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a b s t r a c t

Glycidyl methacrylate/methelenebisacrylamide resin with immobilized tetraethylenepentamine ligand
was prepared. This pentamine containing resin was transformed to two anion exchange resins through
treatment by glycidyl trimethylammonium chloride to give (RI) or hydrochloric acid giving (RII). The
resins were used to adsorb As(V) at different experimental conditions using batch and column methods.
eywords:
dsorption
inetics

Kinetics and thermodynamic properties as well as the mechanism of interaction between As(V) and resin
active sites were discussed. The maximum adsorption capacities of As(V) on RI and RII were found to be
1.83 and 1.12 mmol/g, respectively. The regeneration and the durability of the loaded resin towards the
successive reuse were also investigated.
nion exchange resins

rsenic
ater treatment

. Introduction

Arsenic belongs to group (15) and usually is classified as a non-
etal with some metallic properties. It is odorless, tasteless, and

ighly toxic. Inorganic arsenic can exist in four oxidation states:
5, +3, 0 and −3. The most prevalent forms in aqueous solutions
re the pentavalent arsenate ion, As(V), and the trivalent arsenite
on, As(III) [1–5]. Organic forms of arsenic also exist and contribute
o the total arsenic. Long and short exposure to (small/larger)
mounts of arsenic causes toxicity and increased the risk to cancer
6–8]. Considering these health problems, the maximum contam-
nant level for arsenic in drinking water was reduced from 0.05
o 0.01 mg/L [9–11]. Several methods have been reported on the
emoval of arsenic, including reverse osmosis, ultrafiltration, elec-
rodialysis, ion exchange, adsorption, and chemical precipitation.
f all these, adsorption and ion exchange are the most efficient
ethods. Different adsorbents such as biological materials [11–15],
ineral oxides [16,17], activated carbons [2], or polymeric resins
ere applied. Metal-loaded resins were also successfully used. For

xample, iron(III)-containing resins were studied for the removal
f As(III) and/or As(V) from aqueous solution [18,19]. The removal
f As(V) from aqueous solutions using molybdate impregnated
esin beads was also reported [20,21]. Copper(II)-loaded chelat-
ng resins with different supports were tested for the removal of

s(V) [22,23]. An et al. [24] studied the selective removal of arse-
ate from drinking water using polystyrene supported polymeric

igand exchangers. They found that the uptake of the investigated

∗ Corresponding author. Tel.: +20 106067616; fax: +20 28356871.
E-mail address: asem chem@yahoo.com (A.A. Atia).

304-3894/$ – see front matter © 2011 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2011.01.056
© 2011 Published by Elsevier B.V.

ion exchangers is strongly affected by the solution pH which gov-
erns the speciation of arsenate. The modified coconut coir pith
and lignocellulosic residue, through the successive reactions with
epichlorohydrin, dimethylamine and hydrochloric acid were effi-
ciently used for the removal of As(V) from aqueous solution and
ground water [25].

In our group of research, we earlier reported on the prepa-
ration and uptake characteristics of glycidyl methacrylate/N,N′-
methylenebisacrylamide (GMA/MBA) resins immobilized with
tetraethylenepentamine (TEP) [26]. This pentamine containing
resin was also transformed to anion exchange resin with qua-
ternary ammonium chloride functionalities and applied for the
recovery of chromate. In the present work the uptake behaviour
of two anion exchange resins towards As(V) will be studied. These
two anion exchangers were obtained from GMA/MBA containing
tetraethylenepentamine functionality through the treatment by
hydrochloric acid or glycidyl trimethylammonium chloride. The
uptake characteristics have been studied using batch and col-
umn methods at different experimental conditions. Kinetics and
thermodynamic parameters of the uptake process will also be cal-
culated and discussed. The regeneration of the loaded resins for the
repeated use will be investigated.

2. Experimental

2.1. Chemicals
Glycidyl methacrylate (GMA), N,N′-methylenebisacrylamide
(MBA) and benzoyl peroxide (Bz2O2) were Aldrich products. All
other chemicals were Prolabo products and were used as received.
Sodium arsenate [Na2HAsO4·7H2O] was used as a source of As(V).

dx.doi.org/10.1016/j.jhazmat.2011.01.056
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:asem_chem@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2011.01.056
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.2. Preparation of resins

Glycidyl methacrylate/N,N′-methylenebisacrylamide (GMA/
BA) resin was prepared through the polymerization

f glycidyl methacrylate (GMA) in the presence of N,N′-
ethylenebisacrylamide (MBA) as a cross-linking agent at a
eight ratio of 9.9:0.1, respectively. A 0.1 g Bz2O2 (initiator) was

dded to the mixture of GMA/MBA with stirring. One milliliter
sopropyl alcohol and 12.6 mL cyclohexane were mixed and then
dded to the former solution. All the contents were then poured
nto a flask containing 73 mL (1%) polyvinyl alcohol and heated
n a water bath at 70–80 ◦C with continuous stirring for 3 h. A
eavy white precipitate was formed, filtered off and washed with
ethanol to remove the unreacted materials and then dried in air

27].
The GMA/MBA resin obtained above was loaded by

etraethylenepentamine (TEPA) as follows: one gram of
he resin was added to 2 g of TEPA dissolved in 12 mL
imethyl formamide (DMF). The reaction mixture was
efluxed at 75–80 ◦C for 72 h in an oil bath. The prod-
ct obtained was filtrated off, washed with methanol
nd then dried in air and referred as GMA/MBA-TEPA
26].

The concentration of amino group on GMA/MBA-TEPA resin was
stimated using a volumetric method [28]. A 100 mL of 0.05 M HCl
olution was added to 0.5 g resin and conditioned for 15 h on a
ibromatic-384 Shaker, Gallenkamb, England. The residual concen-

ration of HCl was estimated through the titration against 0.05 M
aOH solution and phenolphthalein as indicator using equation

oncentration of amino groups

= (M1 − M2) × 100
0.5

(mmol/g resin) (1)

here M1 and M2 are the initial and final concentrations of HCl,
espectively.

.2.1. Preparation of anion exchangers
a) Four grams of GMA/MBA-TEPA resin were suspended in 50 mL of

DMF/water mixture (1:1, v/v). To this mixture, 6 mL of glycidyl
trimethylammonium chloride (GTA) was added and heated at
60 ◦C for 24 h. The product was successively washed with dis-
tilled water, methanol and acetone. The product obtained was
dried in air and then referred by RI [26].

) Four grams of GMA/MBA-TEPA resin were conditioned in 500 mL
of 0.2 M HCl on a Vibromatic shaker at 300 rpm for 4 h at room
temperature [25]. The conditioned resin obtained was filtered
off, washed carefully with distilled water, dried at 80 ◦C and then
referred by RII.

.3. Adsorption measurements

.3.1. Preparation of As(V) solution and concentration
easurements

Stock solution (1 × 10−2 M) of As(V) was prepared from sodium
rsenate in distilled water. The desired concentrations were then
btained by dilution. The concentration of As(V) was measured
sing the molybdene blue spectrophotometric method [29]. Cal-

bration curve of As(V) in distilled water was constructed from the
bsorbance against concentration of As(V) at �max (870 nm). The
easurements were carried out using UV/visible spectrophotome-

er, DR 5000, Hack. The path cell length was 1.0 cm.
.3.2. Batch method
The adsorption of As(V) by the studied resins at different exper-

mental conditions was carried out.
us Materials 191 (2011) 1–7

2.3.2.1. Effect of pH. A 0.1 g portion of dry resins was placed in a
series of flasks each contains 100 mL of 1 × 10−3 M of As(V) solu-
tion. The desired pH of the solution was adjusted using 0.1 N HCl
and 1 N NaOH. The flasks were conditioned on a Vibromatic shaker
at 300 rpm for 1 h at 25 ◦C. The uptake of As(V) was calculated
by determining the residual concentration of As(V) following the
above method and according to equation

qe = (Co − Ce) × 100
0.1

(mmol/g resin) (2)

where qe is the uptake of As(V) at equilibrium, Co and Ce are the
initial and equilibrium concentrations of As(V), respectively.

2.3.2.2. Effect of time. A 0.1 g portion of dry resin was placed in
flasks containing 100 mL of 1 × 10−3 M of As(V) at pH 6 for RI and
pH 4.6 for RII. The contents of the flasks were equilibrated on the
shaker at 300 rpm and 25 ◦C. Ten mL of the solution (free from resins
particles) were taken from the flasks at different time intervals and
the residual concentration of As(V) was determined.

2.3.2.3. Adsorption isotherms. The effect of initial concentration of
As(V) on the adsorption was carried out by placing 0.1 g portions of
dry resin in a series of flasks each containing 100 mL of As(V) with
different concentrations at pH 6 for RI and pH 4.6 for RII. The con-
tents of the flasks were equilibrated on the shaker at 300 rpm and
at 25, 33, 40 and 50 ◦C for 15 min. After equilibration, the residual
concentration of As(V) in each flask was determined to calculate
the amount adsorbed of As(V).

2.3.3. Column method
Flow experiments were performed in a plastic column (length

5 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 resins under
investigation was placed in the column (bed height 2 cm). A solu-
tion of As(V) with initial concentration of 5 × 10−4 M was allowed to
flow downward through the column with different flow rates. The
concentration of As(V) in the outlet was analyzed at different time
intervals. The experiment was terminated when the concentration
of the As(V) at the outlet of the column equals its initial concen-
tration. The effect of bed height was also studied using 1–3 cm bed
height at flow rate of 1 mL/min.

2.4. Regeneration of the loaded resin

Regeneration experiments were performed by placing 0.5 g of
resins in the column then loaded with As(V) at flow rate 1 mL/min.
After reaching the maximum uptake, the resin was washed care-
fully by flowing distilled water through the column. The resin
loaded by As(V) was then subjected for regeneration using 1 M HCl.
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 calculated according to equation

regeneration efficiency (%) = uptake in the 2nd run
uptake in the 1st run

× 100 (3)

3. Results and discussions

3.1. Preparation of the resins

The structures of the prepared resins are given in Scheme 1 [26].

3.2. Batch method
3.2.1. Effect of pH
Generally, and as shown in Fig. 1, the As(V) uptake of the two

resins against the pH changes is mainly the same, except the slight
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Scheme 1. Prepara

hift in pH of maximum uptake (about 1 unit). This shift may
e related to the structural change of the resins (Scheme 1). The
ptake/pH behaviour of both resins towards As(V) can be inter-
reted on the basis of arsenate speciation [24,25] as follows:(i) at
H lower than 2, the predominant arsenate species is the uncharged
orm (H3AsO4

0) which display no interaction with the positively
harged active sites; (ii) above pH 2–7, as the pH increase the
oncentration of dihydrogen monobasic form (H2AsO4

−) increases
hich successfully interact with positive surface of the resins giv-

ng higher uptake; (iii) above pH 7, the monohydrogen dibasic
orm (HAsO4

2−) starts in formation and its concentration increases
ith the pH. In spite of the efficient interaction of HAsO4

2− (more
han H2AsO4

−) with the positive surface of the resins, it is com-
eted with the higher concentration of OH− giving a dramatic lower
ptake.

.2.2. Kinetics

The adsorption of As(V) by RI and RII as a function of time is

hown in Fig. 2. Clearly, the equilibrium was reached after 5 min in
oth resins. This fast rate of adsorption makes these resins promis-
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ig. 1. Effect of pH on the adsorption of As(V) by RI and RII at concentration of
× 10−3 M, 1 h equilibrium time and 25 ◦C.
RI

f resins RI and RII.

ing for practical applications in comparison with other reported
ones. The equilibrium time of some previously studied resins
extends from 2 h up to few days [19–21]. The data obtained in Fig. 2
was treated according to pseudo-second order kinetics model [30]

t

qt
= 1

k2q2
e

+
(

1
qe

)
t (4)

where qe and qt refer to the amount of As(V) adsorbed at equilib-
rium and at time t, respectively (mmol/g), and k2 is the overall rate
constant of the pseudo-second order adsorption (g/mmol min). The
linear plots of t/qt versus t of the adsorption data of As(V) on the
resins are shown in Fig. 3. The pseudo-second order rate constant
k2 and equilibrium adsorption capacity qe, were calculated from
the values of intercepts and slopes, respectively and reported in
Table 1. The values of calculated qe are in good agreement with the
experimental ones. This implies that the adsorption processes fol-

lows pseudo-second order kinetics. The values of rate constant for
RII > RI. This may be attributed to the steric effect exerted by the
methyl group substituents on positive nitrogen active site.
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Fig. 2. Effect of time on the adsorption of As(V) by RI and RII at initial concentration
of 1 × 10−3 and 25 ◦C.
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Fig. 3. Pseudo-second order plots of the adsorption of As(V) on RI and RII.

Table 1
Pseudo-second order kinetic data for adsorption of As(V) on resins at 25 ◦C.

Resin qe
(exp.) (mmol/g) qe

(calc.) (mmol/g) k2 (g/mmol min) R2

RI 0.85 0.86 5.8 0.9998
RII 0.76 0.77 8.28 0.9999
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–CH3). As the temperature increases the dehydration of active
sites (–N+H2/–N+H3) increases giving a strong arsenate interaction
(higher KL values); (iv) the lower KL values of RI relative to those
t (min)

Fig. 4. Intraparticle diffusion plot of the adsorption of As(V) on RI and RII.

To examine the rate determining step of the adsorption reac-
ion, the uptake time data obtained were treated according to the
quation [31]

t = x + kit
0.5 (5)

here ki (mmol/g min0.5) is the intraparticle diffusion rate con-
tant and x is indication for the thickness of the boundary layer.
he straight line obtained and the positive values of x (Fig. 4 and
able 2) indicate that the adsorption rate of the two resins is con-
rolled by the intraparticle diffusion and the boundary layer. The
igher value of x for RI can be related to the steric as well as the
ydrophobic effect of methyl group.

.2.3. Adsorption isotherms
Adsorption isotherm data at different temperatures (Fig. 5) were
reated according to Langmuir model

Ce

qe
= Ce

Qmax
+ 1

KLQmax
(6)

able 2
he intraparticle diffusion data for adsorption of As(V) on resins at 25 ◦C.

Resin ki (mmol/g min0.5) x R2

RI 0.1144 0.6 0.996
RII 0.0868 0.57 0.98
C e (mM)

Fig. 5. Adsorption isotherms of As(V) on RI and RII at different temperatures.

where Ce is the equilibrium concentration of As(V) in solution
(mmol/L), qe is the amount adsorbed at Ce (mmol/g), Qmax is the
maximum adsorption capacity (mmol/g), and KL is the binding
constant of Langmuir which is related to the energy of adsorp-
tion (L/mmol). Plotting Ce/qe against Ce gives straight line with
slope and intercept equal to 1/Qmax and 1/KLQmax, respectively
(Fig. 6). The values of KL and Qmax at different temperatures are
reported in Table 3. The values of Qmax obtained at different tem-
peratures are in good agreement with the experimental ones. This
indicates that the adsorption is a monolayer and proceeds accord-
ing to Langmuir model. Inspection of the changes in KL values with
temperature (Table 3) indicates that the two resins display two
different behaviours. This can be explained on the basis of differ-
ent structural features of the two resins (Scheme 1) as follows:
(i) RI is more hydrophobic (less hydrophilic) than RII due to the
presence of methyl group substituents on positive nitrogen active
sites; (ii) as the temperature increases the vibrational motion of
the methyl groups of RI increases which subsequently increases
their steric effects. These steric effects decrease the interaction
between arsenate anion and active site giving lower KL values; (iii)
the observed different behaviours in KL values of RII with tem-
perature increase may be related to the presence of hydrophilic
(–N+H2/–N+H3) moieties (with no hydrophobic steric substituent
of RII may be related to the steric and electronic effects of methyl

Table 3
Langmuir parameters for adsorption of As(V) on resins at different temperatures.

Temp. (◦C) qe
(exp.) (mmol/g) Qmax (mmol/g) KL (L/mmol)

RI RII RI RII RI RII

25 ◦C 1.83 1.12 1.88 1.13 3.93 09.551
33 ◦C 1.70 1.03 1.76 1.04 3.66 0.791
40 ◦C 1.63 0.95 1.69 0.96 3.11 6.892
50 ◦C 1.53 0.90 1.59 0.91 2.66 4.61
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The essential features of Langmuir adsorption isotherm can be

xpressed in terms of a dimensionless constant called separation
actor (RL) which is defined by the following equation [32]

L = 1
1 + KLCo

(7)

here Co is the initial concentration of the metal ion (mmol/L). The
alues of RL indicate the nature of the adsorption to be irreversible
RL = 0), favorable (0 < RL < 1) and unfavorable (RL = 1). The values of
L obtained according to the above equation are 0.202 and 0.025
or RI but RII gives 0.095 and 0.010 at initial As(V) concentration
f 1 × 10−3 M and 1 × 10−2 M, respectively. This implies that the
dsorption of As(V) on both RI and RII from aqueous solution is
avorable under the conditions used in this study. The thermody-
amic parameters of the adsorption reaction were calculated using
an’t Hoff equation [33]

n KL = −�H◦

RT
+ �S◦

R
(8)

here KL is Langmuir binding constant (L/mmol), R is the universal
as constant (8.314 J/mol K), T is the absolute temperature (Kelvin).
lotting of ln KL against 1/T gives straight lines with slope and inter-
epts equal −�H◦/R and �S◦/R, respectively (Fig. 7). The negative
alues of both �H◦ and �S◦ for RI (Table 4) indicate an exothermic
dsorption reaction accompanied with more ordered state [33].
hile the positive values of both �H◦ and �S◦ for RII indicate

n endothermic adsorption process with more randomness due to
he liberation of water molecules. The Gibbs free energy �G◦ of

he adsorption reactions were also obtained using the following
elation and given in Table 4.

G◦ = �H◦ − T�S◦ (9)
1/T (K )

Fig. 7. Van’t Hoff plots for the adsorption of As(V) on RI and RII.

The negative values of �G◦ indicate that the adsorption is
spontaneous. For RI, �G◦ decrease as temperature increase which
indicates that the process of adsorption of As(V) becomes less
favorable at higher temperatures. This may be again attributed
to the increased steric effect of the methyl groups due to their
increased vibrational motion with temperature. For RII as temper-
ature increases the reaction becomes more favorable due to the
liberation of water molecules from the active sites. On the other
hand, the data given in Table 4 for RI shows that |T�S◦| < |�H◦| at all
temperatures. This indicates that the adsorption reaction is dom-
inated by enthalpic rather than entropic changes. But for RII the
adsorption reaction is dominated by entropic rather than enthalpic
where |T�S◦| > |�H◦| at all temperatures. These thermodynamic
features of the resins towards the adsorption of arsenate confirm
our suggestion on the effective role of the structural characteristics
of the resins on the strength of interaction.

3.3. Column studies

3.3.1. Effect of flow rate
The breakthrough curves of the resins towards As(V) at different

flow rates (1–3 mL/min) and a fixed bed height of 2 cm are shown
in Fig. 8. The breakthrough points of RII occurred faster than that of
RI at all flow rates and the breakthrough curves become sharper as
flow rate increases. This behaviour may be attributed to the higher
capacity of the resin RI towards As(V) anions rather than RII and
makes it promising in the field of water and wastewater treatment.

3.3.2. Effect of bed height
The effect of bed height of RI and RII was studied at 1–3 cm while

the flow rate was held constant at 1 mL/min. The data obtained are
shown in Fig. 9. The influence of bed heights was tested in terms
of breakthrough time (tb) and saturation time (ts). The uptake val-
ues of the resins were found to be directly proportional with bed
height. Bed depth service time model (BDST) is a simple model
that relates between bed height (Z) and saturation time (ts) of the
column through the following equation [34]

ts = NoZ

Co�
− 1

KaCo
ln

(
Co

Ct
− 1

)
(10)

where Ct (mmol/L) is the concentration of As(V) at the saturation
time (i.e. Co/Ct = 100/99), Co (mmol/L) the initial concentration, No

is the total adsorption capacity (mmol of adsorbate/L of adsorbent),
� the linear velocity (cm/min) and Ka is the rate constant of adsorp-
tion (L/mmol min). The values of No and Ka were calculated from

the slopes and intercepts of the BDST plots. The calculated values
of No were found to be comparable with the experimental values
of qs. This indicates the validity of the BDST model for the inves-
tigated resins. If Ka is large, even a short resin bed will avoid the
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Table 4
Thermodynamic parameters for adsorption of As(V) on the resins.

Temp. (K) �H◦ (kJ/mol) �S◦ (kJ/mol K) �G◦ (kJ/mol) |T�S◦| (kJ/mol)

RI RII RI RII RI RII RI RII

298 −13.03 +31.6 −0.03 0.124 −3.45 −5.35 9.57 36.95
306
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323
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reakthrough limit. In case of small values of Ka a progressively
onger bed would be required to delay the breakthrough point. The
alues of Ka for resins are 0.057 and 0.032 (L/mmol min) for RI and
II, respectively. The critical bed height (Zo) can be calculated by
etting ts = 0 in Eq. (6) and rearranging to get

�
(

Co
)

o =
KaNo

ln
Cb

− 1 (11)

here Cb is the breakthrough metal ion concentration (mmol/L).
he above equation implies that Zo depends on the kinetics of the
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ig. 9. The effect of bed heights of RI and RII on the adsorption of As(V) at a flow
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sorption process, the residence time of the solute and the adsorp-
tion capacity of the resins. Thus the critical bed height of the resin
was recorded as 0.29 and 1.3 cm for RI and RII, respectively. This
indicates the higher efficiency of the resins for the removal of As(V).

3.4. Regeneration

For cost reduction purposes, regeneration of the resin was done
using 1 M HCl. Adsorption/desorption of the charged column with
the resins was carried out for several times. Regeneration efficiency
was found to be 99% and 98% for RI and RII, respectively.

4. Conclusion

The anion exchangers obtained are characterized by fast and
higher adsorption capacities towards As(V) from aqueous media at
pH (4–7). The equilibrium adsorption was reached within 5 min for
both resins. The adsorption process was found to follow pseudo-
second order kinetics. The difference in thermodynamic behaviour
of two exchangers was affected by methyl group substituent on
positive nitrogen active sites. Column studies give an account about
the breakthrough points at different flow rates and bed heights.
The critical bed height of the resin towards As(V) was found to
be 0.29 and 1.3 cm, respectively. The regeneration efficiency of the
loaded resins was found to be 99 and 98% for RI and RII, respectively
using 1 M HCl. The data obtained indicate that the studied resins
are promising for As(V) removal relative to the early reported ones
[19–21].
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