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a b s t r a c t

New quaternized crosslinked poly(4-vinylpyridines) prepared by nucleophilic substitution reactions of
4-vinylpyridine: divinylbenzene copolymers of gel and porous structure with halogenated compounds
such as benzyl chloride and 2-chloracetone, were used to remove Cr(VI) from the aqueous solution.
Batch adsorption studies were carried out to determine the effect of the initial concentration of Cr(VI),
pH, temperature and the presence of sulfate anions. The process was found to be pH and concentration
dependent. The adsorption capacities increase with the increase of the initial concentration of Cr(VI) and
both resins exhibited the degrees of usage of the exchange capacities higher than 90% and good effi-
ciency in the chromium removal. Equilibrium modeling of the process of Cr(VI) removal was carried out
by using the Langmuir and Freundlich isotherms. The experimental data obeyed these isotherm models.
The thermodynamic parameters (free energy change �G, enthalpy change �S and entropy change �H)

for the adsorption have been evaluated and therefore, it was showed the spontaneous and endothermic
process of the adsorption of Cr(VI) on the pyridine resins. In the competitive adsorption studies, chro-
mate/sulfate revealed the selectivity of the pyridine adsorbents towards chromium ions. At acidic pH the
synthesized pyridine resins offer much greater chromate removal capacities compared to alkaline pH. In
the competitive adsorption studies, chromate/sulfate revealed the selectivity of the pyridine adsorbents
towards chromium ions due to the formation a sandwich arrangement with the chromium anion and

d to
functional groups attache

. Introduction

Metals and metallic compounds are essential for economic
rowth of any nation. Like many other metallic species chromium
lso has variety of applications. Several industries such as paint and
igment manufacturing, stainless steel production, corrosion con-
rol, leather tanning, chrome plating, wood preservation, fertilizers,
extile, photography, etc., discharge effluents containing Cr(VI) [1].
isposal of untreated industrial effluents is a source of pollution
f aquatic systems. Despite a number of alternative technologies
uggested to replace chromium, it is particularly difficult to sub-
titute metal finishing industries because of its hardness, bright
ppearance, corrosion resistance ease of application, and low cost.

Spent chrome liquors and waste from tanneries contain

900–4500 and 10–50 mg L−1 of chromium, respectively [2]. As
edox active metal chromium usually exists as Cr(III) and Cr(VI)
pecies in the environment. The hexavalent species may be in the
orm of dichromate (Cr2O7

2−), hydrochromate (HCrO4
−) or chro-

∗ Corresponding author.
E-mail address: vneagu@icmpp.ro (V. Neagu).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.07.057
the quaternary nitrogen atom.
© 2010 Elsevier B.V. All rights reserved.

mate (CrO4
2−) in a solution depending on concentration and pH.

Due to the repulsive electrostatic interactions these anion species
are generally poorly adsorbed by the soil particles in the envi-
ronment and transfer freely in the aqueous environment. Cr(VI)
is reported to be 100 times more toxic than Cr(III) which makes
the former a major environmental hazard [3]. Exposure to Cr(VI)
causes dermatitis, allergic skin reactions and ulceration of intes-
tine. It is a known carcinogenic agent. The maximum permissible
levels of Cr(VI) in potable and industrial wastewater are 0.05 and
0.25 mg L−1, respectively [4]. Installation of a physico-chemical
treatment plant to destroy or remove toxic materials is the main
method used to treat the wastes generated from electroplating
operations. Kinetics of chromium transformations under typical
environmental conditions were investigated using batch and col-
umn experiments. Some of the investigated reactions such as
the reduction of Cr(VI) by Fe(II) under anaerobic conditions were
instantaneous and the results followed the stoichiometry of the

red-ox equation [5]. The goal of all industry should be the recov-
ery and reuse of the valuable material contained in the generated
wastes, and especially in the case of hazardous wastes.

Alternative approaches such as adsorption, reverse osmosis,
electrolytic recovery techniques, precipitation, ion exchange and

dx.doi.org/10.1016/j.jhazmat.2010.07.057
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:vneagu@icmpp.ro
dx.doi.org/10.1016/j.jhazmat.2010.07.057


5 Hazar

l
m
d
[
[
a
f
t
t
a
t
n
a

r
t
m
p

r
e
w
c

b
w
a
m
t
b

s
n
w
r
f
a
C
s
t
e
i
a

r
C
n
n
t
a
z
o
f
t
a
p

2

2

d
F
4

34 V. Neagu, S. Mikhalovsky / Journal of

iquid–liquid extraction have also been shown to work for treat-
ent of chromium containing effluents and waters. A number of

ifferent types of adsorbents such as, including activated carbon
6–11], bioadsorbents [12–17], wine processing [18] and distillery
19] sludges, residual lignin [20], amine modified coconut [21],
nd synthetic polymers [22–24] were shown to remove chromium
rom waste water. Solvent extraction is a convenient but expensive
echnique for the removal of chromate ions from aqueous solu-
ions. Literature data report that the extractants containing tertiary
mine group Alamine 336 and Aliquat 336, are effective reagents for
he removal of Cr(VI) [25–27]. Among the various treatment tech-
iques available, the most commonly used ones are ion exchange
nd adsorption.

The main advantages of ion exchange are high degree of metal
ecovery, selectivity, lesser sludge volume produced and the ability
o meet strict discharge specification and reduce dissolved chro-

ate concentration below detectable levels in the water treatment
lants.

Ion exchange using synthetic resins is the method of choice for
emoving toxic contaminants from water or waste water. The anion
xchange processes can be used for the removal of chromium from
astewater at alkaline and acidic pH in the presence of a high con-

entration of chloride, sulfate, bicarbonate and nitrate ions [28,29].
The selectivity of the commercial polystyrene or polyacrylic

ased strong or weak base anion exchangers for chromate anions
as studied in the pH range of 3–8 [30–41]. The synthesis of the

nion exchangers with higher affinity with chromate than the com-
ercially available anion exchangers at neutral to alkaline pH in

he presence of other competing anions, namely, sulfate, chloride,
icarbonate, and nitrate was reported [42].

Strong base anion exchangers containing pyridine moieties have
hown high selectivity for Cr(VI) and could represent a viable alter-
ative for the selective retention of chromate ions. The previous
ork focused on the thermodynamic and kinetic studies of Cr(VI)

emoval from aqueous solutions by the pyridine resins with dif-
erent lengths of alkyl substituent namely, methyl, ethyl, butyl or
mide functional groups at the quaternary nitrogen atom [43–46].
hromium retention capacity depends on the ionic form of the
trong base anion exchangers and the substituent type at the qua-
ernary ammonium atoms. Selectivity of these strong base anion
xchangers was influenced by the concentration of chromium, the
onic form of the resin and the substituent type at the quaternary
mmonium atoms.

In this paper the primary objective is to synthesize pyridine
esins with novel functional groups for selective retention of
r(VI). The functional groups of the new anion exchange resins
amely, benzyl and ketone groups are attached to the quater-
ary nitrogen atoms by the nucleophilic substitution reactions of
he 4-vinylpyridine (4-VP): divinylbenzene (DVB) copolymer of gel
nd porous structure with halogenated compounds such as, ben-
yl chloride (BCl) and 2-chloroacetone (ClA). The retention studies
f the synthesized pyridine resins towards Cr(VI) were performed
or the different conditions, the parameters that influence adsorp-
ion are initial chromium concentration, contact time, pH, resin
mount, temperature and the presence of sulfate anions as com-
etitive anions.

. Experimental

.1. Materials
4-Vinylpyridine supplied from Fluka was purified by vacuum
istillation immediately prior to use. Divinylbenzene supplied from
luka, of technically purity (80%) contains residual mainly 3- and
-ethyl vinylbenzene.
dous Materials 183 (2010) 533–540

The starting 4-VP:8%DVB copolymers of gel morphological type
was synthesized by aqueous suspension copolymerization of 4-VP
with DVB using 1.5 wt. % of benzoyl peroxide as initiator accord-
ing to [35,36]. To obtain a porous copolymer the copolymerization
reaction was carried out in the presence of toluene as the porogenic
agent using a dilution, D of 0.2. D = mL toluene/(mL toluene + mL
monomers). The copolymerization reaction was allowed to proceed
for 10 h at 80 ◦C and 2 h at 90 ◦C. After copolymerization, the copoly-
mers in the beads form were separated by filtration and extracted
with methanol, in a Soxhlet apparatus to remove traces of resid-
ual monomers, linear oligomers of 4-VP and toluene and finally
dried at 50 ◦C for 48 h. The samples were characterized by their
nitrogen content as determined by elemental analysis. The exper-
imental nitrogen content is 10% compared to the theoretical one
(11%) meaning the most part of 4-VP amount reacted with DVB.

The pyridine strong base anion exchange resins were obtained
by nucleophilic substitution reactions of 4-VP:8%DVB copolymer,
gel or porous type, with BCl and ClA. The quaternization reactions
were performed in methanol with BCl and dimethylformamide
with ClA in a glass round bottomed flask equipped with a stirrer,
reflux condenser and thermometer. The amounts of BCl and ClA
corresponded to nitrogen: halogenated compound molar ratio of
1:1.5 for both halogenated compounds. The reactions were carried
out at 60 ◦C for 48 h. After this, the beads were isolated by filtration
and washed with methanol and finally with distilled water.

Samples of anion exchangers were regenerated with 5% NaCl
solution, followed by washing with distilled water until complete
removal of chloride ions. The final products were characterized by
strong base exchange capacities determined by the ion exchange of
Cl− for SO4

2−. The volumetric strong base anion exchange capac-
ity was determined by the elution of Cl− anions with 5% Na2SO4
aqueous solution, the chloride ions being potentiometrically deter-
mined using aqueous solutions 0.02 N AgNO3. To calculate the
gravimetric exchange capacity, 5 mL samples of the resins were
dried at 110 ◦C to constant weight. All the resins were sieved to
separate a fraction with at a particle size of 0.4–0.8 mm. The resins
were stored air dried.

The chromate solutions were prepared in distilled water from
stock solution of K2CrO4 supplied by Aldrich. Na2SO4 anhydrous
and AgNO3 were analytical reagent grades from Merck.

2.2. Instrumentation

A shaker with thermostat Grant Instrument of OLS 200 model
was used for all adsorption experiments.

Atomic absorption spectrometry (AAnalyst 200, PerkinElmer)
was used for the chromium analysis. pH was measured by a glass
electrode SevenEasy Mettler Toledo model pH meter. Scanning
electron microscopy (SEM) studies of the pyridine anion exchang-
ers beads coated with gold were performed using a JEOL Model
JMS 6310 microscope. For the cross-section of the beads ×3500
magnification was used.

2.3. Experimental methods

Prior to any experiments the resins were converted to the
chloride form. The effect of the chromium concentration on the
retention capacity was investigated using Cr(VI) solutions in the
concentration range of 5–1000 mg L−1. For the exchange equilib-
rium measurements, a series of swollen resin samples (0.1 g in the
dry state) originally completely loaded with Cl− ions was equili-

brated with a 25 mL K2CrO4 solution of different concentrations at
30 ◦C in a thermostatic shaker bath for 4 h. The effect of pH on
the removal of chromate ions was investigated by equilibrating
0.1 g resin with 25 mL of chromate solution with concentrations 59,
138 and 270 mg L−1. The solution pH values were controlled using
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.1 M HCl. The kinetic studies were carried out by shaking 0.1 g
dry weight) samples of the resins contacted with 25 mL chromate
olution of 13, 22, 59 and 116 mg L−1 chromium concentration. The
olution pH value was not controlled during the experiments in
rder to maintain the same ionic strength in the solution using
× 10−3 M NaClO4 solution.

The effect of the temperature on the adsorption capacity of
esins was studied in the range from 20 to 40 ◦C for chromium
oncentrations of 13, 22, 59 and 116 mg L−1.

The competitive adsorption of Cr(VI) was studied at initial
hromium concentration of 22, 59 and 138 mg L−1 and 1% Na2SO4
oncentration. The adsorption experiments were performed by
ontacting 0.1 g resin with 25 mL of chromate solution containing
O4

2− ions.
In all experiments the resins were separated by filtration and

he filtrate was analyzed by AAS spectrometry for total chromium
ontent. The amount Q of chromium adsorbed was calculated using
q. (1):

= (Ci − Cf )V
m

(1)

here Q is adsorbed amount (mg g−1), Ci and Cf are initial and final
oncentrations of chromate solutions (mg mL−1), V is the volume
f solution (mL) and m is the dry weight of resin (g).

All experiments were conducted in duplicate under the same
onditions and the relative error between duplicates was less than
%. The results were reported as mean values.

. Results and discussion

.1. Synthesis of the pyridine resins

Physicochemical characteristics of yielded these resins are pre-

ented in Table 1.

From this table it can be seen that both the synthesized strong
ase anion exchangers have high values of the strong base exchange
apacities in comparison with those of the commercial strong
ase anion exchanger, Amberlite IRA 400, i.e., 4.57 meq g−1 and

able 1
trong base exchange capacities of the synthesized pyridine resins.

Sample code Structural unit Strong ba

meq g−1

PyR1 3.30

PyR2 4.20
dous Materials 183 (2010) 533–540 535

1.25 meq mL−1. The gel and porous structures of the pyridine resins
were evidenced by scanning electron microscopy of the beads
cross-section, SEM images clearly show the internal porous struc-
ture of PyR2 resin which is attributed to toluene used as porogenic
agent during the synthesis of the pyridine polymeric matrix.

3.2. Adsorption studies

Factors influencing the adsorption rate are mainly, among oth-
ers, the nature and concentration of competing ions, pH, resin
amount, shaking time and temperature. Three individual compo-
sition variables, the nature of polymer matrix, basicity and steric
property of the functional groups of the anion exchanger could
have significant influence on the chromate sorption. Apparently,
the adsorption is related to the basicity of the pyridine strong base
anion exchangers. The adsorption capacity values for the studied
resins depend on their exchange capacities and functional groups
attached to the quaternary nitrogen atoms from the pyridine rings.
The apparent effects of the basicity on Cr(VI) sorption are also
believed to be due to the difference in their steric properties of
the functional groups.

The effect of the initial concentration of Cr(VI) on the adsorption
capacity of resins is expressed as the percentage of the maximum
exchange capacity in Fig. 1.

As expected the amount of the adsorption of the adsorbed
Cr(VI) increases with the increase of the initial amount in the
range of 5–1000 mg L−1 reaching a plateau at about 1000 mg L−1,
which corresponds to 100% use of the ion exchange capacity. At
the high concentration of the chromate solutions all the hexava-
lent chromium species are present in the solution, namely HCrO4

−,
CrO4

2− and Cr2O7
2−. The functional groups attached to the matrices

of the pyridine resins create an favorable environment for adsorp-
tion of Cr(VI) oxy-anions.
3.3. Equilibrium isotherms

The relationship between adsorbed dye concentration and con-
centration of the solution at equilibrium is described by isotherm

se anion exchange capacity SEM image of the bead cross-section

meq mL−1

1.90

1.60
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ig. 1. Degree of usage of the exchange capacity for PyR1 (a) and PyR2 (b) resins (ad

odels, of which Langmuir and Freundlich are the most widely
sed equations.

Langmuir equation was basically derived for the sorption of
ases on the solid surface. Nevertheless, it has been extended to
nclude the sorption of solute at solid–liquid interface. The Lang-

uir isotherm is valid for monolayer adsorption onto the surface
ontaining a finite number of identical sites and the standard math-
matical representation is

Ce

qe
= 1

Q 0 × b
+ Ce

Q 0
(2)

here Ce is the equilibrium concentration of chromium in the solu-
ion (mg L−1); qe is the amount of the retained chromium (mg L−1);
0 is the maximum adsorption capacity (mg g−1) and b is the
angmuir constant related to the affinity of the binding sites. The
alues of Q0 were calculated from the slope and intercept of the
traight-line plots of Ce/qe versus Ce with a correlation coefficient
igher than 0.99. Another essential characteristics of the Langmuir

sotherm equation can be expressed in terms of a dimensionless
onstant known as separation factor or equilibrium parameter, RL

hich can be evaluated by the Eq. (3):

L = 1
1 + bC0

(3)

here C0 is the initial concentration of the chromate solution
mg L−1).

The Freundlich isotherm model assumes multilayer adsorption
nd it is applicable to adsorption of metal ions occurs on a hetero-
eneous adsorbent surface. Freundlich equation is expressed as Eq.
4):

og
Q

m
= log KF + 1

n
log Ce (4)

here Q is the amount of the retained chromium (mg L−1); m is the
mount of the resin (g L−1); Ce is the concentration at equilibrium
mg L−1); KF and n are Freundlich constants determined by slopes

nd intercepts of the straight-line of log Q/m versus log Ce.

The Langmuir and Freundlich adsorption parameters are deter-
ined by plotting the experimental data based on Eqs. (2) and

4), respectively. The parameters that were determined and their
orresponding correlation coefficients (R2) are listed in Table 2.

able 2
alues of Langmuir and Freundlich constants for the adsorption of Cr(VI).

Resin code Langmuir constants

RL Q0 (mg g−1) KL (L g−1)

PyR1 0.003 113.63 14.11
PyR2 0.008 142.85 22.17
on conditions: amount of resin 0.1 g; volume of solution 25 mL; temperature 30 ◦C).

The parameter calculated from Eq. (3) clearly indicate a favor-
able adsorption of chromate ions by the resins studied, the
adsorption curves fit very well both Langmuir and Freundlich
isotherm models. The RL values obtained in the present case are
much less than 1 and very close to 0 and therefore, indicates also a
favorable adsorption [47].

3.4. Adsorption kinetics

It is a well-established fact that the adsorption of ions from
aqueous solutions is reversible and follows reversible first-order
kinetics when a single species is considered on a heterogeneous
surface. Kinetics of sorption describing the solute uptake rate which
in turn govern the residence time of sorption reaction is one of the
important characteristic defining the efficiency of sorption.

The progress of the adsorption process monitored at different
time intervals is shown in Fig. 2.

The adsorption kinetics experiments reveal that the adsorbed
amount of Cr(VI) continuously increases with increasing time
reaching saturation after 2 h. It is also notable that the rate of
adsorption remains almost constant up to 1 h. In each case, the
decreasing concentration of chromium ions remaining in the solu-
tion indicates that chromium was adsorbed strongly by all the
pyridine resins. The Cr(VI) adsorption with respect to time curves is
smooth and continuous leading to saturation showing monolayer
coverage of metal ion on the surface of the resins.

The chromium concentration in these experiments had a
pronounced effect on the adsorption rate showing that when
the chromium concentration increased the adsorption rate also
increased. Such a concentration effect has also been reported by
Chanda and Rempel for the sorption of uranyl sulfate on a reactive
polymer-coated gel. Such a concentration effect is not consistent
with predictions from the ordinary particle diffusion control model
but it is in accord with the shell–core or reacted-layer diffusion
control model [48].
In order to analyze the sorption rate, the kinetic data were
modeled using Lagergren pseudo-first-order [49,50] and pseudo-
second order [51,52] equations.

Lagergren first-order : qt = qe(1 − e−k1t) (5)

Freundlich constants

R2 n KF (L g−1) R2

0.9973 3.18 33.11 0.9998
0.9989 4.02 45.48 0.9998
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Fig. 2. Effect of the contact time on the sorption capacity of Cr(VI) by PyR1 (a) and PyR2 (b) (adsorption conditions: concentration of Cr(VI) (�) 13 mg L−1; (�) 22 mg L−1; (�)
59 mg L−1; (*) 116 mg L−1; amount of resin 0.1 g, volume of the solution, 25 mL, temperature 30 ◦C, stirring time 140 rpm, initial solution pH).

Table 3
Kinetic parameters derived from pseudo-first-order and pseudo-second-order plots for Cr(VI) adsorption by PyR1 resin.

Initial concentration C0 (mg L−1) Pseudo-first-order Pseudo-second-order

k1 (min−1) qt (cal) (mg g−1) R2 k2 (g mg−1 min−1) qt (cal) (mg g−1) R2

13 0.117 40.15 0.987 0.055 40.42 0.991

P

w
t
(
p
a
O
fi
f

T
K

F
c
2

22 0.118 79.20
59 0.201 115.05

116 0.202 130.10

seudo-second-order : qt = k2q2et

1 + k2qet
(6)

here, qt and qe are the amounts of Cr(VI) adsorbed (mg g−1) at
ime t and at equilibrium, respectively, and k1 (min−1) and k2
mg g−1 min−1) are the rate constants of pseudo-first-order and

seudo-second-order adsorptions, respectively. Values of qt, k1,
nd k2 are calculated by the non-linear regression analysis using
RIGIN program, version 7.5 (Tables 3 and 4). The correlation coef-
cient (R2 > 0.999) values of the pseudo-second-order equation

or the selected concentration range (13–116 mg L−1) suggest that

able 4
inetic parameters derived from pseudo-first-order and pseudo-second-order plots for C

Initial concentration C0 (mg L−1) Pseudo-first-order

k1 (min−1) qt (cal) (mg g−1)

13 0.109 38.15
22 0.108 74.20
59 0.205 111.05

116 0.208 123.10

ig. 3. Influence of temperature on the adsorption of Cr(VI) for PyR1 (a) and PyR2 (b) re
oncentration of Cr(VI) (�) 13 mg L−1; (�) 22 mg L−1; (�) 59 mg L−1; (*) 116 mg L−1; amou
4 h, initial solution pH).
0.986 0.025 78.54 0.999
0.989 0.024 115.90 0.999
0.989 0.028 130.06 0.999

adsorption kinetics can be well described by the pseudo-second-
order equation.

The chromium concentration had a pronounced effect on the
rate of adsorption, when the chromium concentration increased the
adsorption rate also increased. When the chromium concentration
increased, the collision numbers between the sorption site and the

chromium species increase; this increased the adsorption rate. As
a result, the time needed to reach the equilibrium was shortened.
Since the resins beads are constantly agitated during the adsorption
process, it is reasonable to assume that the rate is not limited by the
external mass transfer from the bulk liquid to the beads external

r(VI) adsorption by PyR2 resin.

Pseudo-second-order

R2 k2 (g mg−1 min−1) qt (cal) (mg g−1) R2

0.987 0.051 38.42 0.991
0.986 0.021 74.54 0.999
0.989 0.018 111.10 0.999
0.989 0.015 123.06 0.999

sins at different concentrations of the chromate solutions (adsorption conditions:
nt of resin 0.1 g, volume of the solution, 25 mL, stirring time 140 rpm, contact time,
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Table 5
Thermodynamic parameters for the adsorption of Cr(VI) on pyridine resins.

T (K) PyR1 PyR2

�G (KJ mol−1) �H (KJ mol−1) �S (KJ K−1 mol−1) �G (KJ mol−1) �H (KJ mol−1) �S (KJ K−1 mol−1)

293 −8.35 −5.76 0.029 −9.15 −4.22 0.038
303 −8.89 −5.76 0.029 −9.35 −4.22 0.038
313 −8.99 −5.76 0.029 −9.54 −4.22 0.038
293 −8.35 −5.76 0.029 −9.15 −4.22 0.038
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ig. 4. Effect of pH on the adsorption Cr(VI) for PyR1 (a) and PyR2 (b) resins at dif
38 mg L−1; (*) 270 mg L−1; amount of resin 0.1 g; volume of solution, 25 mL; stirrin

urface. One might suggest that the rate-limiting step may be either
lm or intraparticle diffusion.

.5. Effect of temperature

Temperature is a significant parameter controlling adsorption
f species in a system.

The effect of temperature on the adsorption has been studied
y performing adsorption experiments in the temperature range of
0–40 ◦C for different concentrations of chromium solution (Fig. 3).

These figures show the minor effect of temperature on the
dsorption capacity of pyridine strong base anion exchangers.

Thermodynamic studies are used to explain any reaction in a
etter way. In this paper also, thermodynamic parameters namely,
G0, �H0 and �S0 were determined at 20, 30 and 40 ◦C. The values

f these parameters have been given in Table 5.
The negative, �G0 values indicate the process for pyridine resin

o be spontaneous in nature of adsorption. Values of energy change
ecrease slightly by increasing the temperature which revealed the
mprovement of the adsorption by increase the temperature.
Positive values of entropy change and enthalpy change also indi-

ate the endothermic nature of adsorption of Cr(VI) on pyridine
trong base anion exchange resin. �S0 can be used to describe the
andomness at the resin–solution interface during the adsorption.

ig. 5. The effect of sulfate anions on the adsorption capacity of PyR1 (a) and PyR2 (b) resin
mount of resin 0.1 g; volume of solution, 25 mL; stirring time 140 rpm; contact time, 24
concentrations (adsorption conditions: concentration of Cr(VI) (�) 59 mg L−1; (�)
140 rpm; contact time, 24 h; temperature 30 ◦C).

Increase in the solution temperature has not effect on the adsorp-
tion. Therefore, a general temperature range is suggested to be
20–40 ◦C.

3.6. Effect of pH

The effect of pH was studied at temperature of 30 ◦C by varying
the pH pf the solution from 3 to 8 for initial concentrations of 59,
138 and 270 mg L−1 (Fig. 4).

At chromium concentrations lower than 1 g L−1 the adsorp-
tion capacity at acidic pH is higher than at alkaline pH since the
major species at lower pH is HCrO4

−, which allows removing more
chromium atoms per exchange site than CrO4

2− which is the main
species at alkaline pH. That is why acidic pH operation is universal
practice in treating wastewater and contaminated groundwater for
Cr(VI) removal. Although in our experiments the adsorption capac-
ity of resins had the same trend, but they showed good adsorption
capacity by Cr(VI) at alkali pH as well as at acidic pH. At low con-
centration of Cr(VI) the pyridine strong base anion exchanger offer

much greater chromate removal capacity at acidic pH compared
to alkaline pH. At the pH decrease, the ionic strength of the solu-
tion increases and as a consequence, the effectiveness of Cr(VI)
adsorption onto pyridine resin with functional groups attached to
the quaternary nitrogen atoms increased.

s (adsorption conditions: concentration of Cr(VI) 22 mg L−1; 59 mg L−1; 138 mg L−1;
h; temperature 30 ◦C; concentration of Na2SO4, 1 wt.%).
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.7. Effect of the SO4
2− ions

Addition of inorganic salts to the adsorption system is an
ffective way of influencing adsorption. In fact, added salts affect
dsorption via two mechanisms: (i) either by screening the coulom-
ic potential between the adsorbing ion and changed adsorbents, or
ii) by adsorbing preferentially on the active site of the adsorbent.
n open recirculating cooling water systems, sulfuric acid is nor-

ally added to make-up water to avoid build-up of scale-forming
icarbonate ions. Sulfate is therefore the most predominant anion

n cooling water followed by chloride and this was the main reason
o investigate the adsorption of hexavalent chromium its presence
Fig. 5).

The results presented in Fig. 5 show that high selectivity of the
yridine resins towards Cr(VI) is not significantly affected by the
ompeting sulfate ion even at high excess of the latter in solution.

It is well known that the adsorption selectivity for the com-
on anions on the commercially styrene anion exchangers is

s follows SO4
2− > I− > CrO4

2− > Br− > Cl−. In our case the synthe-
ized resins have a reversal of the order, selectivity namely,
rO4

2− > SO4
2− > Cl− for the concentration range of Cr(VI) between

2 and 119 mg L−1.
The origin of this rather remarkable selectivity towards hexava-

ent chromium over sulfate anion is probably due to the interaction
etween the transition metal anion adsorption on the � bonds of
he pyridine ring, and formation a sandwich arrangement with the
hromium anion and functional groups namely, benzyl and ketone
roups, attached to the quaternary nitrogen atom.

. Conclusions

Nucleophilic substitution reaction of 4-VP:DVB copolymers of
el and porous type with benzyl chloride and 2-chloracetone as
alogenated compounds led to the novel pyridine strong base
nion exchange resin with benzyl and ketone functional groups
ttached to the quaternary nitrogen atoms. These resins exhibited
ood values of the strong base exchange capacity in comparison
ith the commercial strong base anion exchange resin, Amberlite

RA 400.
Adsorption study of hexavalent chromium on new performed

esins showed a good efficiency of the chromium ions. At high con-
entration of the chromate ions there are all types of chromium in
he solution and functional groups attached to the matrices of the
yridine resins create an appropriate environment to ensure the

on exchange for a counter ion with no smaller equivalent volume
nd the high diameter of their hydrated forms. Pyridine resins have
he degrees of usage of the strong base exchange capacities higher
han 90% which it means a very good efficiency in the removal of
r(VI) as the pyridine resin with quaternary ammonium and amide

unctional groups presented in the recent literature. A comparison
f Cr(VI) uptakes by different natural and synthetic adsorbents pre-
ented in the literature shown that the activated carbon, synthetic
nion exchange resins based on styrene: divinylbenzene matrices
r imidazole functionalized adsorbents have the highest removal
apacities i.e., 97.4%, 91.1% and 92.31%, respectively [53].

Temperature has a small effect on the Cr(VI) adsorption capacity
ssentially depending upon pH and concentration. The adsorption
f chromium ions took place by the ionic mechanism and no pos-
ibility to formation of some coordinate type of bond between
hromium atom and electron donor atoms belong to the functional

roups attached to the quaternary nitrogen atom.

At low concentration of Cr(VI) the pyridine strong base anion
xchanger offer much greater chromate removal capacity at acidic
H compared to alkaline pH. At the pH decrease, the ionic strength
f the solution increases and as a consequence, the effectiveness of

[

[

[
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Cr(VI) adsorption onto pyridine resin with amide functional groups
increased.

The yielded pyridine strong base anion exchange resins are
selective towards chromium anions in the chromium/sulfate binary
sorption experiment. The pyridine resins exhibited the higher
selectivity for Cr(VI) in the presence of sulfate anions as competi-
tive counter ions than the commercial strong base anion exchange
resins based on styrene: divinylbenzene copolymer.

It is evident to note that in the present experiments the mor-
phology of the macromolecular support of the pyridine resins had
not an influence on the kinetic and thermodynamic of the adsorp-
tion process of Cr(VI).

Because the pyridine strong base anion exchange resins offer
much higher resistance to oxidation than conventional strong base
polystyrene anion exchange resins could be considered as the new
alternatives for the retention of chromate ions from the aqueous
solutions.
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