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a b s t r a c t

A novel efficient Hg(II) adsorbent was prepared by impregnating 1-(2-thiazolylazo)-2-naphtol (TAN) onto
Amberlite XAD-4 resin beads. Batch sorption experiments were carried out for the removal of Hg(II) from
aqueous solutions using the new extractant-impregnated resin, EIR. The influences of various experimen-
tal parameters like pH, initial concentration, EIR dosage, contact time and the effect of temperature were
evaluated. Optimum conditions for Hg(II) removal were found to be pH range of 5–6, EIR dosage 0.5 g L−1

and equilibrium time 55 min. The equilibrium sorption isotherm was better described by Langmuir sorp-
tion isotherm model. The maximum sorption capacity (qmax) of EIR for Hg(II) ions in terms of monolayer
sorption was 450.45 mg g−1. Increase of temperature increased the sorption. The obtained negative values
-(2-Thiazolylazo)-2-naphtol

mberlite XAD-4
angmuir model
inetic study

of Gibbs free energy (�G◦) indicated feasible and spontaneous nature of the sorption process at different
temperatures. The change of entropy (�S◦) and enthalpy (�H◦) were estimated. Results of the kinetic
studies showed that the sorption process follows Bangham’s kinetic model, and the pore diffusion is the
rate-controlling step. The pore diffusion coefficients, Dp values, were of the order of 10−12 m2 s−1. The new

recy
EIR could be successfully
capacity.

. Introduction

Heavy metals are widely distributed in the environment as a
esult of numerous industrial processes and cause toxic effects to
uman beings. Mercury is one of the most toxic heavy metals with
nown negative impacts on both human health and ecological func-
ions. Mercury compounds are strongly able to bioconcentrate in
rganisms and to biomagnify through food chains. This ability leads
o brain damage, chromosome breakage and dysfunction of liver,
idney, gastrointestinal tract and central nervous system. The toxi-
ity of mercury depends strongly on its redox state. The most toxic
orm of mercury is the highly reactive Hg2+ which binds to the
mino acids in proteins and it mainly affects the renal and nervous
ystems. In contrast, the danger of elemental mercury and organo-
ercury compounds lies in their transport routes [1–3]. Industries

ainly responsible for the dispersion of mercury are chlor-alkali,

aint, pulp and paper; oil refining, electrical, rubber processing and
ertilizer [4]. Removal of mercury ions from water and wastewa-
er, before its discharge into the environment, is very important.
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cled for several consecutive cycles without significant loss in its sorption
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A range of different technologies for mercury ion removal from
the water and wastewater, such as chemical precipitation, coagula-
tion, membrane technologies, sorption, etc., have been investigated
extensively [5–7]. Among them, sorption has been found to be
superior to other techniques for effective mercury emission con-
trol in terms of cost, simplicity of design, ease of operation and
reusability [8–13].

In the recent decades, chelating ion exchange resins has been
reported to be effective solid adsorbents for removal of metal ions,
including Hg(II), from their aqueous solutions [10–20]. For provid-
ing chelating ion exchange resins, appropriate extractant molecules
can be chemically bonded to or impregnated onto macroporous
polymeric matrixes such as Amberlite XAD series resins. The XAD
series resins are of immense value for designing desired chelating
resins and many previous studies have been reported for vari-
ous XAD resins in which an inert support is chemically bonded
or physically impregnated with a selective organic extractant to
produce a chelating adsorbent for the sorption of metal ions from
aqueous solutions [15–20]. However, direct bonding of chelating

ligands to a polymeric matrix is very difficult and time consum-
ing due to relative inertness of polymeric surface in the ground
state and, hence, requiring surface activation. But the impreg-
nation technique is the most convenient method of preparing
chelating resins, since it is exceedingly easy to perform, merely

dx.doi.org/10.1016/j.cej.2011.02.004
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ahoseinib@yahoo.com
mailto:ahoseinib@iaukashmar.ac.ir
dx.doi.org/10.1016/j.cej.2011.02.004
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Nomenclature

a Bangham’s constant (<1)
b Langmuir constant related to the free energy of

sorption (L mg−1)
bM Langmuir constant related to the free energy of

sorption (L mol−1)
Ce the equilibrium concentration of Hg(II) ion in the

bulk solution (mg L−1)
Dp pore diffusion coefficient (m2 s−1)
k pore diffusion constant (s−1)
K0 Bangham’s constant (mL g−1 L−1)
KF Freundlich constant indicative of the relative sorp-

tion capacity of the adsorbent (mg1−(1/n) L1/n g−1)
k1 pseudo-first order rate constant (min−1)
k2 pseudo-second-order rate constant (g mg−1 min−1)
m weight of EIR per liter of solution (g L−1)
N number of measurements
n Freundlich constant indicative of the intensity of the

sorption
qt the amount of Hg(II) ion sorbed at any time t

(mg g−1)
qe the amount of Hg(II) ion sorbed per unit weight of

EIR at equilibrium (mg g−1)
qmax Langmuir constant; theoretical maximum sorption

capacity (mg g−1)
R universal gas constant (J mol−1 K−1)
R2 correlation coefficient
R% removal percentage (%)
RL dimensionless separation factor
t time (min or s)
T temperature (K)
V solution volume (L or mL)
Xt fractional attainment to equilibrium at time ‘t’

Greek letters
�G◦ Gibb’s free energy change (J mol−1)
�H◦ enthalpy change (J mol−1)
�q normalized standard deviation (%)
�S◦ entropy change (J mol−1 K−1)
˛ Elovich constant; initial sorption rate
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(mg g−1 min−1)
ˇ Elovich constant; desorption constant (g mg−1)

equiring stirring of the extractant and the polymeric support. Sub-
equently, impregnating methods have been more developed in the
ast decade, because the impregnation methods are free from dif-
culties encountered in chemically linking a chelating reagent to
polymeric matrix [19–22]. By using the impregnation methods,

helating ion exchange resins can be simply prepared by immo-
ilization of a desired complexing reagent, extractant, within the
atrix structure of polymeric adsorbents by physical contact. In

ddition, there is a wide choice of extractants for desired selectivity
22–25].

In the last years, our research group has been involved in the
tudy of EIRs containing different extractants impregnated onto
dequate Amberlite XAD resins [24–28]. In continuation of these
tudies, the present work was focused on designing an adequate
helating ion-exchange support for the sorption and removal of

g(II) from the waters and wastewaters. For this purpose, 1-(2-

hiazolylazo)-2-naphtol (TAN) was impregnated onto the surface
f Amberlite XAD-4 resin beads to prepare a new extractant-
mpregnated resin, EIR. The effectiveness of new EIR for the sorption
f Hg(II) ion was examined by batch sorption experiments. Varying
ineering Journal 168 (2011) 1163–1173

the extractant concentration, impregnated resin samples of dif-
ferent impregnating ratios were prepared. To evaluate the effects
of solution pH, contact time, initial concentration of mercury,
adsorbent dosage, temperature, and ionic strength, batch sorp-
tion experiments were carried out using the optimum EIR sample.
Sorption isotherms, kinetics and thermodynamic parameters were
also evaluated for the sorption of mercury(II) onto the new chelat-
ing cation-exchange resin. In addition, the kinetic and equilibrium
studies were used to gain insight on the potential sorption mecha-
nism of Hg(II) by EIR beads.

2. Experimental

2.1. Chemicals and apparatus

All chemicals used were of analytical grade and purchased
from Merck (Darmstadt, Germany). A stock Hg(II)) solution
(1000 mg L−1) was prepared by dissolving the appropriate amounts
of HgCl2 in deionized water (conductivity 0.5 �S cm−1 and pH 6),
acidified with small amount of HNO3, and all the working solu-
tions were prepared by diluting this stock solution with deionized
water. Buffer solutions of pH 1–3, 4–6, and 7–9 were prepared by
mixing appropriate ratios of 0.1 M HCl and KCl, 0.5 M acetic acid
and ammonium acetate, and 0.5 M ammonia and NH4Cl solutions,
respectively. 1-(2-thiazolylazo)-2-naphtol (TAN) and Amberlite
XAD-4 (surface area of 750 m2 g−1, average pore diameter 10.0 nm
and bead size 20–60 mesh) were obtained from Fluka, Germany.
The surface area, pore diameter and mesh size of the resin were
quoted by the supplier. The pH measurements were made on a
digital inoLab pH level I pH-meter. A Gallenkamp automatic shaker
model BKS 305-010, UK, was used for the batch experiments. A Shi-
madzu model AA 6800 atomic absorption spectrometer was used
for the determination of Hg(II) in solutions.

2.2. EIR synthesis

Before impregnation process, Amberlite XAD-4 resin beads were
treated with 1:1 methanol–water solution containing 6 M HCl for
24 h, in order to remove remained monomers and other types of
impurity which may be found with the fabricated beads. Then, the
resin was thoroughly rinsed with doubly distilled water and placed
into a drying oven at 50 ◦C for 30 min. To prepare the impregnated
resin, portions of Amberlite XAD-4 (1 g of dry resin) were trans-
ferred into a series of glass stoppered bottles containing 200 mL
of TAN solutions with different concentrations. The mixtures were
slowly shaken for 6 h to complete the impregnation process. After
that, they were placed into a drying oven to remove the solvent
at 60 ◦C. Each type of the resin beads was then transferred to a
porous filter and washed successively with HCl and large amounts
of distilled water until none amount of TAN was detected in the fil-
trate, spectrophotometrically. Then the EIR samples were subjected
to 15 Hg(II) sorption–desorption cycles, using 100 mL-aliquots of
Hg(II) solution of 500 mg L−1, followed by washing with HCl and
distilled water. Finally, the impregnated resins were dried at 50 ◦C
and weighed. The amount of TAN impregnated on/in the resin beads
was determined from the amount of weight change of polymeric
resin. To protect the prepared EIR from damage, it was kept in a
stoppered dark glass bottle under the distilled water content.

2.3. Hg(II) sorption experiments
TAN impregnated XAD-4 (at maximum impregnation ratio
of 1.13 g TAN/g XAD-4) was evaluated for Hg(II) removal from
synthetic solutions. The operating variables studied were pH,
adsorbent dosage, initial metal ion concentration, ionic strength
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nd temperature. Stock solutions of Hg(II) (1000 mg L−1) were pre-
ared from mercury chloride in double distilled-deionized water.
xperimental solutions of Hg(II) having known initial concentra-
ions were prepared by diluting the stock solution in 250-mL
toppered conical flasks. Aliquots of 100 mL of the experimental
olutions were mixed with certain amounts of EIR and the mixtures
ere shaken at a fixed temperature using a temperature controlled

haker set at 220 rpm for a period of desired time at desired pHs.
fter that, the mixtures were filtered and the Hg(II) loaded EIR
eads were washed with distilled water to remove any unadsorbed
g(II). In the next step, the Hg(II) loaded EIR beads were eluted
sing HCl as a desired desorption regent. Then, the filtrates, or the
luted solutions, were analyzed for the determining the amount
f Hg(II) adsorbed onto EIR using atomic absorption spectrome-
er (Shimadzu model AA 6800). Control experiments showed that
o sorption occurred on either glassware or filtration systems. The
mounts of metal ions adsorbed per gram of the EIR beads were
alculated at various time ‘t’ (qt) and at equilibrium (qe) by the
ifference between the initial and the final readings using the fol-

owing equations.

t = (C0 − Ct)V
m

(1)

e = (C0 − Ce)V
m

(2)

here qt is the amount of the mercury sorbed onto the EIR beads
t time ‘t’ (mg g−1), qe, the amount of the mercury sorbed onto the
IR beads at equilibrium (mg g−1), C0, the initial concentration of
g(II) in the aqueous solutions (mg L−1), Ct, the Hg(II) concentration

emaining in the solutions at time ‘t’ (mg L−1), Ce, the equilibrium
oncentration of Hg(II) in the solutions (mg L−1), V, the volume of
he solutions used (L), and m, the weight of the EIR beads used in
. Also, the removal percentage at equilibrium (R%) was calculated
y Eq. (3):

% = (C0 − Ce)
Ce

× 100 (3)

Keeping the other parameters fixed, one parameter was varied
t a time. For pH studies, 100-mL solutions of 100 mg L−1 metal
on were adjusted to various pHs ranging from 1 to 9. The pH-
djusted solutions were kept for a contact time of 1 h at an agitation
peed of 220 rpm at 298 ± 1 K. EIR samples of different impregna-
ion ratio were used to study the effect of impregnation ratio on
he Hg(II) removal under the optimum sorption conditions. Differ-
nt EIR doses ranging from 10 to 50 mg were used to study the
ffect of adsorbent on the removal of Hg(II) at 100 mg L−1 initial
g(II) concentration.

The sorption isotherms of Hg(II) ion onto the EIR were obtained
t the pH of maximum uptake. For this purpose, aliquots of 100-
L of the solutions (pH 5.5) containing Hg(II) with the different

oncentrations were shaken at 298 ± 1 K for 1 h. To obtain ther-
odynamic data these experiments were performed at various

emperatures.
To obtain sorption kinetic data a series of fixed weighed portions

0.0500 g) of the EIRs were immersed into aliquots of 100-mL of
g(II) buffered solutions (pH 5.5) with concentration of 25, 75, 125
nd 175 mg L−1 at 298 ± 1 K. The mixtures were stirred mechani-
ally for a pre-determined time interval at a fixed speed (220 rpm).

All the batch experiments were carried out in triplicate and
howed differences less than 2%. The values reported are average
f three readings.
.4. Desorption studies

Desorption studies were carried out as follows: after sorption
xperiments with 100 mg L−1 Hg(II) at 0.050 g of EIR in 100 mL, the
Fig. 1. Molecular structure of TAN.

Hg(II) loaded EIRs were separated by filtration and washed with dis-
tilled water to remove any unadsorbed Hg(II). The EIR beads loaded
with mercury were placed in a solution of interested mineral acid
and stirred at 220 rpm for 1 h at 298 K. After that, the suspension
was filtered and the filtrate was analyzed for Hg(II). A comparison of
the value with those observed in the initial sorption step was used
to compute the percentage recovery values. To test the reusability
of the EIR, the sorption–desorption cycles were repeated 25 times.

3. Results and discussions

3.1. Preparation and characterization of TAN-impregnated resin

1-(2-Thiazolylazo)-2-naphtol (TAN) is a chromogenic reagent
(structure is shown in Fig. 1). It has been used for the pre-
concentration and determination of metallic elements, including
mercury, iron, nickel, copper and zinc [29–34]. At the pH range
of 2.3–9.5 and 25 ◦C, TAN is present as a neutral species which is
almost water-insoluble. Because of the protonation of functional
groups in the acidic media, the regent is present as cationic species
(at pHs < 2.3) which cause a high solubility TAN. Also, deprotona-
tion cause to form the anion (at pH > 9.5) and high solubility of TAN
at the high pHs.

The aim of presented work was to develop an adequate chelat-
ing ion-exchange support for the sorption and removal of Hg(II)
from the waters and wastewaters. For this purpose, TAN was
impregnated onto/into Amberlite XAD-4, which has been often
used as a solid polymeric adsorbent to prepare ligand-loaded
resins. Amberlite XAD-4 is a cross linked polymer which derives
its sorptive properties from its macroreticular structure and higher
surface area. This structure imparts excellent physical, chemical
and thermal stability and is a very good choice for preparing
extractant-impregnated resins. Recently, the XAD-4 resin, impreg-
nated with many compounds as extracting agents, has been used
for sorption, extraction and pre-concentration of some heavy met-
als [35–38].

TAN-impregnated XAD-4, TAN/XAD-4, was efficiently synthe-
sized by the impregnation method described at our previous study
[28]. To investigate the optimum pH for impregnating Amberlite
XAD-4 resin beads by TAN, impregnation process was carried out
at various pHs using 200-mL aliquots of aqueous mixture of 1.40%
(w/w) TAN with different pHs from 1 to 8. The EIR beads were
then transferred to a porous filter and washed successively with
HCl and large amounts of distilled water. Then the EIR samples
were subjected to several Hg(II) sorption–desorption cycles (15
cycles) followed by washing with HCl and distilled water. The result
showed that pH 2.0 was the most suitable one for impregnation
process. Also, the required time needed for completing the impreg-
nating process was found to be at least 5 h.

To prepare the appropriate form of the EIR, the impregnation
process was carried out at various impregnation ratios (g TAN/g
dry polymer adsorbent). The impregnation of macroporous matri-
ces leads to the immobilization of the extractant both in pores
and in the gel regions of the polymer beads. The impregnating

extractant located in the pore volume is weakly retained by the
polymer (mainly due to the capillary forces) and can be easily
leached out from the freshly prepared EIR samples during the first
days of its use (unstable part of EIR capacity). The impregnating
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ig. 2. Effect of TAN concentration on the EIR preparation at the conditions that
ortions of 1 g of the dry polymer beads of Amberlite XAD-4 were subjected to the

mpregnation process.

xtractant taken up by the gel regions of the matrix represents
he most stable part of the EIR capacity, which remains practi-
ally constant for a long period [39,40]. Thus, for stabilizing the
IR capacity (the amount of extractant impregnated on the resin)
5 cycles of sorption–desorption were carried out by treating
he EIR samples with 100-mL aliquots of Hg(VI) solution hav-
ng high concentration (500 mg L−1 at the optimum pH and ionic
trengths) and 10-mL aliquots of HCl 4 M solution as eluent. The
orption–desorption cycles lead in fact to the gradual removal of
he extractant molecules from the pore volume of the polymer

atrix. Fig. 2 shows the weight changes obtained against the TAN
oncentration, at optimum pH (2.0), after 15 cycles of sorption and
esorption and final washing the EIR samples with HCl and dis-
illed water. Fig. 2 depicts that the maximum weight change is
13.1% which can obtain at the concentrations more than 1.40%
w/w) TAN. This observed high impregnation capacity of XAD-4
esin beads (surface area of 750 m2 g−1) may be attributed to the
acroporous texture of XAD resins and the high molecular weight

f TAN. The observed value of impregnation capacity is similar to
hose reported for other extractants and macroporous resins in the
iterature [15,19,41].

The chemical stability of the EIR was examined by sequentially
uspending a 0.20-g portion of the EIR in different pHs and shak-
ng for 10 h. After filtering the solutions and rinsing the EIR with
istilled water, the released amount of TAN in the acidified rinsed
olutions was examined by absorbance measuring at �max of TAN.
t was found that the EIR benefited from a high stability since no
onsiderable quantity of TAN was observed in the solutions.

.2. Effect of pH on Hg(II) removal

Optimization of pH for sorption medium plays important role
n the sorption studies. Thus, initially batch sorption studies were
erformed to study the influence of pH on the sorption of Hg(II)
nto TAN/XAD-4 from aqueous solutions. The concentration and
olume of Hg(II) solutions used for this studies were 100 mg L−1

nd 100 mL, respectively. The EIR dosage was 0.050 g dry weight of

IR at maximum impregnation ratio (1.13 g TAN/g dry XAD-4). The
ffect of pH on Hg(II) removal by the EIR was studied over a pH range
f 1.0–9.0 at 298 ± 1 K. Fig. 3 shows that as the pH increases the per-
entage of Hg(II) removal increases up to pH 5.0 and a narrow pH
ange of 5.0–6.0 is most suitable for the removal of Hg(II) from aque-
Fig. 3. Effect of pH on the removal percentage of Hg(II) ion by EIR (EIR sample with
maximum impregnation ratio; 1.13 g TAN/g XAD-4) using 100 mL of model solutions
of 100 mg L−1 Hg(II), EIR dose 50 mg, rpm 220 and contact time 1 h at 298 ± 1 K.

ous solution. Also, Fig. 3 shows that the removal decreases when
pH is greater than 6.0. At 100 mg L−1 initial Hg(II) concentration,
Hg(II) removal increased from 13.23% to 99.05% on increasing the
pH from 1 to 5.0, further increase in pH decreased mercury removal
beyond the pH 6 and at pH 9 only 69.28% Hg(II) was adsorbed. The
variation in the removal of mercury by TAN/XAD-4 with respect to
pH can be elucidated by considering the low dissociation constant
of TAN and the speciation of mercury (II). Since the sorption pro-
cess involved the release of H+ ions to allow the firm complexation
of Hg(II) ions to TAN/XAD-4, at low pHs values, where the release
of H+ ions is not carried out well, there is a low efficiency in the
sorption process of charged metal ions (Hg2+ and Hg(OH)+) onto
new EIR beads. Thus, the increase in Hg(II) sorption in the pH range
1–5.0 is due to an increase in concentration of Hg(OH)+ species, and
to the fact that the solution pH influences the release of H+ ions.
At the pH range of 5–6, easier deprotonation of TAN at EIR surface
and increased formation of Hg(OH)+ species facilitate the exchange
of H+ from functional groups of EIR over mercury species. How-
ever, increased formation of Hg(OH)2 species decrease the sorption
efficiency of mercury into EIR beads at the range of 6.5–9.0. But
despite the considerable precipitation of Hg(II), the sorption effi-
ciency still seems to be too much at the pHs > 6.5. These results
can be explained by considering these two facts: (i) both chelat-
ing ion exchange and precipitation are reversible reactions and (ii)
the sorption of Hg(II) ions onto the EIR is a heterogeneous reaction
between solid EIR and solution which can reach equilibrium in the
batch conditions. In fact, the sorption efficiency of Hg(II) at higher
pHs is determined by the existing equilibrium between Hg(OH)2
and Hg(II)-TAN complex. As a result, increase in the pH values cause
increased amounts of Hg(OH)2 species, which finally decrease the
equilibrium amounts of Hg(II) adsorbed into the EIR beads. Hence,
for all subsequent experiments, the pH was adjusted to 5.5 using
ammonium acetate/acetic acid buffer.

3.3. Effect of impregnation ratio

With increase in impregnation ratio (in the EIR sample) from

0.45 to 1.13 g TAN/g XAD-4, the removal percentage (R%) increased
from 32.79% to 99.05% at fixed EIR dose 0.05 g, pH 5.5, initial Hg(II)
100 mg L−1, volume of solutions 100 mL, temperature 298 K, shak-
ing speed 220 rpm and 1 h contact time (Fig. 4). The increase in the
removal with increase in impregnating ratio is due to increase in
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Table 1
Thermodynamic parameters for the sorption of Hg(II) ion by TAN-impregnated XAD-4.

T (K) bM (L mol−1) �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1)

288 15.95 × 104 −28.69
4

e
b
(
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t
o
t
6
m

3

T
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c
d
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N
d
1
c
b
e

F
H
t

298 17.63 × 10 −29.94
308 19.10 × 104 −31.14
318 20.90 × 104 −32.39
328 22.41 × 104 −33.60

xtractant molecules, and chelating ion exchange sites, on the EIR
eads. Thus, the optimum impregnating ratio is the maximum one
1.13 g TAN/g XAD-4).

.4. Effect of EIR dose

The effect of EIR dose was investigated using different EIR doses
n 100 mL of 100 mg L−1 Hg(II) solution at 298 K, 220 rpm and 1 h
ontact time. The effect of EIR dose was expressed in terms of both
emoval percentage (R%) and maximum uptake (qe; mg Hg(II) ion/g
IR beads). The results showed that the sorption process is depen-
ent largely on the EIR dose. Since at higher dose of EIR more
helating ion exchange sites are available for the ion exchange,
he removal percentage of Hg(II) increased from 34.29% to 99.05%
n increasing the EIR dose from 10 to 50 mg (Fig. 5). However,
he corresponding maximum uptake decreased from 196.04 to
7.97 mg g−1, which is unavoidable for obtaining better results in
ercury removal from wastewaters.

.5. Effect of electrolyte

The presence of salt may interfere with the sorption process.
o understand the effect of electrolytes ions on Hg(II) chelating,
a2SO4 was added to the aqueous synthetic solutions of mer-
ury and the sorption experiments were carried out at fixed EIR
ose 0.05 g, pH 5.5, volume of solutions 100 mL, shaking speed
20 rpm and 1 h contact time. With increase in concentration of
a2SO4 from 0.01 to 1.0 M, the equilibrium sorption capacity of EIR

−1 −1
ecreased from 49.7 to 38.4 mg g , 148.8 to 119.9 mg g , 247.1 to
96.3 mg g−1 and 341.21 to 261.8 mg g−1 for different initial con-
entrations of 25, 75, 125 and 175 mg L−1 at 298 K. This effect may
e due to the changes in Hg(II) activity or in the properties of the
lectric double layer. Also, the decrease in the removal on increas-
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ig. 4. Effect of impregnating ratio on the sorption of Hg(II) ion by EIR (conditions:
g(II) concentration 100 mg L−1; solution volume 100 mL; EIR dose 50 mg; contact

ime 1 h; pH 5.5; stirring speed 220 rpm; temperature 298 ± 1 K).
6.62 122.63

ing the electrolyte concentration is due to competition between
mercury species and ionic species furnished by electrolytes.

3.6. Effect of contact time and initial concentration

To study effect of contact time and initial concentration, the
sorption of Hg(II) by TAN/XAD-4 was carried out at pH 5.5 and at
a temperature of 298 K. The sorption capacity of the new EIR at
different time intervals for different initial concentrations varying
from 25 to 175 mg L−1 is depicted in Fig. 6. The amount of Hg(II)
adsorbed onto EIR beads increased with increase in contact time
and attained equilibrium at 55 min for all initial concentrations of
25–175 mg L−1. Also, Fig. 6 shows the effect of initial concentration
on the sorption of Hg(II) on TAN/XAD-4. The amount of sorption
(sorption capacity) increased with increase in initial concentra-
tion of Hg(II), but the sorption percentage decreased with increase
in initial concentration. At higher initial concentrations, the ratio
of the initial number of moles of Hg(II) to the available chelating
ion exchange sites is high; hence, the fractional sorption becomes
dependent on initial concentration. However, the time required for
attaining the equilibrium state is highly independent on initial con-
centration. The amount of Hg(II) sorption was found to increase
from 49.76 to 343.32 mg g−1 as the initial concentration increased
from 25 to 175 mg L−1. At the same time, the removal percentage
decreased from 99.5 to 98.1 as the initial concentration increased
from 25 to 175 mg L−1.

3.7. Effect of temperature
The temperature is an effective factor in the context of sorption
on solid adsorbent and has two major effects on the sorption pro-
cess. Increasing the temperature causes to change the equilibrium
constant and sorption capacity of the adsorbent for a particular
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Fig. 5. Effect of adsorbent dosage on the sorption of Hg(II) ion by EIR (conditions:
Hg(II) concentration 100 mg L−1; solution volume 100 mL; contact time 1 h; pH 5.5;
stirring speed 220 rpm; temperature 298 ± 1 K).
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itions: solution volume 100 mL; pH 5.5; EIR dose 50 mg; stirring speed 220 rpm;
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olute. In addition, changing temperature will increase the rate of
iffusion of the solute molecules, or ions, across the external bound-
ry layer and in the internal pores of the adsorbent particles, owing
o decrease in the viscosity of the solution and, also, increase in the
olute mobility in the solution. In the present study, the effect of
emperature on the sorption was studied in the range of 288–328 K
nder the selected agitation time (1 h), the volume of solutions
100 mL) and dose of EIR (0.050 g). The sorption capacity of EIR
as increased with increasing the temperature. The increase in

he sorption capacity may be due to an increased equilibrium con-
tant for sorption at higher temperature. In addition, the increase
n the sorption capacity, qe, with the increase in the temperature,
ndicates that sorption is endothermic nature.

.8. Thermodynamic study

The thermodynamic parameters of sorption process were cal-
ulated using the following equations [2]:

G◦ = −RT ln bM (4)

n bM = −�H◦

RT
+ �S◦

R
(5)

here �G◦ (J mol−1) is change in standard Gibbs free energy, R
J mol−1 K−1) is gas constant, bM (L mol−1) is the Langmuir equilib-
ium constant, T is the temperature in K, �H◦ (J mol−1) is change
n standard enthalpy and �S◦ (J mol−1 K−1) is change in standard
ntropy.

Plotting of ln bM versus 1/T (Fig. 7) gives straight line with slope
nd intercept equal to −�H◦/R and �S◦/R, respectively. The values
f thermodynamic parameters were calculated and are reported
n Table 1. The positive value of �H◦ (6.62 kJ mol−1) shows the
ndothermic nature of sorption process. The negative values of
−28.69, −29. 94, −31.14, −32.39 and −33.60 kJ mol−1) �G◦ indi-
ate the feasibility and spontaneous nature of sorption process at
5, 25, 35, 45 and 55 ◦C for the Langmuir equilibrium constant of
M (11.98, 12.08, 12.16, 12.25 and 12.32 L mol−1). The positive val-

◦ −1 −1
es of �S (122.63 J K mol ) suggest the increased randomness
f the system during the sorption process. These positive values
f �S◦ may be related to the liberation of water of hydration,
t the solid/solution interface, during the sorption of Hg(II) onto
AN/XAD-4.
1/T (K
-1

)

Fig. 7. Plot of ln bM versus 1/T for the determination of thermodynamic parameters.

3.9. Sorption isotherm studies

Sorption isotherm model is an important physicochemical fea-
ture for the evaluation of basic characteristics of a good adsorbent.
Sorption isotherm is a functional expression that correlates the
amount of solute adsorbed per unit weight of the adsorbent and the
concentration of a solute in bulk solution at a given temperature
under equilibrium conditions. In the current study, equilibrium
studies were performed to evaluate the best fit isotherm model
for explaining the sorption of Hg(II) onto EIR beads. Also, isotherm
studies were meant for evaluating the sorption capacity and energy
of sorption of EIR.

For sorption of metal ions from the solutions, by solid adsor-
bents, the most widely used isotherm models are the Langmuir
and Freundlich isotherms. Thus, the equilibrium data were ana-
lyzed using the Langmuir as well as Freundlich isotherm models.
The Langmuir isotherm is valid for monolayer sorption due to a sur-
face of a finite number of identical sites and expressed in the linear
form as the following equation [42]:

Ce

qe
= Ce

qmax
+ 1

bqmax
(6)

where Ce is the equilibrium concentration (mg L−1) and qe the sorp-
tion capacity at equilibrium (mg g−1). The Langmuir constants qmax

(mg g−1) represent the maximum sorption capacity and b (L mg−1)
relates the energy of sorption.

The Freundlich isotherm describes the heterogeneous surface
energies by multilayer sorption and is expressed in linear form as:

ln qe = ln Kf + 1
n

ln Ce (7)

where Kf indicates relative sorption capacity (mg1−(1/n) L1/n g−1)
and n is an empirical parameter related to the intensity of sorp-
tion, which varies with the heterogeneity of the adsorbent [43].
The greater the values of the 1/n, better is the favorability of the
sorption.

The equilibrium sorption studies were conducted using various
initial concentrations of Hg(II) (25–300 mg L−1) at pH 5.5 and at

298 K. Sorption of Hg(II) by TAN/XAD-4 was modeled by Langmuir
(Fig. 8) and Freundlich sorption (not shown) models (Table 2) where
the data fitted better to Langmuir isotherm indicating monolayer
sorption.
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The essential feature of the Langmuir sorption model can be
xpressed by means of RL, a dimensionless constant referred to as
eparation factor or equilibrium parameter for predicting whether
sorption system is favorable or unfavorable. RL is calculated using

he following equation [44]:

L = 1
1 + bC0

(8)

here C0 is the initial Hg(II) concentration (mg L−1). The value of
L indicates the nature of the isotherm to be irreversible (RL = 0),
avorable (0 < RL < 1) and unfavorable (RL = 1). From the experimen-
al data, the values of RL were found to be between 0 and 1 for all
f initial Hg(II) concentrations and there by obeying the Langmuir
sotherm model under the conditions used in this study.

The fact that the Langmuir isotherm fits the experimental data
ery well may be due to homogenous distribution of extractant
olecules, or active chelating sites, on the polymeric surface;

ince the Langmuir equation assumes that the adsorbent surface
s homogenous and the sorption is monolayer.

.10. Sorption kinetics

The kinetic modeling is helpful for the prediction of sorption
ate. Also, the desired kinetic model gives important information
or designing the sorption process for wastewater treatment. The
orption process of a metal ion into a macroporous impregnated

esin, such as TAN/XAD-4, can be divided into three stages: dif-
usion through the liquid film surrounding the EIR beads (called
xternal mass-transfer, or film diffusion), diffusion through the par-
icle pores (called pore diffusion), and finally a chemical reaction
ith the functional groups of extractant molecules. Among them,

able 2
arameters of the Langmuir and Freundlich isotherm models for the sorption of
g(II) ion by TAN-impregnated XAD-4.

Isotherm model Magnitude

Langmuir
qmax (mg g−1) 450.45
b (L mg−1) 79.86 × 10−2

R2 0.9999

Freundlich
KF (mg1−(1/n) L1/n g−1) 163.73
n 3.26
R2 0.8084
Fig. 9. Lagergren plots for Hg(II) sorption by EIR at different initial Hg(II) concentra-
tions (conditions: solution volume 100 mL; pH 5.5; EIR dose 50 mg; stirring speed
220 rpm; temperature 298 ± 1 K).

the last step is assumed to be very fast in most cases. But the first
and the second steps can be the rate-controlling step, either singly
or in combination. Therefore, kinetic modeling was carried out for
investigating the appropriate model for explaining the nature of
sorption process. The sorption capacity of Hg(II) at a fixed adsor-
bent dose of 0.050 g was monitored with time. The kinetics of
Hg(II) removal by TAN/XAD-4 indicated rapid binding of Hg(II) to
the chelating ion exchange sites of EIR during first few minutes,
t1/2 < 8 min, followed by a slow decrease until a state of equilib-
rium at 55 min was reached. No change in the sorption capacity was
observed with further increase in equilibration time up to 2.0 h. The
initial rapid phase may be due to higher number of chelating ion
exchange sites available at the initial stage, as a result there was an
increased concentration gradient between Hg(II) ions in solution
and extractant molecules in the EIR surface. Generally, when sorp-
tion involves a surface reaction process, the initial sorption is rapid.
Then, a slower sorption would follow as the available chelating ion
exchange sites gradually decrease. Kinetics of Hg(II) sorption was
modeled by four models, namely the first-order Lagergren model,
the pseudo-second-order equation, Elovich model and Bangham
equation, at four different initial Hg(II) concentrations (25, 75, 125
and 175 mg L−1).

The pseudo-first-order Lagergren equation [45] is given as Eq.
(9):

log(qe − qt) = log qe − k1

2.303
t (9)

where qe and qt (mg g−1) are the amount of Hg(II) adsorbed at equi-
librium and at time t (min), respectively and k1 (min−1) is the rate
constant of pseudo-first order sorption.

The pseudo-second-order equation [46] is expressed as
Eq. (10):

t

qt
= 1

k2q2
e

+ t

qe
(10)

where k2 (g mg−1 min−1) is the rate constant of pseudo-second-
order sorption and qe is the sorption capacity at equilibrium

(mg g−1).

Elovich model [47] is described as

qt = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln(t) (11)
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.5; stirring speed 220 rpm; temperature 298 ± 1 K).

here ˛ is initial sorption rate (mg g−1 min−1) and ˇ is the desorp-
ion constant (g mg−1).

The Bangham’s equation [48] can be expressed as the following
quation:

og log
(

C0

C0 − qtm

)
= log

(
k0m

2.303V

)
+ a log t (12)

here C0 is the initial concentration of Hg(II) in solution (mg L−1),
is the volume of solution (mL), m is the weight of EIR per liter of

olution (g L−1), qt (mg g−1) is the amount of Hg(II) retained at time
−1 −1
, and a (<1) and k0 (mL g L ) are Bangham’s constants.

Kinetic parameters of these models were calculated from the
lope and intercept of the linear plots of log(qe − qt) versus t
Fig. 9), t/qt versus t (Fig. 10), qt versus ln(t) (Fig. 11) and dou-
le logarithm of C0/(C0 − qtm) versus log(t) (Fig. 12). The kinetic
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ig. 11. Elovich kinetic model in sorption of Hg(II) onto EIR at different initial Hg(II)
oncentrations (conditions: solution volume 100 mL; EIR dose 50 mg; pH 5.5; stir-
ing speed 220 rpm; temperature 298 ± 1 K).
 (min)

ial Hg(II) concentrations (conditions: solution volume 100 mL; EIR dose 50 mg; pH

parameters calculated from the plots are represented in Table 3.
The values of k1 and k0 were found to be smaller for an ini-
tial concentration of 25 mg L−1 and increase gradually as the
initial concentration increases to 175 mg L−1 for the sorption of
Hg(II) onto EIR. However, the values of k2 was found to be
greater for an initial concentration of 25 mg L−1 and decreases
gradually as the initial concentration increases to greater val-
ues. The values of rate constant k1 increase from 5.79 × 10−2 to
7.32 × 10−2 min−1, as the initial concentration increases from 25 to
175 mg L−1 for the sorption of Hg(II) onto EIR. Similarly, the val-
ues of k0 were found to increase from 42.50 to 51.90 mL g−1 L−1,

−1
as the initial concentration increases from 25 to 175 mg L . But
the values of k2 were found to decrease from 7.04 × 10−3 to
1.09 × 10−3 g mg−1 min−1, as the initial concentration increases
from 25 to 175 mg L−1.
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Fig. 12. Bangham plots for Hg(II) sorption by EIR at different initial Hg(II) concen-
trations (conditions: solution volume 100 mL; pH 5.5; EIR dose 50 mg; stirring speed
220 rpm; temperature 298 ± 1 K).
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Table 3
Kinetic parameters for the sorption of Hg(II) ion by TAN-impregnated XAD-4.

Kinetic model Initial concentration (mg L−1)

25 75 125 175

Pseudo-first order
k1 (min−1) 5.79 × 10−2 6.24 × 10−2 6.70 × 10−2 7.32 × 10−2

qe.cal. (mg g−1) 41.74 123.74 203.52 278.36
R2 0.9749 0.9767 0.9781 0.9798
�q (%) 7.17 7.09 7.23 7.15

Pseudo-second-order
k2 (g mg−1 min−1) 7.04 × 10−3 2.37 × 10−3 1.47 × 10−3 1.09 × 10−3

qe.cal. (mg g−1) 41.95 129.87 220.26 313.48
R2 0.9632 0.9657 0.9679 0.9711
�q (%) 13.06 13.18 13.09 12.84

Elovich model
˛ (mg g−1 min−1) 22.58 74.10 134.97 206.53
ˇ (g mg) 11.08 × 10−2 3.63 × 10−2 2.17 × 10−2 1.54 × 10−2

R2 0.9737 0.9739 0.9731 0.9758
�q (%) 10.56 9.93 9.49 8.61

Bangham model
k0 (mL g−1 L−1) 42.50 45.68 48.87 51.90

0.40 0.38 0.37
0.9994 0.9993 0.9993
1.15 1.12 1.16

48.77 247.09 342.01
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To compare the validity of each model, a normalized standard
eviation, �q(%) was calculated using the following equation:

q(%) = 100

√∑
[(qt,exp − qt,cal)/qt,exp]2

N − 1
(13)

here qt,exp and qt,cal. are experimental and calculated amount
f Hg(II) adsorbed on EIR surface at time ‘t’ and N is the num-
er of measurements made. Table 3 presents the values of �q(%)
nd correlation coefficients (R2). The value of �q(%) for Bang-
am kinetic model is very low compared to that for other kinetic
odels. The values of correlation coefficients for the sorption of
g(II) onto EIR from all the systems were found to be 0.97 for
seudo-first-order kinetic model, 0.96–0.97 for pseudo-second-
rder kinetic model, 0.97 for Elovich kinetic model and 0.999
or Bangham kinetic model. Based on correlation coefficients and

q(%) values (Table 3), it is evident that the sorption of Hg(II)
an be best explained using the Bangham kinetic model. Since the
ouble logarithmic plot according to Bangham equation yields the
ost perfect linear curves for mercury removal by TAN/XAD-4,

he diffusion of Hg(II) ion into the pores of the EIR beads is the
nly rate-controlling step [49]. These results can be elucidated by
onsidering the macroporous structure of the EIR beads and, also,
igorous agitation of the solution in batch experiments, which can
liminate the film mass-transfer resistance. In a fixed-bed reactor,
nlike agitated-batch reactor, the external mass-transfer resistance
film diffusion resistant) may distribute in the sorption process
nd, thus, the above kinetic results can not be used for design-
ng a fixed-bed reactor for the removal of Hg(II) from aqueous
olutions.

Since the pore diffusion process can be rigorously described
y the Fick’s law [50], the validity of pore diffusion, as the rate-
ontrolling step, can be judged again by using this equation. Also,
he pore diffusion coefficients of Hg(II) ions, Dp values, can be deter-
ined. This equation can describe counter diffusion of two species
n a quasi-homogeneous media. If the pore diffusion controls the

ass-transfer of ions from a volume of solution into the spheri-
al chelating ion-exchange particle, the relationship between the
egree of fractional attainment to equilibrium (Xt) and the reaction
Fig. 13. Linear plots of function − ln(1 − x2
t ) versus time (t; s) at the different initial

concentrations.

time (s) is given as follows [51].

− ln(1 − X2
t ) = kt where k = DP�2

r2
0

(14)

In the above equation, r0 is the average radius of the EIR par-
ticles (3.2 × 10−4 m), and Xt values are equal to qt/qe at various
times. Linear plots based on the above equation are shown in Fig. 13
for different initial concentrations. Also, pore diffusion coefficients,
Dp (m2 s−1) values, were calculated at different initial concentra-
tions using the above equation. The results are present in Table 4.
Based on the high correlation coefficients which obtained from the
Fick’s law (Table 4), it is completely clear that the pore diffusion

is the rate-controlling step in the sorption process. The values of
Dp increase from 6.62 × 10−12 to 9.22 × 10−12 m2 s−1, as the initial
concentration increases from 25 to 175 mg L−1 for the sorption of
Hg(II) into the pores of EIR beads.
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Table 4
Linear regression analysis of function −ln(1 − X2) versus time (t) at the different initial concentrations.

Initial concentration (mg L−1) Equation R2 Dp (m2 s−1)
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25 y = 6.38 × 10 × + 4.73 ×
75 y = 7.13 × 10−4 × + 5.35 ×

125 y = 7.88 × 10−4 × + 7.61 ×
175 y = 8.88 × 10−4 × + 7.04 ×

.11. Desorption studies and reusability

Desorption studies help to regenerate the EIR, as to well as
ecover Hg (II) from the spent EIR. From the economic point of
iew, reusability of EIR is of crucial importance and adsorbed Hg(II)
hould be easily desorbed without destroying the EIR under the
uitable conditions. For desorption of Hg(II) ions from the EIR, Hg(II)
oaded EIR particles were stirred with three mineral acids includ-
ng H2SO4, HCl and HNO3. Consequently, a number of experiments

ith the shaking speed of 220 rpm were carried out in which the
ecovery of Hg(II) was investigated against the change in volume
nd concentration of mineral acid solutions as the eluents. Among
hem, HCl was preferred owing to protect EIR from damage and
he recovery results of Hg(II) from spent EIR. By using H2SO4 or
NO3 solution as desorption agent, only partial or incomplete Hg

II) desorption was achieved even in high concentrations. The max-
mum desorption efficiency (>99%) was obtained by using 10 mL
Cl 0.5 M. Therefore, 0.5 M HCl solution (10 mL) was selected as
luent. The higher desorption of Hg(II) by HCl is obviously due to
he formation of stable chloride complexes in the eluent solution.

The reusability and stability of the EIR were also tested in 25 suc-
essive sorption–desorption cycles. During 25 cycles of operation,
nly a minor or negligible loss (<1%) in the sorption efficiency of
IR was occurred. Thus, TAN/XAD-4 seems to be stable and can be
sed repeatedly without significantly loosing the sorption capacity
or Hg(II).

. Conclusions

In this study, TAN impregnated XAD-4 was found to be a suit-
ble adsorbent support for the removal of Hg(II) from water and
astewaters. Batch sorption experiments were carried out for the

emoval of Hg(II) from aqueous solutions using TAN/XAD-4 at the
aximum impregnated ratio. The sorption characteristics have

een examined at different pH values, initial metal ion concen-
rations, contact time temperature, and adsorbent dosages. The
emoval process was highly pH dependent and best results were
btained at narrow pH range of 5–6. Increase in mass of adsorbent
eads to increase in metal ion sorption due to increase in number
f chelating ion exchange sites. The equilibrium time for sorption
f Hg(II) from aqueous solutions was achieved within 55 min of
ontact time. The sorption process carries out by chelating ion
xchange mechanism. The sorption of Hg(II) onto new EIR was
ound to increase with increase in temperature. Sorption isotherm
nd thermodynamic studies indicated monolayer and spontaneous
ature of Hg(II) sorption by the EIR. Kinetic sorption data indi-
ate the applicability of Bangham kinetic model than other kinetic
odels for the sorption process. The diffusion coefficients, Dp val-

es, calculated were found to be in the order of 10−12 m2 s−1

nder the concentrations and other conditions of studied. The
aximum sorption capacity of TAN/XAD-4 for the removal of
g(II) from aqueous solution was found to be 450.45 mg g−1 at

5 ◦C. Complete removal of Hg(II) from aqueous solutions hav-

ng initial concentration 100 mg L−1 can be achieved by using a
inimum of 0.5 g L−1 of EIR. The new EIR could be successfully

ecycled for several consecutive cycles without significant loss in its
orption capacity.

[

[

0.9991 6.62 × 10
0.9993 7.40 × 10−12

0.9986 8.18 × 10−12

0.9987 9.22 × 10−12
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