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ABSTRACT: In the work, poly(ethylene terephthalate)
(PET) fibers were grafted with 4-vinyl pyridine (4-VP)
monomer using benzoyl peroxide (Bz2O2) as initiator in
aqueous media. The removal of Hg(II) ions from aqueous
solution by the reactive fiber was examined by batch equili-
bration technique. Effects of various parameters such as
pH, graft yield, adsorption time, initial ion concentration,
and adsorption temperature on the adsorption amount of
metal ions onto reactive fibers were investigated. The opti-
mum pH of Hg(II) was found 3. The maximum adsorption
capacity was found as 137.18 mg g�1. Moreover such pa-
rameters as the adsorption kinetics, the adsorption iso-

therm, desorption time and the selectivity of the reactive
fiber were studied. The adsorption kinetics is in better
agreement with pseudo-first order kinetics, and the adsorp-
tion data are good fit with Freundlich isotherms. The
grafted fiber is more selective for Hg(II) ions in the mixed
solution of Hg(II)-Ni(II), Hg(II)-Zn(II), and Hg(II)-Ni(II)-
Zn(II) at pH 3. Adsorbed Hg(II) ions were easily desorbed
by treating with 1M HNO3 at room temperature. VC 2011
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INTRODUCTION

Environmental pollution with heavy metal ions is a
significant problem owing to their tendency to accu-
mulate in living organisms and toxicities in rela-
tively low concentration.1–3 The presence of mercury
in the aquatic environment is known to cause severe
health problems in both animals and humans. The
main toxicological effects of mercury include neuro-
logical damage, paralysis, blindness, and chromo-
somes breakage.4 The conventional treatments used
to remove heavy metals from wastewaters are pre-
cipitation, coagulation, reduction, solvent extraction,
electrochemical separation through membranes, ion
exchange, and adsorption. These methods usually
concentrate the metal ions into a smaller volume fol-
lowed by recovery or secure disposal.5–8 Adsorption
is considered to be an effective and economical
method for removal of pollutants from wastewater.9

There are many types of adsorbents that have been
studied for the adsorption of ions from aqueous sol-

utions including activated carbon,10 sawdust,11 spor-
opollenin,12,13 chitosan,14 peat,15 cellulose,16 chelating
resins,17 clay mineral,18 chelating fibers.19

Chelating fibers are very useful since they have
higher selectivity and larger adsorption capacities
than other adsorbents and they are also easy to
regenerate. This is mainly attributed to the relatively
large external specific surface areas, high adsorption
kinetics, introduction of suitable functional groups,
and low cost of these polymer fibers.20,21

PET fiber is one of the most important synthetic
fibers used in the textile industry. The PET fiber has
good resistance to most strong acids, oxidizing
agents, sunlight, and microorganisms. However,
they are hydrophobic in nature and do not contain
chemically reactive groups.22 Certain desirable func-
tional groups can be imparted to the PET surface by
grafting with different monomers, such as 4-VP,23 4-
VP/2-hydroxyethylmethacrylate,22,24 N-vinyl-2 pyr-
rolidone,25 acrylic acid,26 methacrylic acid,27 acryl-
amide,28 acrylonitrile,29 and glycidyl methacrylate.30

It was determined that polymeric materials having
functional groups such as carboxylic acid, amine,
hydroxyl, and epoxy groups, could be used as com-
plexing agents for the removal of metal ions from
aqueous solutions.31 Especially, thiol and amide
groups have been used in the design of polymeric
sorbents for binding mercury ion selectively.32
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The reactive fibers was prepared by grafting 4-VP
monomer onto PET fibers in our previous work.23 In
this study that material is used as an adsorbent for
selective removal of Hg(II) from aqueous solution by
a batch equilibration technique. The adsorption
properties, including effects of grafting yield, pH
value, initial ion concentrations, adsorption tempera-
ture on adsorption, and selectivity was investigated.

EXPERIMENTAL

Materials

The PET fibers (122 dTex, middle drawing) used in
these experiments were provided by SASA (Adana,
Turkey). The fibers samples were Soxhlet-extracted
until constant weight (for 6 h) with acetone and
dried in a vacuum oven at 50�C. 4-VP was purified
by vacuum distillation. Bz2O2 was twice precipitated
from chloroform in methanol and dried in a vacuum
oven at 25�C for 2 days. Analytical grade reagent of
1,2-dichloroethane, mercury(II) nitrate, nickel(II) ni-
trate, zinc(II) nitrate standart solutions, and nitric
acid were purchased from Merck. pH values were
adjusted with buffer solution of glycine-glycine HCl
(pH 1–3), CH3COOH-CH3COONa (pH 4–5), and
NaH2PO4-Na2HPO4 (pH 6–8). Other reagents were
used as supplied. All reagents were Merck products.

Polymerization procedure

The reactive fibers were prepared by graft copolymer-
ization of 4-VP monomer onto PET fibers by using
Bz2O2 as an initiator. The fiber samples (0.3 6 0.01 g)
were dipped into dichloroethane (50 mL) for 2 h at
90�C. After treatment, solvent on the fibers were
removed by blotting between a filter paper and put
into the polymerization medium. Polymerization was
carried out in a thermostated 50-mL tube under reflux.
The mixture containing the PET fibers samples (0.3 6
0.01 g), appropriate amount of 4-VP and Bz2O2 at
required concentration in 2mL acetone was made up to
20 mL with deionized water. The mixture was immedi-
ately placed into the water bath adjusted to the poly-
merization temperature. At the end of the predeter-
mined polymerization time, the grafted fibers were
taken out. Residual solvent, monomers, and free homo-
polymers were removed by Soxhlet-extracting the PET
fibers in methanol for 96 h. The grafted fibers were
then vacuum-dried at 50�C for 72 h and weighed.

The graft yield was calculated from the weight
increase in grafted fibers as follows:

GYð%Þ ¼ Wg �Wi

Wi

� �
� 100 (1)

where Wi and Wg denote the weights of the original
(ungrafted) and grafted PET fibers, respectively.

Scanning electron microscopy

SEM studies of the original and 4-VP grafted PET
fibers coated with gold were performed using a
JOEL Model JSM 5600 microscope.

Adsorption procedure

Adsorption experiments were carried out in a batch
system at 25�C and 125 rpm by contacting 25 mL
heavy metal ion solutions at a specific concentration.
The pH of the heavy metal ion solution was
adjusted with a suitable buffer solution. The adsorb-
ent dose was fixed as 0.1 g throughout all experi-
ments. The heavy metal solution and 4-VP grafted
PET fibers were shaken for a predetermined period
of time using orbital shaker. After filtration of the
solution the metal ion concentration of the filtrates
was measured by a PerkinElmer AAnalyst 400
model flame atomic absorption spectrometer
equipped with deuterium lamp background correc-
tion, hollow cathode lamps (HCL) and air-acetylene
burner was used for the determination of the metals.
The adsorption capacity of the 4-VP grafted PET

fibers was evaluated by using the following expres-
sion:

Q ¼ Co � Cð Þ � V

m
(2)

where Q is the amount of ion adsorbed onto unit
mass of the 4-VP grafted PET fiber (mg g�1), Co and
C are the concentrations of the ion in the initial solu-
tion and in aqueous phase, respectively, after treat-
ment for a certain period of time (mg L�1); V is the
volume of the aqueous phase (L); and m is the
amount of 4-VP grafted PET fiber used (g),
respectively.

Desorption of metal ions

Desorption assays were carried out with the metal
ion loaded 4-VP grafted PET fibers. Hg(II) ions were
recovered by treating with 1M HNO3 solution and
then analyzed by the method mentioned above. De-
sorption percent was calculated using the following
equations:

%Desorption

¼ Amount of ions ðmgÞdesorbed
Absorbed amount of ions ðmgÞ by adsorbant � 100

(3)

RESULTS AND DISCUSSION

4-VP Grafted PET fibers were used as an adsorbent
in this study. The scanning electron micrographs of
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ungrafted and 4-VP grafted PET fibers are shown in
Figure 1. It is clear from the SEM results that the un-
grafted PET fiber surface [Fig. 1(a)] has a smooth
and relatively homogeneous appearance. At grafted
PET fibers, the grafted side chain 4-VP seems to
form microphages attached to the PET back-bone
and causes a heterogeneous appearance in the graft
copolymer [Fig. 1(b)], showing proof of grafting.13

Effects of pH on adsorption

The pH of the aqueous solution is an important con-
trolling parameter in the adsorption process. The

effect of solution pH on the adsorption of Hg(II)
ions was studied by varying the pH of the solutions
between 2 and 6 for Hg(II) and the results were pre-
sented in Figure 2. The maximum adsorption of
Hg(II) is at pH 3.
The relatively higher uptake of Hg(II) at between

2 and 3 pH values was due to the presence of anion
complex such as Hg(NO3)

�2
4 . At low pH, Hg(NO3)

�2
4

ions are the dominant species.33 The Hg(II)-4-VP is,
however, a labile complex.33 Thus Hg(NO3)

�2
4 is

attached to with electrostatically interaction to the
RNHþ (pyridinium) groups (Fig. 3). At above 3 of
pH, the adsorption capacity declines. The Hg(II) ions
get out of the solution at pH > 4 due to formation
of precipitate of Hg(OH)2.

33

To explain the observed behavior of Hg(NO3)
�2
4

adsorption with varying pH, it is necessary to exam-
ine various mechanisms such as electrostatic interac-
tion, and chemical reaction which are responsible for
adsorption on sorbent surface. The solution is

Figure 1 (a) SEM micrograph of ungrafted PET fibers, (b) SEM micrograph of 4-VP grafted PET fibers.

Figure 2 The pH dependence of metal ions adsorbed by
4-VP grafted PET fibers: temperature: 25�C; [Hg]: 100
ppm; contact time: 120 min; graft yield: 110%.

Figure 3 Adsorption of Hg(II) ions on the 4-VP-grafted
PET fibers.
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acidified by hydrochloric acid, surface of the grafted
PET of positively charge interface will be associated
with Cl� ions (at pH 3). Thereby inhibiting the
adsorption of Hg(NO3)

�2
4 . There was competition

between Cl� (at low pH, high Cl�) and Hg(NO3)
�2
4

for positively charged adsorption sites. However, at
the pH, adsorption cannot be yet occurred. On the
other hand, pH around 3 concentration of Cl� is low
thus Hg(NO3)

�2
4 interface with adsorbent instead of

Cl�. The similar results was observed in the follow-
ing work.33

For the adsorption of Hg(NO3)
�2
4 on the 4-VP

grafted PET fibers at pH 3.0, most of the pyridine
groups surface of the sorbent was protonated and
possessed positive electric charges. The protonated
pyridine groups (pyridinium) can therefore attract
the Hg(NO3)

�2
4 which carried negative electric

charges in the solution through the electrostatic
interaction. On the other hand, at pH 3, the protona-
tion of the pyridine groups on the 4-VP grafted PET
fibers was probably insignificant and the electro-
static interaction would not play an important role
in the adsorption of Hg(NO3)

�2
4 on the sorbent.

Effect of graft yield

The effect of the graft yield on the adsorbed amount
of metal ions was investigated at 25�C while keeping
all other conditions constant. The results are shown
in Figure 4. The amount of adsorbed ions increased
with grafting yield. Ungrafted PET fibers do not
contain suitable functional groups and thus cannot
interact with heavy metal ions. Adsorption amount

of the PET fiber is increased by grafting of the PET
fiber with 4-VP monomer and this is due to the
functional groups of 4-VP inserted into the fiber
structure. The increase in the adsorption with
increasing graft yield may be attributed to a higher
surface area and more active sites.

Effect of contact time

The effect of contact time on adsorption of Hg(II)
ions by 4-VP grafted PET fibers are shown in Figure
5. It is seen that the adsorption takes place rapidly
at first, and then levels off (at high initial concentra-
tion). The adsorption equilibrium of Hg(II) ions
were attained within 120 min. During the adsorption
of metal ions, the ions initially reached the boundary
layer and then had to diffuse into the grafted PET
fibers surface and finally they had to diffuse into the
fibrous structure of the adsorbent. Therefore, this
event took a relatively longer contact time. The rela-
tion between the nature of the polymer and sorption
rate is generally complicated by many possible inter-
actions on the surface. Generally the electrostatic
interaction surface binding and chemical reaction
may be identified as the major adsorption mecha-
nisms. Thus, those groups of 4-VP grafted PET fibers
are responsible for the interaction of ions with the
fibers.
To evaluate the kinetic mechanism that controls

the adsorption process, pseudofirst order, and pseu-
dosecond order were employed to interpret the ex-
perimental data. A good correlation of the kinetic

Figure 4 Effect of graft yield on adsorption: temperature:
25�C; contact time: 120 min; [Hg]: 100 ppm; pH: 3.

Figure 5 Effect of contact time on adsorption: tempera-
ture: 25�C; graft yield: 140%; [Hg]: 100 ppm; pH: 3.
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data explains the adsorption mechanism of the
metal ions.34

The pseudofirst-order equation was represent by

logðQe �QtÞ ¼ logQe � k1
2:303

� �
t (4)

where Qt and Qe are the amount of ions adsorbed
(mg g�1) at any time and equilibrium time, respec-
tively, k1 is the rate constant (min�1).34 According to
the adsorption equation, the experimental result
shown in Figure 5 can be converted into the plots of
log(Qe-Qt) versus t. Value of k1 was calculated from
the linear plot of log(Qe-Qt) versus t. Experimental
and theoretically calculated Qe values and coeffi-
cients related to Lagergren’s plots, are given in Table
I. As it can be seen from the results the linear corre-
lation coefficients of the plots are good and experi-
mental and calculated Qe values are in agreement
with each other. Therefore, these results suggest that
the adsorption of Hg(II) metal ions on grafted PET
fiber, is a first-order reaction. The graphical interpre-
tation of the data for the first-order kinetic model is
shown in Figure 6.

The pseudosecond-order equation can be
expressed as

t

Qt
¼ 1

k2Q2
e

þ t

Qe
(5)

where k2 (g mg�1 min�1) is the adsorption rate con-
stant of pseudosecond order. By plotting t/Qt versus
t, Qe, and k2 can be determined from slope and inter-
cept.34 The rate constants (k2), correlation coefficients
of the plots together with the experimental and theo-
retical Qe values are given in Table I.

Effect of ion concentration on adsorption

The effect of initial metal ion concentration on the
adsorption efficiency by 4-VP grafted PET fibers was
systematically investigated by varying the initial
concentration between 25 and 750 mg L�1. The
adsorbed amount of ions as a function of initial con-
centration at optimum pH was shown in Figure 5. It
is clear from the figure that as the concentration of
the ions increased, adsorption increased rapidly,
then, progressively saturating the adsorbent. The

maximum adsorption performances for Hg(II) were
achieved at 137.18 mg g�1 using 750 mg L�1 metal
ions solution. The relation between the nature of the
polymer and sorption rate is generally complicated
due to many possible interactions on the surface.
Commonly, the electrostatic interaction, surface com-
plexation, and ion exchange mechanisms may be
identified as the major adsorption mechanisms.35 In
particular, the amin groups of 4-VP on the surface of
an adsorbent have been reported to be effective in
the adsorption of Hg(II) ions.31,36,37 4-VP grafted
PET fibers displayed very high adsorption capacity
for Hg(II). Therefore, it seems that the 4-VP grafted
PET fibers could be a possible alternative to other
adsorption methods and an economical industrial
adsorbent.

Adsorption isotherm

Adsorption isotherms describe how adsorbates inter-
act with adsorbents.38 The relationship between the
amount of metal ions adsorbed and the metal ions
concentration remaining in solution is described by
an isotherm. The in Figure 7, it can be seen that the
adsorption capacity increased with the equilibrium

Figure 6 Pseudofirst-order plots for Hg(II) ions on 4-VP
grafted PET fibers.

TABLE I
First-Order and Second-Order Rate Constants

Qe (exp.)
(mg g�1)

First-order rate constants Second-order rate constants

k1
(min�1)

Qe (teheor.)
(mg g�1) R2

k2
(g mg�1min�1)

Qe (teheor.)
(mg g�1) R2

24.46 0.030 28.07 0.993 0.0001 64.51 0.805
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concentration of the metal ion in solution, progres-
sively saturating the adsorbent. For interpretation of
the adsorption data, the Langmuir39 and Freund-
lich40 isotherm models were therefore used.

The linear form of the Langmuir isotherm is given
by

Ce

Qe
¼ Ce

Qo
þ 1

Qob
(6)

where Ce is the concentration of Hg(II) ions (mg L�1)
at equilibrium, Qo the monolayer capacity of adsorb-
ent (mg g�1), Qe is the amount of adsorption at equi-
librium and b Langmuir adsorption constant (L
mg�1). The plot of Langmuir isotherm is shown in
Figure 8. Thus a plot of Ce/Qe versus Ce should yield
a straight line having a slope of Q�1

o and intercept of
(Qob)

�1 The relevant experimental data were there-
fore treated and it was observed that the relationship
between Ce/Qe and Ce is linear, indicating that the
adsorption behavior follows the Langmuir adsorp-
tion isotherms. The b, Qo, and correlation coefficients
(R2) values are presented in Table II.

The Freundlich isotherm equation, the most im-
portant multilayer adsorption isotherm for heteroge-

neous surfaces, is described by the following
equation

log Qe ¼ log KF þ 1=n log Ce gore (7)

where Ce is the concentration of Hg(II) ions (mg L�1)
at aquilibrium, KF the sorption capacity (mg g�1)
and n is an empirical parameter. The plot of Freund-
lich isotherm is shown in Figure 9. Thus, a plot of
log Qe versus log Ce should give a straight line hav-
ing a slope of 1/n and intercept of KF. The KF, n,
and correlation coefficients (R2) values are presented
in Table II.
In terms of R2 values shown in Table II Freundlich

equation represents a better fit to the experimental
data than the Langmuir equation. The Freundlich
isotherm is derived by assuming a heterogeneous
surface with a nonuniform distribution of heat of
adsorption over the surface whereas in the Lang-
muir theory, the basic assumption is that the sorp-
tion takes place at specific homogeneous sites within
the adsorbent. This result also predicts the heteroge-
neity of the adsorption sites on grafted PET fibers
[see Fig. 1(b)].

Figure 7 Effect of initial concentration of Hg(II) ions on
adsorption: temperature: 25�C; contact time: 120 min; graft
yield: 140%; pH: 3. Figure 8 Langmuir isotherm plot for Hg(II).

TABLE II
Langmuir and Freundlich Constants For the Adsorption of Hg(II) Ions on 4-VP

Grafted PET Fiber

Metal

Langmuir isoterms Freundlich isotherms

Qo (mg g�1) b (L mg�1) R2 KF (mg g�1) n R2

Hg(II) 149.25 0.06 0.978 3.09 0.89 0.987
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Effect of temperature

The adsorption of Hg(II) ions on 4-VP grafted PET
fibers were studied as a function of temperature. It
can be recognized that the temperature has some
significance on the adsorption amount. As the tem-
perature rises, the diffusion of the ions becomes
much easier into the fibers because of the increase in
the degree of swelling and therefore, the adsorption
amount of metal ions increases as well. Figure 10
shows the effect of contact time and temperature on
adsorption of metal ions by 4-VP grafted PET fibers.

Figure 11 was obtained using the data in Figure 10,
and the heat of the adsorption values were found as
1.06 kJ mol�1. The values of the heat of adsorption
show that it is physical adsorption that takes place
in the adsorption process, compared with those of
typical chemical reaction of 65–250 kJ mol�1.41

Selective adsorption of Hg(II) ions

4-VP grafted PET fibers can be used in selective sep-
arate Hg(II) ion from binary and ternary mixed solu-
tion of metal ions. Figure 12 shows the results of re-
moval of metal ions by grafted fibers from an
equimolar solution of Hg(II), Ni(II), and Zn(II) ions
at pH 3. Hg(II) showed the higher affinity to 4-VP
grafted PET fibers and its uptake was not signifi-
cantly affected by the presence of Ni(II) and Zn(II)
ions in the solution. In the Hg(II)-Ni(II), Hg(II)-
Zn(II), and Hg(II)-Ni(II)-Zn(II) systems, the adsorp-
tion selectivity exceeds 94% for Hg(II). Adsorption
selectivity for Hg(II) at pH 3 was excellent in these
binary and ternary systems. It can be applied to the
quantitative and selective separation of Hg(II) ion in
aqueous systems containing Ni(II) and Zn(II) ions.

Desorption studies

The study of desorption of Hg(II) ions was carried
out and shown in Figure 13. The Hg(II) and
adsorbed was easily desorbed by treating with 1M
HNO3 at room temperature. As shown in Figure 13,
desorption ratio of metal ions increased over time
and the desorption ratio of Hg(II) ions was 99%. Its

Figure 9 Freundlich isotherm plot for Hg(II).

Figure 10 Effect of contact time and temperature on
adsorption: graft yield: 140%; [Hg]: 100 ppm; pH: 3.

Figure 11 log Q versus to T�1 of Hg(II).
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completion within 40 min indicates a fast desorption
process.

CONCLUSIONS

In this work, adsorbent was prepared by grafting 4-
VP monomer onto PET fiber. Effects of various pa-
rameters such as grafting yield, pH, adsorption time,
initial ion concentration, and adsorption temperature
on the adsorption amount of Hg(II) ions onto reac-
tive fibers were investigated. The optimum pH for
Hg(II) ion is 3. The adsorption amount of metal ions
increased with the increase of grafting yield. The
maximum adsorption capacity of Hg(II) is 137.18 mg
g�1. The adsorption kinetics is in better agreement
with pseudofirst order kinetics and the adsorption
data is good fit with Freundlich showing the heter-
ogenous characteristics of the adsorption sites on 4-
VP grafted PET fibers. It can be applied to the quan-
titative and selective separation of Hg(II) ion in
aqueous systems containing Ni(II) and Zn(II) ions.

Figure 12 Selective adsorption of ions onto 4-VP grafted PET fibers: (a) Hg(II)-Ni(II); (b) Hg(II)-Zn(II); (c) Hg(II)-Ni(II)-
Zn(II); pH: 3; ions concentration: 100 ppm; contact time: 120 min; temperature: 25�C; graft yield: 140%.

Figure 13 Desorption profile of Hg(II) ions adsorbed PET
fibers: graft yield: 140%; ion concentration: 100 ppm; tem-
perature: 25�C.
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These results suggest that the 4-VP grafted PET
fibers are an effective candidate as adsorbent for the
removal of Hg(II) ions from wastewater.
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