addition, the modification was resulted from addition
of NaHCO3 solution and the change and destruction
of adsorbents has been more and visible as concentra-
tion of NaHCO3 increased.

Among the adsorbents named as SBMWS1,
SBMWS2, SBMWS3, and SBMWS4 based on the
NaHCO3 concentrations of 0.1, 0.4, 0.7, and 1.0mol,
respectively, excluding unmodified adsorbent named
UWS, SBMWS1 had the least destruction and
SBMWS4 had the most destruction. In spite of
destruction at the adsorbents surface, number of voids
and their morphology on their surface were different
depending upon the concentration of NaHCO3. It

2

Fig. 1. Effect of pH on adsorption of arsenic by RWS and
SBMWS.
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seems that number of voids has decreased with
increasing NaHCO3 concentration because destruction
of the adsorbent surface at higher concentration of the
solution modified has been manifested as increased
voids diameters. As a result, number of voids is
decreased, which can result in decreasing adsorbent
efficiency in adsorbing arsenic due to decreasing
active surface and sites involved in adsorbing arsenic.
This trend could be deduced from comparing arsenic
adsorbing efficiencies using adsorbents modified
(Fig. 3).

Moreover, assessing situation of adsorbents surface
based on SEM images indicates that the adsorbents
surface, especially in SBMWS3 is almost irregular.
This structure makes the adsorbent to absorb the
arsenic ions in different parts. EDAX spectra of adsor-
bents before adsorbing (Fig. 3(a)) show that the adsor-
bents mainly include carbon, oxygen, and small
amount of silica and calcium and there is no trace of
arsenic. Sodium peak could be observed at spectra of
Fig. 3(b), which belong to NaHCO3, and as it is

observed from the spectra that sodium peak becomes
bigger with increasing NaHCO3 concentration. After
adsorption, arsenic peak is detectable in spectra, vary-
ing depending upon the type of adsorbent (Fig. 3(c)).
Therefore, as Fig. 4 indicates, adsorbing arsenic
increases with increasing NaHCO3 concentration and
it increases from 69.4% for SBMWS1 to 83.6% for
SBMWS3. In addition, EDAX spectra represents a
sharp and characteristic peak for this adsorbent, how-
ever, absorbing arsenic has again reduced with
increasing NaHCO3 concentration so that the removal
efficiency of arsenic has decreased to 76% using
SBMWS4. This decreasing tendency in adsorbing
arsenic has resulted in creating smaller peaks in
EDAX spectra. Fig. 5 shows the characteristic FTIR
spectra of UWS (a) and SBMWS (b) wheat straw after
eliminating O–H and C=O=C bonds at approximately
4,000–3,800 and 2,360 cm�1, respectively. The purpose
of elimination of these bonds was to highlight other
peaks, which could not be easily indicated in the
presence of the above mentioned bonds. Comparing

Fig. 2. SEM imagines of wheat straw samples (a) untreated; (b) treated by 0.1mol NaHCO3; (c) treated by 0.4mol
NaHCO3; (d) treated by 0.7mol NaHCO3; and (e) treated by 1mol NaHCO3.
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Fig. 3. EDAX spectra of wheat straw (a) untreated; (b) treated before adsorption; and (c) treated after adsorption.
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FTIR plots of UWS and SBMWS revealed appearance
of no new peaks. However, the intensity of the bonds
has been significantly increased after treatment.

3.3. Effect of adsorbent dosage

The amount of adsorbent is an important factor
because this parameter determines the capacity of an
adsorbent for an apparent concentration of the

adsorbate. Therefore, adsorbent dosage on the effi-
ciency of adsorption was also investigated. The results
showed that for the initial concentration of
1,000 lg l�1, the percentage adsorption increased from
46 to 61% for UWS and from 83.6 to 98% for SBMWS
when adsorbents doses were increased from 1 to
1.5 gL�1 for both adsorbents, but at the same time the
amount of the adsorbed per unit mass of the adsor-
bent (adsorption capacity) decreased from 0.046 to
0.04mgg�1 for UWS and from 0.084 to 0.065mgg�1

for SBMWS. The decrease in amount of As(V)
adsorbed with increasing dose of adsorbent was basi-
cally due to adsorption sites remaining unsaturated
during the adsorption reaction. This was due to the
fact that as the adsorbent mass was increased, there
was less commensurate increase in adsorption result-
ing from the lower adsorptive capacity utilization of
the adsorbent [13]. This implied that the number of
active sites increased on the adsorbent surface as par-
allel to increasing adsorbent dosage.

3.4. Effect of initial arsenic concentration

The initial concentration of adsorbate is another
important factor in the biosorption process because it
provides an important driving force to overcome all
mass transfer resistance of adsorbate between the
aqueous and solid phases, hence, the effects of the

Fig. 4. Effect of adsorbent type on adsorption of arsenic.

Fig. 5. FTIR spectra of wheat straw (A) untreated; (B) treated.
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initial arsenic concentration on the adsorption capaci-
ties of the adsorbents were evaluated within the con-
centration levels ranging from 500 to 2,000 lg l�1 and
the results are shown in Fig. 6. As expected, the sorp-
tion capacities of the sorbents increased with increas-
ing arsenic concentration while the adsorption yields
of arsenic showed the opposite trend. When the initial
arsenic concentration was increased from 500 to
2,000lg l�1, the loading capacity increased from 0.048
to 0.108mgg�1 of SBMWS3 and from 0.028 to
0.054mgg�1 of UWS (result not showed). As seen
from results, the uptake capacity increased rapidly at
30min, and then kept on increasing gradually until
equilibrium is reached constantly that the equilibrium
time is found as 120min. As it is known from the lit-
erature [34], at lower concentrations, all metal ions
present in solution could interact with the adsorption
sites and thus the percentage sorptions were higher
than those at higher initial metal ion concentrations.
In fact, at higher concentrations, the available sites of
biosorption become fewer and subsequently, the
removal of metals depends on the initial concentra-
tion. At lower concentrations, however, the ratio of
initial number of metal ions to the available sorption
sites is low and subsequently, the fractional biosorp-
tion becomes independent of initial concentration. It is
also clear that the arsenic uptake capacity of SBMWS
is significantly larger than RWS because of the greater
specific surface area and the microporous structure of
SBMWS compared with RWS.

3.5. Adsorption isotherm models

Adsorption isotherms are important for the
description of how adsorbate will interact with an

adsorbent and are critical in developing an equation
that can be used for design of the most appropriate
adsorption system. Several isotherm equations have
been used for the equilibrium modeling of adsorption
systems [22]. In the present study, in order to investi-
gate the adsorption equilibrium, three adsorption
models, namely Langmuir, Freundlich, and Dubinin–
Radushkevich (D–R) isotherm models were applied.

The Langmuir and Freundlich equations have been
described in our earlier study [35]. The linear Lang-
muir and Freundlich isotherms of As(V) using
SBMWS are shown in Figs. 7 and 8 and also the val-
ues of the theoretical parameters of both models along
with the regression coefficient (R2) are presented in
Table 1.

High regression correlation coefficients were found
(>0.97) for the modified adsorbent, indicating that
both adsorption models fit the experimental data well.

Fig. 6. Effect of initial concentration on adsorption of
arsenic by SBMWS in various contact time.

Fig. 7. Linear form of the Langmuir isotherms for the
adsorption of arsenic on SBMWS.

Fig. 8. Linear form of the Freundlich isotherms for the
adsorption of arsenic on SBMWS.
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This observation suggests that monolayer adsorp-
tion, as well as heterogeneous surface conditions may
coexist under the applied experimental conditions.
Hence, the overall adsorption of As(V) on the SBMWS
is complex, involving more than one mechanisms,
such as ion exchange, surface complexation, and elec-
trostatical attraction [36].

Another equation can be used to evaluate the
adsorption process as separation factor (RL) that is
related to energy of adsorption and shows the adsorp-
tion is favorable and defined as [22]:

RL ¼ 1

1þ KLCmax

where Cmax is the highest (initial) metal concentration
in solution (mgL�1) and KL is the Langmuir constant
(Lmg�1). Therefore, if the value of RL is less than 1,
the adsorption is considered to be favorable and it is
unfavorable when RL is greater than 1. According to
the experimental data for Cmax from 0.5 to 2mgL�1

used in this study, the values of RL range from 0.02 to
0.08. Therefore, adsorption of As(V) on the SBMWS
can thus be considered favorable. In other words,
SBMWS is a suitable adsorbent for arsenic.

The equilibrium data were also tested using the
D–R isotherm model to determine the nature of
adsorption processes as physical or chemical. This
model does not assume a homogeneous surface or a
constant adsorption potential as the Langmuir model.
The D–R isotherm is as follows [22,37]:

Qe ¼ Qme
�b�2

where b is a coefficient related to the mean free energy
of adsorption (mol2 J�2), Qm is the maximum adsorp-
tion capacity, and e (epsilon) is the Polanyi potential
(Jmol�1) that is as follows [22]:

e ¼ RT ln 1þ 1

Ce

� �

A plot of ln(Qe) vs. e
2 is shown in Fig. 9 along with

the equations of the linear trends through the data

points. As can be seen in Fig. 9, this model well fitted
the equilibrium data since the R2 value was found to
be 0.97 for As(V) adsorption.

From the slopes of the linearly regressed lines,
which are the coefficients shown in the right-hand
side of the correlations in Fig. 9, the coefficient b can
be determined, and the mean free energy of adsorp-
tion, E, can be estimated using the following equation
[22,38]:

E ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi�2 � bp

The value of E was found to be 15.2 kJmol�1. If E
value is between 8 and 16 kJmol�1, the adsorption
process follows chemical ion exchange and if E value
is less than 8 kJmol�1, the adsorption process is
known to follow physical adsorption [22,38]. There-
fore, the adsorption of As(V) by SBMWS in this study
can be carried out by chemical ion-exchange
mechanism.

3.6. Adsorption kinetics

For understanding the dynamics of adsorption of
As(V) onto SBMWS the adsorption kinetic was
studied. This information can be used for obtaining

Table 1
Parameters of the Langmuir and Freundlich isotherms for adsorption of As(V) on SBMWS

Freundlich model Langmuir model

KF (mmol g�1) bF (L g�1) R2 KL (Lmmol�1) QL (mmol g�1) R2

0.0042 0.2219 0.97 1,826 0.0015 0.99

Fig. 9. Adsorption isotherm of arsenic based on the D–R
model.
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models that allow estimations of the amount adsorbed
with the adsorption time. Therefore, the experimental
data were analyzed using pseudo-first and second-
order kinetics models. The linearized form of the
pseudo-first-order rate equation is generally expressed
as follows [22]:

lnðQe �QtÞ ¼ �KItþ lnQe

where Qt and Qe are the amounts of metal ions
adsorbed on the adsorbent at a given time t and at
equilibrium, respectively, KI is the adsorption rate
constant. The plot of ln (Qe – Qt) vs. t should give a
linear relationship from which KI and Qe can be deter-
mined from the slope and intercept of the plot, respec-
tively. The model prediction of Qe and KI, the values
of the adsorption rate constant, along with the experi-
mental Qe are listed in Table 2.

As seen in Table 2, although linear regression that
fits the experimental data reasonably well with the
coefficients of determination for this model is high
(R2 = 0.96–0.99), the calculated Qe is not close to the
experimental value, hence it failed to predict Qe

accurately. Therefore, experimental data were also
analyzed by the linearized pseudo-second-order
kinetic model which is presented in the following
form [22]:

t

Qt

¼ t

Qe

þ 1

KIIQ2
e

where KII is the rate constant of pseudo-second-
order adsorption. Values of KII and Qe were calcu-
lated from intercept and the slope of the linear plots
of t/Qt vs. t and the results obtained are given in
Table 2.

The rate constants (KII), the R2 and the Qe values
are given in Table 2. It is clear from these results that
the R2 values are very high (0.99). These results
indicated that the Qe value predicted from the

second-order model is much more comparable to the
experimental Qe value than that from the first-order
model. Therefore, the adsorption of As(V) ions onto
modified wheat straw follows well the pseudo-
second-order kinetic model.

4. Conclusion

The adsorption properties of As(V) on SBMWS
from aqueous solution were studied under equilib-
rium conditions. The operating parameters, adsorbent
dosage, pH of solution, contact time, adsorbate con-
centration, and modifier concentration, were effective
on the adsorption efficiency of As(V). Based on the
results, it can be concluded that the adsorption was
highly dependent on operating parameters. For
SBMWS, adsorption will increase with increasing pH
and there is a sharp increase in adsorption at pH 7.
The results showed that the percentage adsorption
increased both adsorbents when their doses were
increased, but at the same time the amount adsorbed
per unit mass of the adsorbent (adsorption capacity)
decreased. It can be also concluded that the sorption
capacities of the sorbents increased with increasing
arsenic concentration while the adsorption yields of
arsenic showed the opposite trend. SEM images show
that all adsorbents have been affected and modified
by NaHCO3 solution. In addition, the modifications
resulted from the concentration of NaHCO3 solution
and the change and destruction of adsorbents has
been more and visible as concentration of NaHCO3

increased. The Langmuir and Freundlich isotherms
models were capable of representing the experimental
data. From the D–R model, it can be also concluded
that the adsorption of As(V) using SBMWS was taken
place by chemical ion-exchange mechanism. The
adsorption kinetic studies showed that the equilib-
rium data could better be described by the pseudo-
second-order model (R2 > 0.99) than pseudo-first-order
model.

Table 2
Pseudo-first-order and pseudo-second-order kinetic parameters for adsorption of As(V) on SBMWS at different initial
concentrations

Initial concentration
(mg l�1)

Expt. Qe

(mg g�1)
Pseudo-first-order kinetics Pseudo-second-order kinetics

Cal. Qe (mg�1) KI (min�1) R2 Cal. Qe (mg�1) KII(gmg�1min�1) R2

0.5 0.048 0.033 0.0161 0.96 0.052 0.77 0.99

1 0.084 0.048 0.0101 0.97 0.092 0.34 0.99

1.5 0.105 0.071 0.0078 0.98 0.119 0.16 0.99

2 0.108 0.088 0.0099 0.99 0.120 0.14 0.99

Note: Expt.: experimental data; Cal.: calculated or estimated from the model.

R. Ebrahimi et al. / Desalination and Water Treatment 51 (2013) 2306–2316 2315



Acknowledgment

Financial support from the Kurdistan University of
Medical Sciences to this project is greatly appreciated.

References

[1] US. EPA, Arsenic Treatment Technology Evaluation Hand-
book for Small Systems, Office of Water (4606M), EPA 816-R-
03-014, 2003. www.epa.gov/safewater.

[2] C.N. Jack, J. Wang, A. Shraim, A global health problem
caused by arsenic from natural sources, Chemosphere 52
(2003) 1353–1359.

[3] S.K. Chapagain, S. Shrestha, T. Nakamura, V.P. Pandey,
F. Kazama, Arsenic occurrence in groundwater of Kathmandu
Valley, Nepal, Desalin. Water Treat. 4 (2009) 248–254.

[4] M. Mosaferi, M. Yunesian, A.R. Mesdaghinia, S. Nasseri,
A.H. Mahvi, H. Nadim, Correlation between arsenic concen-
tration in drinking water and human hair, Iran. J. Environ.
Health Sci. Eng. 2 (2005) 13–21.

[5] A.H. Barati, A. Maleki, M. Alasvand Zarasvand, Multi-trace
elements level in drinking water and the prevalence of multi-
chronic arsenical poisoning in residents in the west area of
Iran, Sci. Tot. Environ. 408 (2010) 1523–1529.

[6] A. Maleki, A.H. Mahvi, R. Rezaee, Cadmium adsorption
using a bacterial biofilm supported on clinoptilolite from
aqueous solution, Sci. J. Kurdistan Univ. Med. Sci. 16
(2011) 65–75.

[7] D. Sud, G. Mahajan, M.P. Kaur, Agricultural waste material
as potential adsorbent for sequestering heavy metal ions from
aqueous solutions: A review, Bioresour. Technol. 99 (2008)
6017–6027.

[8] T.M. Zewail, S.A.M. El-Garf, Preparation of agriculture resi-
due based adsorbents for heavy metal removal, Desalin.
Water Treat. 22 (2010) 363–370.

[9] S. Gupta, B.V. Babu, Experimental, kinetic, equilibrium and
regeneration studies for adsorption of Cr(VI) from aqueous
solutions using low cost adsorbent (activated flyash), Desalin.
Water Treat. 20 (2010) 168–178.

[10] A. Maleki, M.B. Khadem Erfan, A. SeiedMohammadi,
R. Ebrahimi, Application of commercial powdered activated
carbon for adsorption of carbolic acid in aqueous solution,
Pakistan, J. Biol. Sci. 10 (2007) 2348–2352.

[11] S.S. Ahluwalia, D. Goyal, Removal of heavy metals from
waste tea leaves from aqueous solution, Eng. Life Sci. 5
(2005) 158–162.

[12] S.B. Wang, Y. Boyjoo, A. Choueib, Z.H. Zhu, Removal of dyes
from aqueous solution using fly ash and red mud, Water Res.
39 (2005) 129–138.

[13] S.E. Bailey, T.J. Olin, R.M. Bricka, D.D. Adrian, A review of
potentially low-cost sorbents for heavy metals, Water Res. 33
(1999) 2469–2479.

[14] W.S. Wan Ngah, M.A.K.M. Hanafiah, Removal of heavy
metal ions from wastewater by chemically modified plant
wastes as adsorbents: A review, Bioresour. Technol. 99 (2008)
3935–3948.

[15] M. Rao, A.V. Parwate, Utilization of low-cost adsorbents for
the removal of heavy metals from wastewater: A review,
J. Environ. Pollut. Control 5 (2002) 12–23.

[16] M. Sen, P. Pal, Treatment of arsenic-contaminated groundwa-
ter by a low cost activated alumina adsorbent prepared by
partial thermal dehydration, Desalin. Water Treat. 11 (2009)
275–282.

[17] Y. Hannachi, N.A. Shapovalov, A. Hannachi, Adsorption of
nickel from aqueous solution by the use of low-cost adsor-
bents, Desalin. Water Treat. 12 (2009) 276–283.

[18] A. Hashem, E.S. Abdel-Halim, K.F. El-Tahlawy, A. Hebeish,
Enhancement of adsorption of Co(II) and Ni(II) ions onto pea-
nut hulls though esterification using citric acid, Adsorp. Sci.
Technol. 23 (2005) 367–380.

[19] R. Gong, W. Cai, N. Li, J. Chen, J. Liang, J. Cao, Preparation
and application of thiol wheat straw as sorbent for removing
mercury ion from aqueous solution, Desalin. Water Treat. 21
(2010) 274–279.

[20] T.M. Zewai, S.A.M. El-Garf, Preparation of agriculture
residue based adsorbents for heavy metal removal, Desalin.
Water Treat. 22 (2010) 363–370.

[21] Z. Liu, Y. Miao, Z. Wang, G. Yin, Synthesis and characteriza-
tion of a novel super-absorbent based on chemically modified
pulverized wheat straw and acrylic acid, Carbohydr. Polym.
71 (2009) 131–135.

[22] V.B.H. Dang, H.D. Doan, T. Dang-Vu, A. Lohi, Equilibrium
and kinetics of biosorption of cadmium(II) and copper(II)
ions by wheat straw, Bioresour. Technol. 100 (2009)
211–219.

[23] Z. Wang, P. Han, Y. Jiao, D. Ma, C. Dou, R. Han, Adsorption
of congo red using ethylenediamine modified wheat straw,
Desalin. Water Treat. 30 (2011) 195–206.

[24] I. Gaballah, D. Goy, E. Allain, G. Kilbertus, J. Thauront,
Recovery of copper through decontamination of synthetic
solutions using modified barks, Metall. Mater. Trans. B 28
(1997) 13–23.

[25] L.S. Clesceri, A.D. Eaton, A.E. Greenberg, M.A.H. Franson,
Standard Methods for the Examination of Water and Waste-
water, 21st ed., American Public Health Association,
Washington, DC, 2005.

[26] P. Lodeiro, J.L. Barriada, R. Herrero, M.E. Sastre de Vicente,
The marine macroalga Cystoseira baccata as biosorbent for
cadmium(II) and lead(II) removal: Kinetic and equilibrium
studies, Environ. Pollut. 142 (2006) 264–273.

[27] K.R. Henke, A. Hutchison, Arsenic Chemistry, in Arsenic:
Environmental Chemistry, Health Threats and Waste Treat-
ment, first ed., John Wiley & Sons, Chichester, 2009.

[28] L. Dambies, E. Guibal, A. Roze, Arsenic (V) sorption on
molybdate impregnated chitosan beads, Colloids Surf. A 170
(2000) 19–31.

[29] B.E. Reed, R. Vaughan, L. Jiang, As (III), As (V), Hg and Pb
removal by Fe-oxide impregnated activated carbon, J. Envi-
ron. Eng. 126 (2000) 869–873.

[30] D. Pokhrel, T. Viraraghavan, Arsenic removal from an aque-
ous solution by a modified fungal biomass, Water Res. 40
(2006) 549–552.

[31] R. Liu, H. Yu, Y. Huang, Structure and morphology of cellu-
lose in wheat straw, Cellulose 12 (2005) 25–34.

[32] R. Gong, R. Guan, J. Zhao, X. Liu, S. Ni, Citric acid function-
alizing wheat straw as sorbent for copper removal from
aqueous solution, J. Health Sci. 54 (2008) 174–178.

[33] D.W. O’Connell, C. Birkinshaw, T.F. O’Dwyer, Heavy metal
adsorbents prepared from the modification of cellulose: A
review, Bioresour. Technol. 99 (2008) 6709–6724.

[34] A. Ozer, D. Ozer, A. Ozer, The adsorption of copper(II) ions on
to dehydrated wheat bran (DWB): Determination of the
equilibrium and thermodynamic parameters, Process Biochem.
39 (2004) 2183–2191.

[35] A. Maleki, A.H. Mahvi, M.A. Zazouli, H. Izanloo,
A.H. Barati, Aqueous cadmium removal by adsorption on
barley hull and barley hull ash, Asian J. Chem. 23 (2011)
1373–1376.

[36] M.X. Loukidou, K.A. Matis, A.I. Zouboulis, M. Liakopoulou-
Kyriakidou, Removal of As(V) from wastewaters by chemi-
cally modified fungal biomass, Water Res. 37 (2003)
4544–4552.

[37] M.M. Dubinin, L.V. Radushkevich, Proc. Acad. Sci., Phys.
Chem. Sect., USSR 55 (1947) 331–333.

[38] O.D. Uluozlu, A. Sari, M. Tuzen, M. Soylak, Biosorption of
Pb(II) and Cr(III) from aqueous solution by lichen (Parmelina
tiliaceae) biomass, Bioresour. Technol. 99 (2008) 2972–2980.

2316 R. Ebrahimi et al. / Desalination and Water Treatment 51 (2013) 2306–2316

http://www.epa.gov/safewater



