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Abstract Chitosan was cross-linked using glutaraldehyde

in the presence of magnetite. The resin obtained was

chemically modified through the reaction with tetraethyl-

enepentamine ligand. The obtained resin was loaded with

Mo(VI) and investigated. The adsorption characteristics of

the obtained resin toward As(V) at different experimental

conditions were investigated by means of batch and col-

umn methods. The resin showed high affinity and fast

kinetics for the adsorption of As(V) where an uptake value

of 1.30 mmol g-1 was reported in 6 min at 25 �C. Various

parameters such as pH, agitation time, As(V) concentration

and temperature had been studied. The kinetics and ther-

modynamic behavior of the adsorption reaction were

defined. These data indicated an endothermic and sponta-

neous adsorption process and kinetically followed pseudo-

second-order model, Fickian diffusion low and Elovich

equation. Breakthrough curves for the removal of

As(V) were studied at different flow rates and bed heights.

The critical bed height for the studied resin column was

found to be 0.656 cm at flow rate of 4 mL min-1. The

mechanism of interaction between As(V) and resin’s active

sites was discussed. Regeneration and durability of the

loaded resin toward the successive cycles were also

clarified.

Keywords Arsenic (V) removal � Adsorption � Kinetics �
Thermodynamics � Column method

Introduction

Due to the establishment of the toxic effects imposed by

the consumption of arsenic-containing drinking water and

the reports of elevated arsenic concentrations in numerous

water supplies around the world, Arsenic, a contamination,

is an issue of serious concern because it has been posing a

health threat to millions of people (Ng et al. 2003; Liao

et al. 2008; Phan et al. 2010). Today, arsenic removal is

regarded as one of the most serious issues related to public

health. The World Health Organization (WHO) and the

Ministry of Health of Arab republic of Egypt have lowered

their regulatory values for total As concentration in

drinking water to 10 lg L-1.

Arsenic is naturally found in rocks and minerals.

Arsenic is the 20th most abundant element in the earth’s

crust at levels of about 2 ppm (Duker et al. 2005). Due to

weathering and erosion of rocks and soils and volcanic

emissions, arsenic is in contact with the groundwater and

creates pollution. In groundwater, arsenic is typically

present in one of two oxidation states: arsenite As(III) and

arsenate As(V), with the latter form dominant under oxi-

dizing conditions. Apart from natural sources, arsenic

contamination is also due to anthropogenic activities like

arsenic pesticides, mining, industrial chemical waste and

burning of fossil fuels. Industrially, arsenic is mainly used

as a wood preservative, and hence, it has been used in dyes,

paints and pigmenting substances. The wastewater from

some industrial sources such as gold, copper and zinc ore

extraction, acid mine drainage and wood product preser-

vation contain up to 130 mg L-1 soluble arsenic (Hansen

et al. 2006; Mohan and Pittman 2007). It is also used in

glassmaking, electronics manufacturing and leather tanning

industries (Goswami et al. 2012). A small amount of

arsenic is used in both human and animal medications and
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care products, and it is present in many food supplement

products also (Bundschuh et al. 2012). Hence, long-term

exposure to inorganic arsenic compounds can lead to var-

ious diseases such as conjunctivitis, hyperkeratosis,

hyperpigmentation, cardiovascular diseases, disorders of

the central nervous system and peripheral vascular system,

skin cancer and gangrene of the limbs (Ghosh et al. 2007).

Thus, treatment of arsenic-contaminated water is necessary

before intake.

It is important to develop technologies available for

As(V) removal. Generally, these technologies should be

cost-effective, highly efficient and easy to handle. Addi-

tionally, it is expected that the technology should avoid the

water quality deterioration, even in the case of improper

operation by a local operator who is not well trained.

Existing techniques for As(V) removal include oxidation/

precipitation, coagulation/coprecipitation, nanofiltration,

reverse osmosis, electrodialysis, adsorption, ion exchange,

foam flotation, solvent extraction and bioremediation (Jain

and Singh 2012). These well-established approaches have

been adapted for As(V) removal and have their respective

advantages and certain inherent limitations that include the

generation of toxic waste, low arsenic removal efficiency

and high cost (Guan et al. 2012). Adsorption is one of the

most effective methods for As(V) removal, and myriad

materials including lanthanum/iron compounds, mineral

oxides and biological materials have been studied (Onnby

et al. 2012). The use of polymeric resins, activated carbon,

activated alumina, iron-coated sand, hydrous ferric oxide

and natural ores has generated.

Although activated carbon is still the mostly used

compound for heavy metal removal from aqueous solu-

tions, there is fervent research activity on alternative sor-

bents especially polysaccharides that are abundant,

renewable and biodegradable (Pontoni and Fabbricino

2012). Among them chitosan plays a prominent role (El-

wakeel 2010a; Yamani et al. 2012; Saha and Sarkar 2012).

Chitosan is a poly-N-glucosamine species obtained by the

deacetylation of chitin, the most abundant amino-polysac-

charide existing in the environment (Liu et al. 2012). It is

highly hydrophilic and is characterized by a flexible

polymer chain and by a large number of hydroxyl and

amino groups that represent potential adsorption sites (El-

wakeel et al. 2012). Moreover, it can be considered a low-

cost sorbent because it requires little processing, is abun-

dant in nature and represents a by-product of fishery

industry (Iqbal et al. 2011). Gang et al. have used an

impregnation technique with iron for the improvement of

arsenate sorption on chitosan beads (Gang et al. 2010). The

mechanism involved is often an ion exchange/precipitation

between the impregnated metal and arsenate ions (Min and

Hering 1998). However, in most cases, the reuse of the

adsorbent is difficult to achieve. Thus, the development of

new processes allowing recycling of the sorbent is needed.

Previously, magnetic chitosan functionalized with tetra-

ethylenepentamine moieties was prepared (Elwakeel et al.

2009). The adsorption behavior of the chelating resin

obtained toward Mo(VI) in aqueous solution at different

experimental conditions was studied. The present work will

be directed for the removal of As(V) from aqueous solution

using Mo(VI)-loaded magnetic chitosan resin functional-

ized with tetraethylenepentamine.

To address this objective in this study, we use molyb-

date ions which have the ability to complex arsenate ions to

increase As(V) adsorption performance of magnetic

chitosan functionalized with tetraethylenepentamine.

Arsenate can, thus, be eluted from the sorbent selectively

by using another complexing agent. In this study

As(V) sorption onto magnetic chitosan modified with tet-

raethylenepentamine and molybdate oxoanions was inves-

tigated, and the adsorption studies of the obtained resin

including pH optimization, determination of sorption iso-

therms and kinetics were done.

Materials and methods

Chemicals

Chitosan with deacetylation degree (DD) of 82.1 %, glu-

taraldehyde and tetraethylenepentamine (TEPA) were

Aldrich products, USA. All other chemicals were Prolabo

products and were used as received. Sodium arsenate and

ammonium heptamolybdate tetrahydrate were used as a

source for As(V) and Mo(VI) oxoanions, respectively.

FeSO4�7H2O and FeCl3�6H2O were used for preparing

magnetite particles as reported earlier using modified

Massart method (Qu et al. 1999).

Preparation of modified magnetic chitosan resins

Magnetic chitosan resin was prepared and characterized

according to the previously reported method (Elwakeel

et al. 2009; Elwakeel 2009) as follows:

1. Preparation of the magnetic chitosan gel Three grams

of chitosan was dissolved in 20 % aqueous solution of

acetic acid. One gram of magnetite was added to

chitosan solution and stirred until the solution became

homogenous. Then 2 mL of glutaraldehyde solution

(50 %) was added, and the solution was stirred with

heating until gelatinous product was obtained. The gel

obtained was washed with distilled water several times

and kept for use.

2. Reaction with epichlorohydrine The cross-linked

chitosan gel obtained in step (1) was suspended in

70 mL isopropyl alcohol, and then 7 mL
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epichlorohydrine (62.5 mmol) dissolved in 100 mL

acetone/water mixture (1:1 v/v) was added. The above

mixture was stirred for 24 h at 60 �C. The solid

product obtained was filtered off and washed several

times with water followed by ethanol.

3. Reaction with tetraethylenepentamine (TEPA) The

product obtained in step (2) was suspended in 100 mL

ethanol/water mixture (1:1 v/v) and then treated with

5 mL TEPA. The reaction mixture was stirred at 60 �C

for 12 h. The product obtained was washed with water

followed by ethanol. The produced chitosan/pentamine

resin was dried in air and referred by (R). The amine

content in R was estimated using volumetric method of

HCl according to the previously reported method (Atia

et al. 2005) and was found to be 5.1 mmol g-1, and the

surface area was found to be 110 m2 g-1 using meth-

ylene blue adsorption method (Elwakeel 2009).

Molybdate loading procedure

Known amounts of dry chitosan beads were put in contact

with known amounts (volume concentration) of ammonium

heptamolybdate tetrahydrate at pH 3 at 25 �C for 3 h. Later

on, the residual concentration of Mo(VI) was determined

using mercaptoacetic acid according to Will and Yoe

procedure (Will and Yoe 1953).

Preparation of solutions

A stock solution (2 9 10-2 M) of ammonium heptamo-

lybdate tetrahydrate as Mo(IV) was prepared in distilled

water. HCl (0.5 M) and NaOH (0.5 M) were used to

change the acidity of the medium. Orthophosphoric acid

(0.1 M) was used for elution As(V) from the resin. Stock

solution of disodium acid arsenate heptahydrate (1 9 10-2

M) was prepared in distilled water. The desired concen-

trations were then obtained by dilution. The concentration

of As(V) was measured using spectrophotometric method

(Lenoble et al. 2003). Calibration curve of As(V) in dis-

tilled water was recorded by measuring the absorbance

against concentration at kmax (870 nm), while the residual

concentration of Mo(IV) ion was estimated at 420 nm

using mercaptoacetic acid method (Will and Yoe 1953).

The measurements were taken on DR/2010 spectropho-

tometer, HACH, USA. The path cell length is 1.0 cm. All

the experiments are conducted in triplicate, and the devi-

ation was less than 0.1 %.

Batch experiments for adsorption of As(V) by R-Mo

Adsorption of As(V) under controlled pH was carried out by

placing 0.1 g of dry R-Mo in a series of flasks each contains

100 mL of 5 9 10-3 M of As(V) solution. The flasks were

conditioned on a shaker at 200 rpm and 25 �C. The uptake of

As(V) was calculated by determining the residual concen-

tration of As(V) following the above method.

The effect of conditioning time on the adsorption of

As(V) by the R-Mo was investigated. In flask containing

100 mL of 5 9 10-3 M of As(V), 0.1 g portions of dry

R-Mo was placed at pH 8.6 (natural). The contents of the

flasks were equilibrated on the shaker at 300 rpm and

30 �C. One milliliter of the solution (free from resin par-

ticles) was taken at different time intervals, and the residual

concentration of As(V) was determined.

The effect of initial concentration of As(V) on the

adsorption was carried out by placing 0.1 g portions of dry

R-Mo in a series of flasks each contains 100 mL of

As(V) with different concentrations at natural pH. The

contents of the flasks were equilibrated on the shaker at

200 rpm and at 25, 35 and 45 �C for 30 min. After equil-

ibration, final concentration and final pH of As(V) anions

for all flasks were measured.

Column method

Flow experiments were performed in a plastic column

(length 10 cm, diameter 1 cm). A small piece of glass wool

was placed at the bottom of the column, and then a known

quantity of the R-Mo under investigation was placed in the

column. A known quantity of the resin under investigation

was placed in the column to yield the desired bed height.

As(V) solution having an initial concentration of 8 9 10-3

M was flowed downward through the column at a desired

flow rate. Samples were collected from the outlet of the

column at different time intervals and analyzed for

As(V) ion concentration. The operation of the column was

stopped when the outlet metal ion concentration matches

its initial concentration.

Regeneration of the loaded resin

Regeneration experiments were performed by placing 1.0 g

of R-Mo in the column and then loading with As(V) at the

flow rate 1 mL min-1. After reaching the maximum

uptake, the resin was washed carefully by flowing distilled

water through the column. The resin loaded by As(V) was

then subjected to regeneration using 50 mL 0.1 M of

orthophosphoric acid. The resin was then carefully washed

with distilled water to become ready for the second run of

loading with As(V). The regeneration efficiency was cal-

culated according to the following equation:

Regeneration effeciency (% ) ¼ Uptake in the second run

Uptake in the first run
� 100:

ð1Þ
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Results and discussion

Adsorption of Mo(VI) on chitosan-TEPA resin

Previous studies have shown that the optimum pH for

molybdenum sorption is around 3 (Elwakeel et al. 2009)

due to a favorable electrostatic balance between the cat-

ionic charge of the protonated functions of chitosan and the

high anionic charges of polynuclear hydrolyzed Mo(VI)

species. The adsorption isotherm of Mo(VI) by chitosan-

TEPA resin is a monolayer type. The maximum uptake at

plateau and at pH 3 is 8 mmol g-1 (Elwakeel et al. 2009).

Adsorption of As(V) on R-Mo

Effect of the loaded amount of Mo(VI)

The uptake of As(V) by R-Mo shows a straight-line rela-

tionship with the amount of Mo(VI) loaded on the resin

(Fig. 1a). Obviously, as the amount of loaded Mo(VI)

increases, the adsorption of As(V) linearly increases. The

percentage of Mo(VI) released from the adsorbent increases

with increasing amount of Mo(VI) loaded on the resin

surface (Fig. 1b). Increasing amount of loaded Mo(VI)

involves a decrease in the residual As(V) concentration.

The weakly bound fraction of Mo(VI) is, thus, less attracted

by residual As(V) in solution, and the release of Mo(VI) is

decreased. Mo(VI) stability on the beads is, thus, improved

by high amount of Mo(VI) loaded on the resin. Arsenate

ions at pH ranging between 3 and 4 mainly occur as H3AsO4

and H2AsO4 (Couture and Cappellen 2011; Lorenzen et al.

1995). According to the speciation diagram for As(V) and

the stability constants from Jekel (Jekel 1994), the pre-

dominant arsenate species is H2AsO4 between pH 3 and 4.

The mechanism involved in arsenate removal by R-Mo may

consist of one or a combination of several reactions

including electrostatic attraction, precipitation on Mo(VI)

ions and/or ion exchange. However, molybdate is known to

form several complexes in acidic media with As(V), P(V),

Si(V) and Ge(IV) (Farnet et al. 2010). So arsenate sorption

is likely to occur through the formation of the arsenomo-

lybdate complex with Mo(VI) ions sorbed on R-Mo resin.

Effect of pH

The pH may influence the fractional species distribution of

As(V) and the surface properties of the adsorbent, which in

turn controls the interactions between adsorbate and adsor-

bent. To evaluate the effect of pH on the As(V) uptake, batch

adsorption experiments were performed at different initial

pH values ranging from 1 to 10. The obtained results shown

in Fig. 2a illustrate that the adsorption of As(V) by R-Mo

resin is strongly pH dependent. The maximum sorption of

As(V) is observed in the pH from 2.5 to 3.5, and at extremely

acid situation, it decreases with a further increase in pH. The

observed decrease in the uptake value with increasing pH

may be attributed to the formation of arsenate species with

relative lower ability for interaction with Mo(VI) loaded on

the resin along with the high desorption of Mo(VI) from the

resin as shown in Fig. 2b. It is worth to mention that Mo(VI)

release percentage at pH around 2 is lowest; this result

indicates that pH from 2 to 3 is optimum for As(V) removal

by R-Mo resin. Also, it was observed that the equilibrium

(final) pH is higher than the initial pH (Fig. 2c).

Kinetics

To design an appropriate adsorption treatment process, it is

important to understand the rate at which pollutant is

removed. Therefore, the study on adsorption kinetics is

0 1 2 3 4 5 6 7 8 9 10

Loaded amount of Mo(VI) (mmol/g)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

U
pt

ak
e 

of
 A

s 
(V

) 
(m

m
ol

/g
)

0 1 2 3 4 5 6 7 8 9 10

Loaded amount of Mo(VI) (mmol/g)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

M
o(

V
I)

 r
el

ea
se

 (
%

)

(a)

(b)

Fig. 1 a Effect of adsorbed amount of Mo(VI) by R-Mo resin on the

adsorption of As(V), b Mo(VI) release (%) to the medium after

As(V) adsorption
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crucial, as it describes the solute uptake rate which in turn

controls the residence time of adsorbate uptake at the

solid–solution interface. The rate of uptake of As(V) on

used adsorbent is rapid in the beginning, and 93.2 %

adsorption is completed in 6 min and becomes constant

after 20 min, which indicates that equilibrium has been

achieved (Fig. 3a). These results indicated a rapid initial

uptake rate of As(V), followed by a slower removal that

gradually approaches an equilibrium condition. About

100 % removal of arsenate was achieved within the first

20 min of contact. This fast rate of adsorption makes this

resin promising for practical applications in comparison

with other reported adsorbents. The equilibrium time of

some previously studied resins extends from 2 h up to few

days (Navarro and Alguacil 2002; Miller and Zimmerman

2010; Goswami et al. 2012).

Figure 3b shows rate of Mo(V) release to the solution; it

could be seen that 1.47 % of the loaded Mo(VI) is released

after 6 min and Mo(V) release becomes constant after

20 min (2.56 %). The obtained data indicate that 6 min is

the optimum adsorption time for removal of As(V) by the

studied resin.

To better understand the adsorption kinetics of As(V),

pseudo-first-order and pseudo-second-order models were

used to simulate the adsorption process. The models are
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Fig. 2 a Effect of pH on the adsorption of As(V) on R-Mo resin at

25 �C and initial concentration of 5 9 10-3, b Mo(VI) release (%) to

the medium after As(V) adsorption at different pH values, c the

recorded equilibrium pH (final pH)
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expressed as follows: (1) Pseudo-first-order model (Lag-

ergren 1898):

qt ¼ qe½1� exp�k1t� ð2Þ

Its linearized equation is shown below:

logðqe � qtÞ ¼ log qe �
k1

2:303

� �
t ð3Þ

where k1 is the pseudo-first-order rate constant (min-1) of

adsorption and qe and qt (mmol g-1) are the amounts of

As(V) adsorbed at equilibrium and time t, respectively. (2)

Pseudo-second-order model (Ho and McKay 1999):

qt ¼
k2t

1þ k2qet
ð4Þ

Its linearized equation is shown below:

t

qt

¼ 1

k2q2
e

þ 1

qe

� �
t ð5Þ

where k2 is the pseudo-second-order rate constant of

adsorption (g mmol-1 min-1). The kinetic parameters in

both models are determined from the linear plots of log

(qe-qt) versus t for pseudo-first-order model or (t/qt) ver-

sus t for pseudo-second-order model. The validity of each

model is checked by the fitness of the straight line (R2) as

well as the experimental and calculated values of qe.

Accordingly, and as shown in Table 1, according to the

reported R2, it can be found that the adsorption kinetics

data are well described by both pseudo-first-order and

pseudo-second-order rate model; however, the value of

qe,calc obtained from pseudo-second-order model (1.38) is

highly consistent with experimental qe (1.35) more than

calculated from pseudo-first-order model (0.6603). So

pseudo-second-order rate is more valid than pseudo-first-

order one.

The adsorption kinetics study is helpful to understand

the mechanism of adsorption reactions. The pseudo-sec-

ond-order kinetic model is based on the assumption that the

rate-limiting step may be chemisorption involving valency

forces through sharing or exchange of electrons between

sorbent and sorbate (Azizian 2004; Cui et al. 2012), which

is suitable for sorptions at low initial concentration. It was

found that the kinetic experimental data obtained could be

best fitted into the pseudo-second-order rate model. This

observation suggests that arsenic adsorption onto R-Mo

particles involves chemisorption. This observation con-

firms that arsenate sorption is likely to occur through the

formation of the arsenomolybdate complex on R-Mo resin.

Most adsorption reactions take place through multistep

mechanism comprising (1) external film diffusion, (2)

intraparticle diffusion and (3) interaction between adsor-

bate and active site. Since the first step is excluded by

shaking the solution, the rate-determining step is one of the

other two steps. To know whether the intraparticle diffu-

sion is the rate-determining step or not, the uptake/time

data were treated according to Fickian diffusion low (El-

wakeel 2010b).

qt ¼ Kit
0:5 þ X ð6Þ

where qt is the amount of As(V) adsorbed at time t and Ki

is intraparticle diffusion rate (mmol g-1 min-0.5). The Ki

is the slope of straight-line portions of the plot of qt versus

t0.5. The plot of qt against t0.5 gave two straight-line por-

tions with two different slopes and intercept values

(Fig. 4a). The Ki value obtained from the slope of the first

straight-line portion is 0.588 (mmol g-1 min-0.5). This

high value of Ki indicates the fast transfer. The negative

value of X (-0.214) indicates no boundary layer effect on

the rate of adsorption. This can be explained on the basis of

the formation of arsenomolybdate complex on resin

surface.

Elovich equation was also applied to the sorption of

As(V) by the chitosan resins according to the relation

(Elwakeel and Rekaby 2011):

qt ¼ 1=b ln abð Þ þ 1=b lnt ð7Þ

where qt is the sorption capacity at time t and a the initial

sorption rate (mmol g-1 min-1) and b the desorption

constant related to the activation energy for chemisorption

(g mmol-1). Thus, the constants can be obtained from the

slope and intercept of a straight-line plot of qt versus log

t (Fig. 4b). The linearization of the equation giving the rate

of reaction allows obtaining the initial sorption rate, a
(mmol g-1 min-1), from the intercept of a straight-line plot

of qt versus ln t. The value of a for the adsorption of

As(V) anions on resin R-Mo is 0.833 (mmol g-1 min-1).

Table 1 Kinetic parameters of the adsorption of As(V) on the studied resin

Pseudo-first-order Pseudo-second-order Fickian diffusion low Elovich equation

k1

(min-1)

qe, calc

(mmol g-1)

R2 k2

(g mmol-1 min)

qe, calc

(mmol g-1)

R2 Ki

(mmol g-1 min-0.5)

X R2 a (mmol g-1

min-1)

b
(g mmol-1)

R2

0.2286 0.6603 0.9985 0.5323 1.3817 0.9980 0.5887 -0.2141 0.9999 0.8327 1.8238 0.9929
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This value indicates that the initial sorption rate of R-Mo is

the high compared with other studies, which may be

attributed to the high concentration of Mo(V) on R-Mo

surface allowed for reacting with As(V) ions. The value of

b (desorption constant) is found to be 1.82 g mmol-1; this

value is small compared with other studies, which indicates

the low activation energy required for chemisorption and

consequently the high affinity of the studied resin toward

As(V) ions. The data obtained indicate that the studied

resin is promising for As(V) removal relative to the pre-

viously reported ones (Jain and Singh 2012; Cui et al.

2012; Mel’nik et al. 2012).

Equilibrium adsorption isotherm

Study on As(V) adsorption isotherm was conducted at pH

2.0 ± 0.1, the optimal pH for As(V) adsorption on the

sorbent (Fig. 5a). Obviously, increasing the As(V) concen-

tration involves an increase in the uptake of As(V). The

percentage of Mo(VI) released from the resin increases

with increasing As(V) concentration (Fig. 5b). This trend

may be explained by the coexistence of two kinds of

Mo(VI) in the resin: A part of the Mo(VI) which has been

adsorbed is tightly bound to the resin network, while

another part of the Mo(VI) is weakly bound to the resin, the

latter being readily desorbed from the resin while the for-

mer is more stable. Increasing the amount of As(V) in the

solution may result in the attraction of the proportion of the

labile Mo(VI) which is easily released to the solution

where it may be complexed with arsenate ions: Arseno-

molybdate complex is then adsorbed with more difficulty

on the resin, and the Mo(VI) release percentage increases.

Mo(VI) release is usually lower than 2.42 % at 30-min

equilibrium time and 25 �C, with the exception of the

higher As(V) residual concentrations; it was observed that

Mo(VI) release decreases with increasing temperature,

while As(V) uptake increases with increasing temperature.
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Fig. 4 a Intraparticle diffusion and b Elovich kinetics of

As(V) uptake by R-Mo resin at 25 �C, pH 2, initial concentration
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Both Langmuir and Freundlich isotherm models were

used to describe the relationship between the amount of

As(V) adsorbed and its equilibrium concentration in

aqueous solution. Langmuir model is applicable to homo-

geneous sorption, in which the adsorption of each adsor-

bate molecule onto the sorbent has equal adsorption

activation energy. Langmuir model can be expressed by the

following equation (Langmuir 1918):

qe ¼
QmaxKLCe

1þ KLCe

ð8Þ

where qe is the adsorbed value of As(V) at equilibrium

concentration (mmol g-1), Qmax is the maximum adsorp-

tion capacity (mmol g-1), KL is the Langmuir binding

constant which is related to the energy of adsorption

(L mmol-1), and Ce is the equilibrium concentration of

As(V) in solution (mmol L-1).

Its linearized equation is shown below:

Ce

qe

¼ Ce

Qmax

þ 1

KLQmax

ð9Þ

The most important multisided adsorption isotherm for

heterogeneous surfaces is the Freundlich isotherm,

characterized by the heterogeneity factor 1/n. The

Freundlich model is described by Freundlich (1906):

qe ¼ KFC1=n
e ð10Þ

where KF and n are the Freundlich constants related to the

adsorption capacity and intensity, respectively.Its

linearized expression is shown below:

log qe ¼ logKF �
1

n
logCe ð11Þ

The values of KL, Qmax, KF and n at different temperatures

are reported in Table 2. The maximum adsorption capaci-

ties (Qmax) obtained at different temperatures are in good

agreement with the experimental ones, and the values of R2

reported in Table 2, which is a measure of the goodness of

fit, confirm the better representation of the experimental

data by Langmuir model than by Freundlich model. This

indicates the homogeneity of active sites on the resin sur-

face. The observed increase in both Qmax and KL with

increasing temperature may be related to the increase in the

stability of the complex formed between arsenate and

molybdate anions.

The degree of suitability of the obtained resins toward

As(V) was estimated from the values of the separation

factor (RL) using the following relation (Qi and Xu 2004):

RL ¼
1

1þ KLCo

ð12Þ

where KL is the Langmuir equilibrium constant and Co is

the initial concentration of As(V). Values of 0 \ RL \ 1

indicate the suitability of the process. The values of RL for

the investigated resin toward the adsorption of As(V) lie

between 0.050 and 0.655 for all concentration and tem-

perature ranges. This implies that the adsorption of

As(V) on R-Mo resin from aqueous solution is favorable

under the conditions used in this study.

The values of KL at different temperatures were pro-

cessed according to the following van’t Hoff equation (Atia

et al. 2008) to obtain the thermodynamic parameters of the

adsorption process:

ln KL ¼
�DH

�

RT
þ DS

�

R
ð13Þ

where DH� and DS� are enthalpy and entropy changes,

respectively, R is the universal gas constant

(8.314 J mol-1 K), and T is the absolute temperature (in

Kelvin). The values of DH� and DS� were calculated and

reported in Table 3. The positive values of DH� indicate

the endothermic nature of adsorption process. The values

of enthalpy obtained are coherent with chemical process,

which confirms the complex formation between arsenate

and molybdate anions on the resin surface. The small

positive values of DS� suggest the slight increase in

randomness during the adsorption of As(V). The source of

this small entropy gain may be due to liberation of water

Table 2 Langmuir and Freundlich constants for the adsorption of As(V) on the studied resin

Temperature (�C) Langmuir constants Freundlich constants

Qmax, exp (mmol g-1) Qmax, calc (mmol g-1) KL (L mmol-1) R2 n Kf R2

25 1.35 1.4866 1.0544 0.9993 1.7956 0.7328 0.9802

35 1.41 1.5471 1.2864 0.9991 2.0848 0.8194 0.9645

45 1.47 1.5766 1.8789 0.9993 2.0482 0.9716 0.9804

Table 3 Enthalpy, entropy and free energy changes for the adsorp-

tion of As(V) on the studied resin

DH� (kJ mol-1) DS� (J mol-1 K) DG� (kJ mol-1)

298 K 308 K 318 K

22.6732 0.0762 -0.0519 -0.8145 -1.5771
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molecules from the hydrated shells of the sorbed species

(Atia et al. 2008). Gibbs free energy of adsorption (DG�)

was calculated from the following relation and given in

Table 3:

DG
� ¼ DH

� � TDS
� ð14Þ

The negative values of DG
�

obtained indicate that the

adsorption reaction is spontaneous. The observed increase

in negative values of DG
�

with increasing temperature may

be attributed to the endothermic nature of the reaction

between resin active sites and As(V) anions. This may also

be reflected in the values of KL. The values of KL increase

as the temperature increases, indicating higher affinity of

the resin toward As(V) at higher temperature.

Column studies

Effect of flow rate

The breakthrough curves of the resin toward As(V) at

different flow rates (2, 4 and 6 mL min-1) and a fixed bed

height of 2.54 cm are shown in Fig. 6a. The breakthrough

points occurred after 150 min at flow rate of 2 mL min-1.

This attributed to the higher efficiency of the resin toward

As(V) anions and makes it promising in the field of water

and wastewater treatment. Breakthrough and exhaustion

occurred faster at higher flow rates. Also as the flow rate

increases, As(V) concentration in the effluent increases

rapidly, resulting in much sharper breakthrough curves.

Figure 6b shows that about 15, 30 and 45 bed volumes of

As(V) solution were treated from arsenic (C/C0 \ 0.03) in

15 min at flow rates of 2, 4 and 6 mL min-1, respectively.

This indicates that high flow rate (6 mL min-1) is more

suitable for practical application than lower flow rate.

Effect of bed height

The effect of bed height was studied at 2.45, 5.09 and

7.64 cm, while the flow rate was held constant at

4 mL min-1 (Fig. 7a, b). The data of the effect of bed

height of R-Mo resin on the uptake of the As(V) are

reported in Table 4. The influence of bed height was tested

in terms of breakthrough time (tb), saturation time (ts) and

number of treated bed volumes. It was found that changing

bed height and column size has minor effect on the number

of treated bed volumes (Fig. 7b); this helps us to predict

the number of treated bed volumes in case of using huge

column in the applied scale. Bed depth service time model

(BDST) is a simple model relates bed height (Z) to satu-

ration time (ts) of the column through the following

Eq. (15) (Balci et al. 2011):

ts ¼
NoZ

Com
� 1

KaCo

ln
Co

Ct

� 1

� �
ð15Þ

where Ct (mmol L-1) is the concentration of metal ion at

the saturation time (i.e., Co/Ct = 100/99), Co (mmol L-1)

is the initial concentration, No is the total sorption capacity

(mmol of adsorbate/L of adsorbent), m is the linear velocity

(cm min-1), and Ka is the rate constant of adsorption

(L mmol-1 min). The values of No and Ka were calculated

from the slope and intercept of the BDST plot. The

calculated value of No was found to be comparable with the

experimental values of Qmax. This indicates the validity of

the BDST model for the investigated resin. If Ka is large,

even a short resin bed will avoid the breakthrough limit. In

case of small values of Ka, a progressively longer bed

would be required to delay the breakthrough point. The

value of Ka for resin is 0.0097 (L mmol-1 min). The
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of bed volumes (BV)
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critical bed height (Zo) can be calculated by setting ts = 0

in Eq. (15) and rearranging to get

Zo ¼
m

KaNo

ln
Co

Cb

� 1

� �
ð16Þ

where Cb is the breakthrough metal ion concentration

(mmol L-1). The above equation implies that Zo depends

on the kinetics of the sorption process, the residence time

of the solute and the adsorption capacity of the resins.

Thus, the critical bed height of the resin was recorded as

0.656 cm. This indicates the high efficiency of the resin for

the removal of As(V). The maximum adsorption capacities

of the column at different bed heights are 1.458, 1.525 and

1.579 for 2.45, 5.09 and 7.64 cm, respectively. The slight

increase in the adsorption capacity with increasing bed

height may be attributed to the better contact time of the

As(V) anions with resin on the column, which positively

affects the removal of As(V).

Regeneration

Sorption/desorption cycle runs were carried out for

As(V) on R-Mo. The elution of the As(V) ions was per-

formed using 50 mL 0.1 M of orthophosphoric acid. As

shown in Fig. 8, the breakthrough curves for recovery of

As(V) (flow rate 4 mL min-1, bed height 2.54 cm) showed

no characteristic changes during successive cycles. This

indicates that R-Mo has good performance for repeated use

up to 3 cycles. The regeneration efficiency was found to be

96.85, 99.81 and 98.44 % for 3 successive sorption/

desorption cycles, respectively.
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Table 4 Data of column studies for the uptake of As(V) anions at different bed heights and flow rates

Bed height (cm) Flow rate (mL min-1) ts (min) tb (min) Qmax,exp (mmol g-1) Ka (L mmol-1 min) No (mmol L-1) Zo (cm) R2

2.54 2 150 15 1.4799

2.54 4 106 – 1.4587

2.54 6 90 – 1.4868 0.0097 798.1120 0.6560 1.00

5.09 4 156 50 1.5252

7.64 4 206 75 1.5798
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Fig. 8 Effect of successive desorption cycles on the breakthrough

curves for the removal of As(V) ions at flow rate of 4 mL min-1 and

bed height of 2.54 cm
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Conclusion

Molybdenum(VI)-loaded chitosan-TEPA resin was pre-

pared and investigated. The resin obtained is characterized

by a fast and a higher adsorption toward As(V) from

aqueous medium at approximately pH 2. The removal

efficiency of As(V) ions was found to be highly dependent

upon the acidity of the medium. The adsorption reaction

was found to be endothermic with pseudo-second-order

kinetics and proceeds according to Langmuir isotherm. The

uptake value of 1.35 mmol g-1 was reported at 25 �C.

Column studies give an account about the breakthrough

points at different flow rates and bed heights. The critical

bed height of the resin toward As(V) was found to be

0.656 cm at flow rate of 4 mL min-1. The regeneration

efficiency of the loaded resin was found to be 96.85, 99.81

and 98.44 % for 3 successive sorption/desorption cycles,

respectively. This indicates that the resin has good per-

formance for repeated use up to at least three cycles.
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