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a b s t r a c t

Long-term consumption of arsenic results in severe and permanent health damages. The aim of the study
was to investigate arsenate (As(V)) sorption capacity of termite mound (TM), containing mainly silicon,
aluminum, iron and titanium oxides, under batch adsorption setup. The pattern of As(V) removal with
varying contact time, solution pH, adsorbent dose, As(V) concentration and competing anions was inves-
tigated. Dissolution of the adsorbent was insignificant under the equilibrium conditions. Equilibriumwas
achievedwithin 40minof agitation time. Kinetic data of As(V) adsorption followedwell the pseudo-second
order equation (R2> 0.99). HighAs(V) removal efficiency (w99%)was observed over a pH rangew3ew10,
which is of great importance in the practical application. The Freundlich and DubinineRadushkevich iso-
therms well described (R2 > 0.99, c2 w 0.05) the equilibrium As(V) adsorption, giving a coefficient of
adsorption 1.48 mg1�1/nL1/n/g and a saturation capacity 13.50 mg/g respectively. The obtained value of
mean sorption energy (EDR¼13.32 kJ/mol) suggested the chemisorptionmechanismofAs(V) adsorptionon
TM. The removal of As(V) was significantly decreased in the presence of phosphate ions. The As(V) loaded
adsorbent was successfully regenerated using NaOH solution with insignificant loss of metals. Therefore,
the results of the study demonstrated that TM could be considered as a promising adsorbent for the
treatment of As(V) in drinking water.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Arsenic is one of the chemicals of greatest health concern in
some natural waters, particularly groundwater. It is a toxic and
carcinogenic metalloid that severely damages human health.
Arsenic is introduced into the aqueous environment fromnatural as
well as anthropogenic sources. High arsenic concentrations in
excess of the WHO guideline, 10 mg/L (WHO, 2006), have been
found in different parts of the world (Foster, 2003), including
Ethiopia (Rango et al., 2010). Long-term consumption of arsenic
contaminated drinking water results in severe and permanent
health damages, such as dermal lesion, skin cancer, bladder and
lung cancers (WHO, 2006). Thus, health problems associated with
arsenic contaminated drinking groundwater have motivated re-
searchers to develop different removal methods. Many treatment
technologies, such as lime, alum or iron coagulation, chemical
oxidation, adsorption, reverse osmosis, membrane filtration, acti-
vated alumina or carbon, solvent extraction, ion exchange, ligand
exchangers obtained by Zr (IV), Fe (III), Mo(VI), La(III), and Al(III)
onto cation exchange and chelating resins, and metal oxides based
x: þ49 381 498 3122.
.
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adsorbents and many others have been investigated for the
removal of arsenic (Awual et al., 2012; and the references cited
therein; Mohan and Pittman, 2007). Most of the treatment tech-
niques are expensive. As a result, researchers have beenworking to
explore low cost and easy-to-handle removal technologies (Zha
et al., 2013). Among numerous arsenic treatment technologies
developed, adsorption is receiving increasing attention because of
simplicity, cheaper pollution control method, ease of operation and
handling, sludge free operation and possibility of regeneration (Han
et al., 2012; Kundu and Gupta, 2006). However, some of the limi-
tations of the adsorption method are the harmful dissolution of
adsorbents and the need for pH adjustment (Han et al., 2012; Li
et al., 2012a).

Mounds are built by termites which substantially modify the
physicochemical properties of soil and have the ability to change
mineralogy of clay (Jouquet et al., 2002; Semhi et al., 2008).
Geochemical analysis done by Aufreiter et al. (2001) shows that
mound soil contains relatively high aluminum. Furthermore, Abe
and Wakatsuki (2010) observe generally greater iron content in
the mound than in the neighboring soil and the influence of ter-
mites on the forms and composition of free sesquioxides. The in-
crease in the content of titanium is also observed in the mounds
(Sako et al., 2009). Iron, aluminum and titanium as well as their
oxides are incorporated into other materials to enhance the
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adsorption efficiency of the materials. However, termite mound
(TM), containing mainly silicon, aluminum, iron and titanium ox-
ides, has not been evaluated for the removal of arsenate (As(V)).
Therefore, the objectives of this study were: (1) to examine the
As(V) sorption capacity of TM under batch adsorption setup, (2) to
assess the As(V) adsorption pattern with respect to varying contact
time, solution pH, adsorbent dose, initial As(V) concentration, and
concentration of competing anions, and (3) to investigate the
reusability of the As(V) loaded adsorbent and loss of metals under
batch desorption conditions.

2. Materials and methods

2.1. Adsorbent

TMs are widely distributed and abundant in nature (Jouquet
et al., 2002; López-Hernández et al., 2006; Semhi et al., 2008). In
the southern and western parts of Ethiopia, average TM abundance
is found to be 12 mounds per hectare (Abdulrahman, 1990; Tilahun
et al., 2012). In the western part of the country, in 8 districts of east
and west Wallaga Zones, infestation of mound building termites
causes destruction of crops, wooden houses and natural resources
(OADB, 2001). According to the study conducted by Tilahun et al.
(2012), the average mound soil mass is computed to be 58.9 t/ha.
Six separate samples of mound soil were collected from six TMs in
the surroundings of Gimbi, west Welega Zone, Oromia Regional
National State, western Ethiopia. The rocks of the sampling area are
Precambrian formations comprising a wide range of sedimentary,
volcanic and intrusive rocks that have been metamorphosed to
varying degrees (Tadesse et al., 2003). The six samples were mixed
thoroughly on an equal proportion to make a composite sample,
and dried afterwards at room temperature in a laboratory. Particle
size analysis of the composite sample was performed according to
the American Society for Testing and Materials (ASTM D 422) and
soil textural classification system (Liu and Evett, 2003). The dried
sample was crushed, sieved to particle size <0.075 mm and stored
in airtight plastic bottles for later batch adsorption experiments.

2.1.1. Characterization
2.1.1.1. Chemical composition. The oxide and elemental composi-
tions of TM were analyzed using X-Ray Fluorescence (XRF) spec-
trometryand inductivelycoupledplasma, ICP, spectrometer (Thermo
Scientific iCAP 6300 ICP, Thermo Fischer Scientific, Cambridge, UK),
respectively. The total carbon, total nitrogen and total sulfur contents
were determined using Elementar Vario EL analyser (Elementar
Analysensysteme GmbH, Hanau, Germany) according to DIN ISO
10694 and 13878 (DIN ISO 10 694, 1996; DIN ISO 13878, 1998).

2.1.1.2. pH and point of zero charge. The pH of the adsorbent was
measured using a Microprocessor pH 196 meter (pH 196, WTW,
Germany) in a 1:10 TM/water ratio according to the standard
method (Appel and Ma, 2002). The pH of the point of zero charge
(pHPZC) was determined by potentiometric titration method
described in Appel et al. (2003).

2.1.1.3. Specific area. The BET surface area of TM of particle
< 0.075 mm was measured using Micromeritics ASAP 2010 (USA)
by N2 adsorption method after degassing. The Micromeritics ASAP
2010 provides high quality surface area and equipped with the
software that allows performing automatic analysis as well as
collecting analysis reports.

2.1.2. Solubility
The dissolution of TM under the equilibrium experimental

conditions (solution pH:w7, shaking speed: 200 rpm, contact time:
60 min and temperature: 24.6 �C) was examined through the
analysis of the concentrations of the elements in the supernatant
solution using ICP spectrometer. The anions in the supernatant
solution were analyzed using ion chromatography (Metrohm AG,
Switzerland).

2.2. Chemicals

All the chemicals used were analytical grade reagent from
Merck, Darmstadt, Germany. The stock solution of As(V) was pre-
pared dissolving Na2HAsO4.7H2O in deionized water. Solutions of
bicarbonate, carbonate, chloride, nitrate, sulfate and phosphate
anions were prepared from their respective potassium salts. The pH
of the solution was adjusted using 0.1 M NaOH and/or 0.1 M HCl.

2.3. As(V) adsorption

A series of duplicate batch adsorption experiments were con-
ducted at room temperature (23.5e25.5 �C) in acid washed poly-
ethylene plastic bottles with blank (only with TM) and control (only
with As(V)) experiments. A 500 mL aqueous solution containing a
known As(V) concentration and a desired TM dose was shaken at
200 rpm on a horizontal shaker (SM25, Edmund Bühler
7400 Tübinger, Germany) for a predetermined contact time, and
the solid was separated afterwards by filtration using 0.45 mm ac-
etate filter paper (Sartorius Stedim Biotech GmbH, Germany). Then,
As(V) concentration in the filtrate was analyzed on inductively
coupled plasma, ICP, spectrometer (Thermo Scientific iCAP 6300
ICP, Thermo Fischer Scientific, Cambridge, UK). The average of the
duplicate measurements was reported. In all experiments, particle
size of < 0.075 mm was used.

2.3.1. Effect of contact time
In order to determine the equilibrium contact time at which the

adsorption completed, the agitation time was varied from 0 to
60 min. The 0.21 and 2 mg/L As(V) aqueous solutions of pH w 7
separately shaken with 2 g/L TM at 200 rpm for a predetermined
contact time. The amount of As(V) adsorbed per unit mass of TM,
and the percentage of As(V) adsorbed were computed respectively
using Eqs. (1) and (2) given below:

qt ¼
�
C0 � Ct

M

�
� V (1)

A% ¼
�
C0 � Ct

C0

�
� 100 (2)

where, qt (mg/g) is the amount of As(V) adsorbed at any time, t
(min); A(%) is the percentage of As(V) adsorbed; C0 (mg/L) is initial
As(V) concentration; Ct (mg/L) is concentration of As(V) in the
aqueous phase at any time, t; V (L) is volume of the aqueous solu-
tion; and M (g) is mass of TM used in the experiment.

2.3.2. Effect of pH
The effect of solution pH was investigated to determine the

optimum pH for maximum adsorption of As(V) over the initial pH
rangew 3ew 11 by allowing 2 g/L TM to adsorb 0.21 mg/L As(V) in
the aqueous solution.

2.3.3. Effect of adsorbent dose
To determine the optimum dose required for the reduction of

As(V) to a desired level, different doses ranging from 0.1 to 25 g/L
TM were separately added into a 0.21 mg/L As(V) aqueous solution
of pH w 7 and shaken at 200 rpm for 60 min.
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2.3.4. Effect of initial concentration
The effect of initial concentration was examined varying the

concentration from 0.21 to 10 mg/L As(V) while maintaining the
solution pH atw 7, dose at 2 g/L TM, shaking speed at 200 rpm and
contact time at 60 min.

2.3.5. Effect of co-existing anions
The influence of co-existing ions at different concentration

levels ranging from 10 to 500 mg/L was examined in such a way
that each ion separately and in a mixture added to a container of
500 mL solution of 0.21 mg/L As(V) of pH w 7 with 2 g/L TM and
shaken at 200 rpm for 60 min.

2.3.6. Groundwater
A sample of groundwater was collected from a hand pump well

in the Main Campus of Jimma University, Oromia Regional National
State, western Ethiopia. The analyzed physicochemical character-
istics of the sample were: pH (7.87), conductivity (1215 mS/cm),
total hardness (645.56 mg/L), carbonate (nil), bicarbonate
(764.94 mg/L), chloride (3.41 mg/L), nitrate (0.2 mg/L), sulfate
(3.94 mg/L), phosphate (0.12 mg/L), fluoride (7.56 mg/L), calcium
(10.64 mg/L), magnesium (3.65 mg/L), sodium (278 mg/L) and As
(< 0.001 mg/L). The water sample was spiked with 0.21 mg/L As(V)
and treated afterwards with 2 g/L TM to evaluate the As(V)
adsorption efficiency of the adsorbent under natural groundwater
conditions.

2.4. Desorption

To evaluate the regenerative property of the As(V) loaded TM,
0.21 mg/L As(V) in the aqueous solution was initially allowed to
adsorb on 2 g/L TM at pH w 7 shaking at 200 rpm for 60 min. After
adsorption, the solid was separated by filtration and dried at 105 �C
for 24 h in an oven. Desorption was conducted shaking the dried
As(V) loaded TM at 200 rpm for 60 min in 500 mL solution of 0.1
and 0.2 M NaOH separately. Besides, the pH of deionized water was
adjusted to w 5 to assess the release of As(V) ion from the As(V)
loaded adsorbent for safe disposal of the spent TM at pH � 5. The
amount of As(V) ion desorbed from the spent adsorbent into the
solution was then determined by quantifying the concentration of
As(V) in the supernatant solution. The dissolution of TM during the
regeneration process using 0.2 M NaOH solution was examined via
the analysis of the concentrations of the elements in the superna-
tant solution.

3. Results and discussion

3.1. Adsorbent

3.1.1. Characterization
3.1.1.1. Chemical composition. The analyzed chemical compositions
of the adsorbent (wt%) were: SiO2 (27.43), Al2O3 (22.83), Fe2O3
(26.08), TiO2 (8.86), MgO (0.83), Na2O (< 0.01), K2O (0.23), CaO
(< 0.01), MnO (0.25), P2O3 (0.35), SO3 (0.33) and loss on ignition
(11.29). Measured values (wt%) of total C, S and N were 2.30, 0.28
and 0.40, respectively. The elemental compositions (wt%) were: Si
(15.07), Fe (12.67), Al (6.35), Ti (1.50), Na (< 0.01), Mg (< 0.01), K
(< 0.01), Cr (0.01), Mn (0.21), P (0.35), and the concentrations of
trace elements, such as Hg, Pb, As, Ni, and Cd were below the
detection limit.

3.1.1.2. pH and point of zero charge. The pH of the adsorbent
measured in water was found to be 5.10. The pHPZC determined by
potentiometric titration method was 7.96, which is within the
range of the pHpzc of the mixture of Fe, Al and Si oxides, 5.5 to 8.3
(Brown et al., 1999), and similar with the pHpzc of TM (pHpzc ¼ 7.8)
investigated for the adsorptive removal of Pb(II) (Abdus-Salam and
Itiola, 2012).

3.1.1.3. Specific area. The BET surface area of the adsorbent of par-
ticle size < 0.075 mm was found to be 28.40 m2/g. Results of par-
ticle size analysis showed that majority of the particles was in the
range of 0.075e2.00 mmwith mean particle size (d50) of 0.51 mm.

3.1.2. Solubility
The concentrations of the elements (wt%) in the supernatant

solution obtained under the equilibrium experimental conditions
were: Si (3.00� 10�3), Fe (3.45�10�3), Al (4.97� 10�3), As (bdl), Ni
(7.33�10�6), Cd (bdl), Cr (7.00� 10�6), Pb (bdl), F- (6.67� 10�6), Cl-

(9.45�10�3), NO3
- (1.13�10�3) and SO4

2� (1.12�10�2), where bdl is
below the detection limit. The results indicated that TM dissolution
was insignificant, and the concentrations of the elements released
under the equilibrium experimental conditions were significantly
lower than their maximum permissible levels in drinking water
(WHO, 2006). This indicated that no toxic sludge was generated by
TM. Therefore, TM could be used safely as an adsorbent for As(V)
removal.

3.2. As(V) adsorption

3.2.1. Effect of contact time
The plots of the amount of As(V) adsorbed versus contact time

are given in Fig.1. The results showed that As(V) adsorptionwas fast
within the first 5 min of agitation time and slow afterwards until
equilibrium. For example, the amount of As(V) adsorbed per unit
gram of TM within 5 min contact time was w 0.63 mg/g for 2 mg/L
As(V) in the solution. The rapid uptake of As(V) within the first
5 min agitation time was due to the presence of competent active
adsorbing sites on the surface of the adsorbent at the initial stage of
the contact time. Equilibrium time was achieved within 40 min,
and the equilibrium time appeared to be independent of the initial
concentration. However, in order to be sure that the adsorptionwas
completed, the agitation time was maintained at 60 min for further
studies.

3.2.1.1. Kinetic. The analysis of the adsorption kinetic data applying
kineticmodels is useful to predict themechanism of adsorption and
the potential rate-limiting step. The adsorption kinetic of a system
can be explained by the pseudo-second order equation (Ho and
McKay, 1999) when the removal of an adsorbate from aqueous
solution increases during the initial agitation time, and followed by
a slow increase until the equilibrium time. Accordingly, the linear
form of the pseudo-second order equation (Eq. (3)) was employed
to evaluate the kinetic of As(V) adsorption on TM (Ho and McKay,
1999). Besides, the intraparticle diffusion model (Eq. (4)) based
on the theory proposed byWeber andMorris (Zha et al., 2013; Zhao
et al., 2012) was applied to examine the diffusion mechanism of the
adsorbate.

t
qt

¼ 1
k2q2e

þ 1
qe

ðtÞ (3)

qt ¼ kpt0:5 þ C (4)

where qt (mg/g) is the amount of As(V) adsorbed per unit mass of
TM at any time, t (min); qe (mg/g) is the calculated equilibrium
capacity; k2 (g/(mg.min)) is the equilibrium rate constant based on
the pseudo-second order equation; kp (mg/(g.min0.5) is the intra-
particle diffusion rate constant; and C (mg/g) is the intercept of the
intraparticle diffusion model.



Fig. 1. Effect of contact time on As(V) adsorption: (a) 0.21 mg/L As(V) and (b) 2 mg/L As(V).
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3.2.1.2. Analysis of kinetic data. The pseudo-second order rate
constant (k2), calculated equilibrium capacity (qe,cal) and adsorption
affinity (V0¼ k2qe

2) were computed from the plot of t/qt versus t (not
shown). Numerical values of parameters of the pseudo-second or-
der equation along with the standard deviation (SD) are given in
Table 1. The computed values of k2, qe,cal and V0 revealed the
decrease in k2 value (11.071e0.313 g/(mg.min)), and the increase in
the values of qe,cal (0.105e0.881 mg/g) and V0 (0.123e0.275 mg/
(g.min)) with the increase in the concentration of As(V) from0.21 to
2 mg/L. The decrease in the rate of adsorption, k2, with the increase
in the solute concentration could indicate the higher the As(V)
concentration in the solution the faster the adsorption (Camacho
et al., 2010). The value of the adsorption affinity, V0, is important
in providing information about the adsorption rate, particularly at
the beginning of the adsorption process (Li et al., 2012b). According
to the result obtained, the value of V0 increased with the increase in
the solute concentration which indicated that the adsorption af-
finity increased with the increase in the initial concentration. The
plots of t/qt versus t were straight lines (not shown) with the co-
efficients of determination, R2 > 0.99. In addition, the values of the
modeled equilibrium capacities, qe,cal, were comparable to the
experimental equilibrium capacities, qe,exp. Thus, the kinetic of
As(V) adsorption on TMwell described by the pseudo-second order
equation, implying that the rate-limiting step could be chemical
adsorption involving valence forces through the sharing or ex-
change of electrons between adsorbent and adsorbate (Ho and
McKay, 1999). Similar results are obtained in the removal of As(V)
from water using magnetite Fe3O4-reduced graphite oxide-MnO2
nanocomposites (Luo et al., 2012) and magnesia-loaded fly ash
cenospheres and manganese-loaded fly ash cenospheres (Li et al.,
2012a).
Table 1
Pseudo-second order and intraparticle diffusion parameters of As(V) adsorption on
TM.

Model Parameter As(V) concentration (mg/L)

0.21 2.0

Value SD Value SD

Pseudo-second
order

qe,exp (mg/g) 0.104 6.03 � 10�4 0.881 4.51 � 10�3

qe,cal (mg/g) 0.105 9.58 � 10�4 0.937 7.13 � 10�2

k2 [g/(mg.min)] 11.071 6.12 � 10�1 0.313 1.31 � 10�2

Vo [mg/(g.min)] 0.123 5.67 � 10�4 0.275 1.25 � 10�2

R2 0.9999 0.998
Intraparticle

diffusion
kp [mg/(g.min0.5)] 0.002 5.85 � 10�5 0.049 7.84 � 10�2

C (mg/g) 0.089 2.21 � 10�3 0.537 6.24 � 10�1

R2 0.8569 0.9445
The plots of the intraparticle diffusion model for the adsorption
of As(V) on TM are given in Fig. 2. The parameters obtained from the
model along with the SD are given in Table 1. The plots indicate that
the As(V) adsorption process involved only two stages, suggesting
that the external diffusion may be the rapid process compared to
the relatively slow process of the intraparticle diffusion stage. The
plots did not pass through the origin further indicating that the
intraparticle diffusion was not the only rate-controlling diffusion
mechanism (Zha et al., 2013). Therefore, the adsorption of As(V)
and its kinetics could be the cumulative result of the external
diffusion transport of As(V), the intrarparticle diffusion of the ions
and the adsorption of As(V) ions by the active sites on TM (Theydan
and Ahmed, 2012). Table 1 shows that the value of the diffusion
rate, kp, was higher at higher concentration, signifying that the
diffusion rate was faster at higher concentration level than at lower
concentration (Yan et al., 2008; Zhao et al., 2012). The result is
similar to previous observations (Zha et al., 2013; Zhao et al., 2012).

3.2.2. Effect of pH and mechanism of As(V) adsorption
The removal of As(V) by TM at varying initial solution pH is

graphically presented in Fig. 3. The result showed that TM had high
adsorption capacity over a wide pH range. It was observed that
w 99% of As(V) removal was achieved between pHw 3 andw9, and
the percentage of removal decreased to w 97% at pH w 10. The
As(V) adsorption significantly decreased from w 97 to w 32% with
the increase in the solution pH from w 10 to w 11. The sharp
decrease in the removal of As(V) beyond pH w 10 could be due to
the increase in the negative charge site on the surface of the
adsorbent (Mostafa et al., 2011). The high As(V) removal over awide
pH range could be attributed to the pH buffering capacity of TM.
The pH buffering capacity of the adsorbent can be explicable by its
high content of Al and Fe oxides that are amphoteric in nature
(Cornell and Schwertmann, 1996; Guo et al., 2007; Shriver et al.,
1994), and the insignificant composition of basic metallic oxides.
Besides, SO3 and P2O3 content of TM (Sub section 3.1.1.1), which are
covalent oxides, release H3Oþ in the aqueous solution by binding
H2O molecules, thereby decreasing the pH of the medium (Shriver
et al., 1994). Thus, iron and aluminum oxides along with the co-
valent oxides could decrease the equilibrium pH of the solution in
synergywhen the initial solution pH is in the alkaline range. The pH
dependency of As(V) removal can be explained also considering the
pHpzc of the adsorbent which was found to be 7.96. When the
pH < pHpzc, As(V) would be adsorbed on the adsorbent surface by
the columbic attraction, whereas when the pH > pHpzc, the
adsorption of As(V) could take place through a ligand exchange
reaction (Ayoob and Gupta, 2009). The stability of As(V) species
depend on pH (Zhang and Itoh, 2005), and the stable As(V) species



Fig. 2. Intraparticle diffusion plots of As(V) adsorption on TM: (a) 0.21 mg/L As(V) and (b) 2 mg/L As(V).
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present at each pH are: H3AsO4 (0e2), H2AsO4
- (2e7), HAsO4

2� (7e
12) and AsO4

3� (12e14). The As(V) used in the present study was in
form of HAsO4

2�. Thus, the plausible mechanisms involved in the
adsorption of As(V) from aqueous solution can be proposed using
Eqs. (5) and (6) (Li et al., 2012a).

hMOHþ
2 þH2AsO

�
44hMOH2/H2AsO4 (5)

hMOHþ
2 þHAsO2�

4 4ðhMOH2Þ2/HAsO4 (6)

where M represents metals, such as Si, Fe, Al and Ti. Moreover, the
measured equilibrium pHs were between 5.0 and 6.31 (data were
not shown) when the initial pHs of the solution were between 4
and 10, which could be as well due to the buffering effect of TM. The
result is similar to previous observations (Li et al., 2012a; Zha et al.,
2013).

3.2.3. Effect of adsorbent dose
The pattern of As(V) adsorption with varying TM dose is pre-

sented in Fig. 4. The result showed that the As(V) loading capacity
(the amount of As(V) adsorbed per unit mass of TM) progressively
decreased from 1.81 to 0.01mg/gwith the increase in the adsorbent
dose from 0.50 to 25 g/L. The progressive decrease in the loading
capacity was possibly due to the lower ratio of As(V) ions to the
available active binding sites with the increase in the mass of the
adsorbent (Thole, 2011). On the contrary, the efficiency of As(V)
Fig. 3. Effect of pH on the adsorption of As(V) by TM.
removal increased rapidly from w 86 to w 98% as the adsorbent
dose increased from 0.10 to 2 g/L, and increased slowly to a
maximum of w 99% when the dose increased from 2 to 25 g/L TM.
The increase in the removal percentage with the increase in the
adsorbent dose can be attributed to the increase in the number of
the adsorption sites as the amount of adsorbent increased (Thole,
2011). Consequently, the ratio of the number of active binding
sites to the constant As(V) concentration in the solution increased,
and thus resulting the increase in the percent of As(V) adsorbed. It
was observed that 2 g/L TM reduced 0.21 mg/L As(V) to 0.004 mg/L,
which is below the WHO guideline value, 0.01 mg/L, of arsenic in
the drinking water. Hence, the 2 g/L TM was considered as an op-
timum dose and used in the subsequent experiments.

3.2.4. Effect of initial concentration
The plot of As(V) removal as a function of varying the initial

concentration is given in Fig. 5. It was noticed that the amount of
As(V) adsorbed progressively increased from 0.01 to 2.73mg/gwith
the increase in the initial concentration from 0.21 to 10 mg/L As(V).
The increase in the adsorption capacity with the increase in the
initial concentration of the solute could be attributed to the avail-
ability of more As(V) ions for adsorption at higher concentration on
poorly reachable sites with weak sorption energy (Kumar et al.,
2011). Consequently, the energetically less favorable sites become
involved in the adsorption process with increasing As(V) concen-
tration in the aqueous solution (Chutia et al., 2009). However, the
Fig. 4. Effect of adsorbent dose on As(V) removal by TM.



Fig. 5. Effect of initial concentration on the removal of As(V) by TM.
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percentage of As(V) removal decreased from 98.18 to 54.59% with
the increase in the initial concentration from 0.21 to 10 mg/L As(V).
This can be explained in that at high-level As(V) concentrations the
number of available adsorption sites became fewer, thus resulting
in a relatively lower percentage of As(V) removal (Tiwari and Lee,
2012). Overall, the results indicated that As(V) removal by TM
was dependent on the initial concentration over the range 0.21e
10 mg/L As(V).

3.2.4.1. Isotherm. In this study, the equilibrium isotherm data set of
As(V) adsorption was evaluated applying nonlinear equations of
the Langmuir, the Freundlich and the DubinineRadushkevich (De
R) isotherms expressed in Eqs. (7)e(9), respectively. The three
isotherm models are widely used in the modeling of water and
waste water treatment (Chutia et al., 2009; Kundu and Gupta,
2006; Li et al., 2012b). The Freundlich isotherm assumes multi-
layer adsorption of a solute on the heterogeneous surface sites of a
solid, whereas the Langmuir isotherm predicts monolayer
adsorption process over the homogeneous surface sites. The DeR
equation is commonly used to estimate the mean sorption energy
of the adsorption process and the nature of adsorption as physical
or chemical (Kundu and Gupta, 2006; Zhao et al., 2012).

qe ¼ QmaxbCe
ð1þ bCeÞ (7)

qe ¼ KFC
1=n
e (8)

qe ¼ qmexp
�
�KDRε

2
�

(9)

ε ¼ RTlnð1þ 1=CeÞ (10)

where Ce (mg/L) is the concentration of As(V) in the aqueous phase
at equilibrium; qe (mg/g) is the amount of As(V) adsorbed at
Table 2
Isotherm parameters of the equilibrium adsorption of As(V) on TM.

Freundlich isotherm Langmuir isotherm

Parameter Value SD Parameter

KF [(mg1�1/nL1/n)/g] 1.480 6.23 � 10-2 Qmax (mg/g)
1/n 0.398 3.22 � 10-2 b (L/mg)
R2 0.997 R2

c2 0.046 c2
equilibrium per unit mass of TM; Qmax (mg/g) is the adsorption
capacity based on the Langmuir equation; b (L/mg) is the Langmuir
constant; KF (mg1�1/n L1/n/g) is the adsorption coefficient based on
the Freundlich equation; 1/n is the adsorption intensity based on
the Freundlich equation; qm (mol/g) is the molar adsorption ca-
pacity based on the DeR equation; KDR (mol2/kJ2) is the activity
coefficient related to the mean sorption energy; ε (mol2/kJ2) is the
Polanyi potential; R (kJ/(mol.K)) is the gas constant; and T (K) is the
temperature of the equilibrium experiment.

Two error quantifiers, the coefficient of determination and the
chi-squared test statistic, were used to evaluate the goodness of fit
of a model to the observed equilibrium isotherm data. The chi-
squared test statistic, c2, is computed using Eq. (11) as described
in Meenakshi et al. (2008).

c2 ¼
X�

qe � qe;cal
�2

=qe (11)

where qe,cal (mg/g) is the equilibrium capacity obtained by calcu-
lating from the model; and qe (mg/g) is the experimental equilib-
rium capacity. If data from the model are similar to the
experimental data, c2 will be a small number, whereas if they differ,
c2 will be a bigger number (Meenakshi et al., 2008). The value of
standard deviation, SD, for each parameter along with the c2 and R2

values for each isotherm model is presented in Table 2.

3.2.4.2. Analysis of isotherm data. The isotherm plots of the equi-
librium adsorption of As(V) on TM are given in Fig. 6. Values of the
equilibrium constants computed from nonlinear equations of the
isotherms are presented in Table 2. From the evaluation of the
fitting criteria, it was clear that the Freundlich and the DeR iso-
therms demonstrated higher coefficients of determination, R2 >

0.99, and lower chi-square statistic, c2 w 0.05, values. Thus, both
the Freundlich and the DeR isotherm equations well described the
equilibrium isotherm data set of As(V) adsorption, giving respec-
tively a coefficient of adsorption 1.48mg1�1/nL1/n/g, and a saturation
capacity 13.50 mg/g, which are indicatives of the relative adsorp-
tion capacity of the adsorbent. The fitting of the equilibrium data to
the Freundlich isotherm indicated the multilayer adsorption of
As(V) on the heterogeneous surface sites of TM. The nature of
adsorption isotherm can be predicted by evaluating the essential
characteristic of the Langmuir isotherm expressed in terms of a
dimensionless constant separation factor, RL. The separation factor
was computed by RL ¼ 1/(1 þ bC0) (Gupta and Ghosh, 2009), where
C0 (mg/L) is the initial As(V) concentration; and b (L/mg) is the
Langmuir constant. The adsorption process is irreversible if RL ¼ 0,
favorable if 0 < RL < 1, linear if RL ¼ 1 and unfavorable if RL > 1. The
values of RL computed for As(V) adsorption on TM were from 0.08
to 0.80 with decreasing in value at high level of initial concentra-
tion. The obtained values of RL are within the range 0e1, signifying
the favorable equilibrium adsorption of As (V) on TM (Kundu and
Gupta, 2006). The magnitude of the adsorption intensity, 1/n,
computed from the Freundlich equation can suggest the type of
isotherm. In that, the adsorption is favorable when 0 < 1/n < 1,
irreversible when 1/n¼ 1 and unfavorable when 1/n> 1 (Gao et al.,
2013). The value of 1/n obtained for the equilibrium adsorption of
DeR isotherm

Value SD Parameter Value SD

2.929 1.33 qm (mg/g) 13.504 9.95 � 10�1

1.233 1.06 EDR (kJ/mol) 13.316 2.54 � 10�1

0.960 R2 0.993
2.782 c2 0.052



Fig. 6. Isotherms of equilibrium adsorption of As(V) on TM.

Fig. 7. Effect of co-existing anions on the removal of As(V) by TM.
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As(V) was 0.398. Therefore, As(V) was adsorbed favorably on TM as
the numerical value of 1/n is in the range 0e1, which is similar to
the observation made by Zhao et al. (2012) for the adsorption of
As(V) on Al13-modefied montmorillonite.

The mean sorption energy, EDR (kJ/mol), of equilibrium As(V)
adsorption was computed from the DeR isotherm using the
equation EDR ¼ (-2KDR)�0.5 as given in Gupta and Ghosh (2009). The
EDR value of an adsorption system predicts the mechanism of the
adsorption process of a solute on a solid adsorbent. The adsorption
process is of physical nature if 0< EDR< 8 kJ/mol, and considered to
be chemical adsorption if 8 kJ/mol < EDR < 16 kJ/mol (Kundu and
Gupta, 2006). In the present study, the value of EDR computed for
the equilibrium adsorption of As(V) was 13.32 kJ/mol (Table 2). The
obtained EDR value was in the range of chemisorption process,
implying that TM had high affinity for As(V) ion (Zhao et al., 2012).
Thus, the observed high EDR value indicated that chemisorption
should be the dominant plausible mechanism for As(V) adsorption
on TM (Gupta and Ghosh, 2009; Kundu and Gupta, 2006). Similar
observations are made previously by Gupta and Ghosh (2009) and
Zhao et al. (2012) for As(V) adsorption.

3.2.5. Effect of co-existing anions
Natural inorganic anions in water could be reactive toward the

adsorbent surface, thereby influencing the adsorptive removal of
As(V). In order to assess the potential applicability of TM as an
adsorbent for As(V) removal from natural water, adsorption effi-
ciency was evaluated as a function of various concentrations of
bicarbonate, carbonate, chloride, nitrate, phosphate, sulfate and
their mixture. The influences of the presence of these anions
separately and in amixture in the solution on the efficiency of As(V)
adsorption on TM are shown in Fig. 7. The results showed that
phosphate, among the six anions, caused the greatest decrease in
the removal of As(V). The result is in agreement with the previous
studies (Chowdhury and Yanful, 2010; Tuutijärvi et al., 2012). The
high interference of phosphate on As(V) adsorption on TM was
expected, as phosphate and arsenate have similar structure and
chemical behavior. As a result, both ions compete for specific
adsorption sites, thereby phosphate at high level of concentrations
significantly reducing As(V) adsorption (Tuutijärvi et al., 2012).
Besides, both phosphate and arsenate are inner-sphere complex
anions behaving identically toward the active binding sites on the
adsorbent surface (Zhu et al., 2009). In general, the adsorption of
As(V) decreased by increasing the initial phosphate to As(V) con-
centration ratio, as was the case in this study that is the As(V)
concentration was kept constant at 0.21 mg/L while the initial
concentration of phosphate increased from 10 to 500 mg/L
sequentially. It was also observed that As(V) adsorptionwas sharply
decreased in the presence of the mixture of all the six anions in the
same aqueous solution, which could be ascribed to the capacity of
phosphate to overshadow the buffering abilities of the other anions
as phosphate forms inner-sphere complex. However, phosphate is
absent or very rarely occurs at high level of concentrations in the
groundwater (Rango et al., 2010), so its effect on As(V) removal
would not be a problem. Bicarbonate and carbonate, which
commonly exist with elevated arsenic in the groundwater, had
insignificant effect on the As(V) adsorption over the concentration
range 10e500 mg/L. Earlier study reported that the presence of
carbonate species had little effect on the As(V) adsorption by fer-
rihydrite (Fuller et al., 1993). Chloride, nitrate and sulfate had no
influence on As(V) adsorption under the studied concentration
ranges, and the result is similar to previous observation (Li et al.,
2012b). Both nitrate and chloride form outer-sphere complexes
(Tuutijärvi et al., 2012), and thus they would not directly compete
for the same adsorption sites with As(V). In a previous study (Maji
et al., 2007), where sulfate, which can form either outer or inner-
sphere complex, and As(V) were present simultaneously,
1000 mg/L sulfate did not show interference on 0.5 mg/L As(V)
removal by laterite soil. The overall influence of the studied co-
existing anions on the As(V) removal by TM thus can be summa-
rized in the order phosphate z mixture > bicarbonate z carbo
nate > sulfate z nitrate z chloride.

3.2.6. Groundwater
The competence of TM under natural groundwater conditions

was evaluated using 0.21mg/L As(V) spiked groundwater sample of
pH 7.87. The obtained result demonstrated that the 0.21 mg/L As(V)
in the spiked groundwater sample was reduced to 0.0043 mg/L,
which is below the WHO guideline value of arsenic in drinking
water. Therefore, TM could be a potential geomaterial for adsorptive
removal of arsenic from drinking water without pH adjustment.

3.3. Desorption

The effect of pH on As(V) removal by TM (Fig. 3) indicated that
As(V) adsorption drastically decreased in the pH > 10, so As(V)
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desorption from the spent TM was considered under higher alka-
line conditions. Based on this, the batch desorption of As(V) from
the As(V) loaded TM was conducted using 500 mL solution of 0.1
and 0.2 M NaOH separately under experimental conditions iden-
tical to the equilibrium batch adsorption conditions. It was found
that the percentages of As(V) desorbed by 0.1 and 0.2 M NaOH
solution were 80.72 and 98.08% respectively. It was also observed
that no detectable As(V) was released from the As(V) loaded TM at
pH w 5. Thus, the As(V) loaded TM can be either regenerated or
safely disposed at pH� 5 without causing environmental pollution.
The loss of metals under the regeneration conditions was investi-
gated through the analysis of the elements in the supernatant so-
lution obtained using 0.2 M NaOH. Accordingly, the analysis results
(wt%) were: Fe (2.80 � 10�2), Al (1.39), Ni (6.56 � 10�5), Cd
(2.22 � 10�6), Cr (1.29 � 10�4) and Pb (5.89 � 10�4). The results
indicated that the regeneration of the spent TM using 0.2 M NaOH
solution did not cause significant dissolution of the adsorbent.
Hence, the decrease in the adsorption efficiency of the regenerated
spent TM could be expected very minimal. However, further
investigation should be considered to determine the adsorption
efficiency and the exact life cycle of the regenerated TM.

4. Conclusion

The present study investigated the As(V) adsorption behavior of
TM under various batch adsorption experimental parameters. The
rate of As(V) uptake by the adsorbent was fast, which is the
required characteristics of an adsorbent. The high As(V) removal
demonstrated by the adsorbent over the natural groundwater pH
range is essential for the practical application of TM without pH
adjustment. The values of the coefficient of adsorption and the
saturation capacity, which are the indicators of the relative
adsorption capacity, obtained respectively from the fitted models,
the Freundlich and the DeR isotherms, indicated the potential of
TM to adsorb As(V) with an acceptable dose and contact time. The
favorable adsorption of As(V) on TM was signified by the obtained
values of the separation factor and the adsorption intensity. The
fitting of the kinetic data of As(V) adsorption to the pseudo-second
order and the computed value of the mean sorption energy were
suggestive of the dominant chemisorption mechanism of As(V)
adsorption on the adsorbent. The negligible effect of the competing
anions that commonly occur with elevated levels of As(V) in the
groundwater as well as the competence TM demonstrated under
natural groundwater physicochemical characteristics to reduce
As(V) to below the required level signified the strong affinity of the
adsorbent for As(V). The stability that TM demonstrated under the
present batch adsorption equilibrium and regeneration conditions
was a desirable characteristic overcoming the harmful dissolution
problem. Therefore, the results of the study provided fundamental
information for further evaluation of TM in the practical application
for the treatment of As(V) under domestic conditions.
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