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Abstract Preparation of crosslinked copolymer beads
based on glycidyl methacrylate (GMA), 2-hydroxyethyl
methacrylate (HEMA), and divinyl benzene for the use of
heavy metal adsorption has been investigated. In our study,
a series of porous copolymer beads were synthesized by
suspension polymerization in the presence of porogens,
1-dodecanol, toluene, and heptane at different dilutions.
The effect of the porogens on the surface appearance and
the porous structure of copolymer beads was studied by
scanning electron microscopy and BET method. Diethyl-
ene triamine chelating copolymers were obtained through a
reaction between amine groups of diethylene triamine and
epoxide pendant groups of GMA. Adsorption isotherm and
quantitative analysis for adsorption capacity involving
copper, chromium, manganese, cadmium, iron, and zinc
ions were investigated using atomic absorption spectro-
photometer. The adsorption was a function of types of
metal ions, adsorption time, and solution properties
including pH and metal concentration. Adsorption equi-
librium was achieved in approximately 50 min with a
maximum adsorption capacity at pH 5.0. The Langmuir
isotherm was found to be well fitted on the adsorption
behavior. The maximum metal adsorption capacities in
single ion solution in mole basis were in the order
Cu(Il) > Cr(VI) > Mn(II) > Zn(II) > Cd (I) > Fe(Il). It
was found that introducing porogen in the polymerization
mixture produced the copolymer beads with better
adsorption capacity. The maximum Cu(Il) adsorption
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capacity of chelating poly(GMA-co-HEMA) beads were
1.35 mmol/g (85.79 mg/g) measured from the beads pre-
pared in the presence of 1-heptane with 50% dilution.
Consecutive adsorption—desorption experiments showed
that crosslinked poly(GMA-co-HEMA) micro-beads can
be reused almost without any change in the adsorption
capacity.

Introduction

Heavy metal ions are well known as non-biodegradable
and environmental toxins because of their effects to plants,
animals, and human beings. They can cause mental retar-
dation, brain damage, and harmful diseases for human.
Some ions are reported as a powerful carcinogen even at
very low concentrations [1-4]. In the recent years, con-
siderable studies have been performed for the development
of various methods for the removal of toxic metals from
aqueous solution such as ion exchange, neutralization,
reverse o0smosis, precipitation, solvent extraction, and
adsorption. Most of these processes have disadvantages of
high operation cost arising from the consumption of
chemicals or electricity and technical problems including
long time extraction, complex treatment procedures, and
the production of toxic sludge that is difficult for further
disposal. Among these processes, adsorption has been
shown to be an economically possible alternative due to
availability of different adsorbents, easy handling, and high
efficiency in removing heavy ions especially at medium to
low ion concentrations from wastewaters [5—7]. Consider-
able studies were performed in recent years for the devel-
opment of polymeric adsorbents [8—11]. These materials
have several distinct advantages. The availability of
chemical functionalities, the easy preparations, and the
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control of desired size allow them to find a great applica-
tion as adsorbents. In addition, functional polymer beads
with porous structure are also widely used as precursors for
the preparation of various types of ion-exchangers, sup-
ports for chromatographic separation media, and solid
supports for organic synthesis and catalyst systems [12]. In
order to ensure excellent performance, these polymer beads
should possess the following characteristics [13]: (1)
chemical stability in various solvents to provide rigid net-
work structure in both swollen and dry state, (2) suitable
particle size, (3) adequate mechanical strength to ensure
repeated use capability, and (4) large specific surface area
being suitable for adsorption, substrate, and product
transport with the least diffuse restriction. These charac-
teristics are consequence of the chemical structure and
morphological properties which can be controlled by syn-
thesis parameters, such as crosslinking degree. For the last
requirement, the formation of porous structure in micro-
bead polymer is generally known to provide high specific
area and accessibility into the polymeric network. Porous
polymer beads have been prepared by suspension poly-
merization of vinyl monomer and crosslinking agent in the
presence of an inert diluent or a porogen [14]. Usually, the
porogen is a low molecular weight substance that acts as a
good solvent for monomer phase, but it rather behaves as a
poor solvent for the polymer network and does not react
with monomers. During the process of polymerization,
crosslinking and phase separation occur, as a result a for-
mation of porous structure polymer can be created
depending on type and concentration of porogen, mono-
mer, crosslinking agent, temperature, and stirring speed.
After polymerization, the porogen can be easily extracted
from the resulting polymer beads [15-18].

A number of research papers dealing with the use of
poly(glycidyl methacrylate) based copolymers as func-
tional adsorbents have been published [19-28]. These
copolymers have received attentions because the epoxy
functional group in glycidyl methacrylate (GMA) mono-
mer can be chemically modified to suit variety of appli-
cations [29-31]. Although significant progress has been
made on the study of GMA-based copolymers for the use
as functional adsorbents, much less has been published
about the influence of varying parameters of the concen-
trations and types of porogens on the surface appearance
and adsorption behavior of these copolymers.

The aim of the present investigation was to develop
heavy metal adsorbents in spherical bead form. For this
purpose, we have prepared porous crosslinked poly(GMA-
co-HEMA) beads by suspension polymerization and
chemically modified the bead with an amine-containing
reagent. To synthesize the efficient adsorbents, the atten-
tion was paid to the roles of different porogens on the bead
morphology, such as surface area, pore size, and pore

volume. The influence of adsorption conditions, such as
concentration of metal ions, pH, and time on adsorption
characteristics of the beads was investigated. Then, these
parameters were optimized to gain the maximum adsorp-
tion capacity.

Experimental
Materials

The following chemicals were obtained from commercial
sources. GMA, 2-hydroxyethyl methacrylate (HEMA),
divinyl benzene (DVB), benzoyl peroxide (BPO), and
diethylene triamine (DETA) were supplied from Merck.
Toluene, heptane, and 1-dodecanol from Fisher Scientific
were used as porogens. Sodium chloride, sodium hydrox-
ide, and magnesium chloride were all of reagent grade.
Copper nitrate trihydrate, manganese sulfate, zinc chloride,
iron sulfate, cadmium nitrate tetrahydrate, and potassium
dichromate (all from Aldrich) were used for the adsorption
studies.

Preparation of poly(GMA-co-HEMA) beads

The comonomers, GMA and HEMA were copolymerized
in suspension using BPO and DVB as an initiator and a
crosslinker, respectively. Heptane, 1-dodecanol, or toluene
was included in the recipe as a porogen. Table 1 shows the
standard recipe and polymerization condition to prepare
copolymer beads by suspension polymerization in a three-
necked, round-bottom glass reactor fitted with a mechani-
cal stirrer, a reflux condenser, and a nitrogen gas inlet tube.
The composition of organic phase and its content were
varied according to the data given in Table 2. Suspension
was achieved by stirring the organic and aqueous phases
under an atmosphere of nitrogen for 30 min, with the stirrer
blade kept at a constant distance from the bottom of the
reactor. The stirring speed was fixed during the polymeri-
zation, which was carried out at 85 °C for 7 h using a
thermostated water bath. The resulting copolymer beads

Table 1 Standard recipe for poly(GMA-co-HEMA) microsphere
preparation

Organic phase Aqueous phase

60% mole GMA
30% mole GMA
10% mole DVB
1% mole BPO of monomer

90 g 20%NaCl
38 mL, 5 M NaOH

25%(v/v) porogen of monomer
Total volume of monomer = 30 mL
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Table 2 Experimental conditions for the synthesis of poly(GMA-co-HEMA) beads

Exp# Monomers in the feed (mol%) Porogen Porogen (vol%) Stirring speed
GMA HEMA DVB (rpm)
Effect of stirring speed during suspension polymerization
1 60 30 10 - - 270
2 60 30 10 - - 300
3 60 30 10 - - 330
Effect of crosslinking degree
2 60 30 10 - - 300
4 50 25 25 - - 300
5 33 17 50 - - 300
6 17 8 75 - - 300
Effect of nature and amount of porogen
7 60 30 10 1-dodecanol 25 300
8 60 30 10 1-dodecanol 50 300
9 60 30 10 Toluene 25 300
10 60 30 10 Toluene 50 300
11 60 30 10 Heptane 25 300
12 60 30 10 Heptane 50 300

were then washed, sequentially with water, methanol, and
acetone to remove porogens and any unreacted monomer.
The beads were then dried under vacuum.

Preparation of chelating poly(GMA-co-HEMA) beads

The amination of poly(GMA-co-HEMA) with DETA was
prepared using copolymer beads with sizes in the range of
710-500 pm. One gram of the beads was added to 5 mL of
amine-containing reagent and 5 mL of 3.7 M NaOH. The
mixture was kept at 70 °C for 5 h with gentle stirring. The
obtained product, namely poly(GMA-co-HEMA)-DETA,
was filtrated, washed with distilled water, ethanol, and dried.

Characterization of the beads
Average size and size distribution of the beads

The copolymer beads were fractionated by sieve analysis
using 106, 212, 300, 425, 500, 600, 710, and 850 pm Tyler
standard sieves to yield eight fractions of the beads.

Surface area measurement

A volumetric sorption analyzer (Quantachrome) was used
to determine the specific surface area, pore size, and pore
volume of the beads through nitrogen adsorption. The
samples were first degassed at 40 °C with nitrogen before
the analysis. The specific surface areas of dry resin were
determined from N, adsorption isotherm using the
Brunauer-Emmett-Teller (BET) method. The total pore
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volume and the average pore diameter of the beads were
derived from the Barrett—Joyner—Halenda (BJH) model.

FT-IR study

Fourier transform infrared spectroscope (FT-IR, Perkin
Elmer system 2000) was used to characterize the functional
groups of the beads and to confirm the effectiveness of
amine grafting on the copolymer beads. The dry samples
were blended with KBr, ground, and pressed into disks.
The FT-IR spectra were then recorded.

Swelling ratio

The swelling behavior of the beads was determined in
distilled water and toluene. The experiment was conducted
as follows. Dry beads were placed in a 50 mL vial con-
taining solvent at room temperature. The bead sample was
taken out from the solvent, wiped with a filter paper, and
weighed. The swelling ratio was calculated by the fol-
lowing expression:

Swelling ratio = [(W, — Wp)/Wp] x 100 (1)

where W, and W; are the weights of beads before and after
uptake of solvent, respectively.

SEM analysis

The morphologies of the non-porous and porous micro-
beads were obtained with a scanning electron microscope
(SEM, LEO 1450VP). Samples were adhered onto the
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conductive tapes on the stubs and coated with gold before
SEM observation.

Adsorption—desorption experiments

The metal ion adsorption from aqueous solution on the
porous and non-porous chelating copolymer beads was
investigated in a batch system. Effects of initial ion con-
centration, medium pH, and time on the adsorption capacity
were investigated. The initial concentration of ion was
varied between 0 and 900 mg/L. A series of metal solutions
in the pH range 1-5 were prepared with pH being adjusted
with HNOj; or NaOH at the beginning of the experiment.

A fixed amount of copolymer beads (0.5 g) and heavy

metal ion solution (100 mL) were mixed and stirred with a
magnetic stirrer at room temperature. After a desired
adsorption time, the concentration of metal ions in solution
was measured by a flame atomic adsorption spectropho-
tometer (FAAS, Perkin Elmer 3300). The experiments
were performed in replicates of three, and the results given
were the average values. The amount of metal ions
adsorbed per unit mass of the beads (g., mg/g) was eval-
uated by the following expression:
G = W 2)
where Cy and C are the concentrations of the metal ions in
the aqueous solution (mg/L) before and after the interaction
with copolymer beads for a certain period of time,
respectively; V is the volume of solution (L); and m is the
weight of the copolymer (g).

Desorption of metal ions was performed in 50 mL of a
1% HNOj; solution for 1 h. The metal ion loaded copoly-
mer (0.1 g) was placed in the elution medium and stirred
with a magnetic stirrer at room temperature. After treat-
ment with the eluent, the beads were washed with distilled
water and reused in the consecutive adsorption—desorption
cycles. The desorption efficiency (%) was calculated from
the following equation:

i d bed into the eluent
Desorption efficiency(%) = 1ons desorbed nto the e1uen

ions adsorbed on the beads
x 100

(3)
Results and discussion
Properties of the poly(GMA-co-HEMA) beads
Effect of stirring speed on the bead size distribution

Bead size distribution of the spherical copolymer was
analyzed by the use of sieve and the weight of fractions

obtained. The data are an important factor since the size of
the beads influences the surface area and therefore
adsorption capacity of the bead. Stirring speed in suspen-
sion is one of the primary factors affecting a heterogeneous
polymerization system. The stirring speed can be used to
control the size of monomer droplets. As a result, it directly
influences the size and particle size distribution of
copolymer beads. In this study, three different stirring
speeds (270, 300, and 330 rpm) were used to prepare
copolymers from reaction mixtures containing GMA:
HEMA:DVB in 60:30:10 mole ratio. As expected, the size
of the beads decreased with increasing stirring speed (see
Fig. 1). To study the influence of the type and amount of
porogens on porous structure, the 300 rpm stirring speed
was used to stabilize droplets of organic phase in the
reaction mixtures, and the beads in the size range of
710-500 um were used to evaluate the specific surface,
pore volume, and porous size.

Effect of DVB content on the swelling property

In preparation of copolymer beads, incorporation of
crosslinking agent could both enhance the stability of
macroporous structure and decrease swelling of the bead in
adsorption medium [28]. The efficient beads for adsorption
should be capable of swelling in aqueous solutions (waste
water system), enabling the diffusion and transfer of ions
towards adsorption sites and should be inert for solvents
that might be contaminated with the solution [32]. In this
study, the mole ratio between GMA and HEMA in organic
phase was kept constant at 2:1. The effect of DVB content
on the swelling ratio of copolymers is shown in Fig. 2. The
swelling ratio decreased with increasing the crosslinking
degree. The highest equilibrium swelling ratio was mea-
sured from the beads prepared with 60:30:10 mole ratio of
GMA:HEMA:DVB. This sample also contained high
content of epoxy groups which would be applied as
adsorption sites for metal ions. As to the above discussion,
the copolymer prepared from polymerization mixture
containing 60 mol% GMA would be used for further
studies on adsorption capacity.

Effect of porogen on the porous structure

In this study, we are particularly interested in surface area
and porosity because adsorption of metal ions occurs at
surface of the beads. As a consequence, the surface prop-
erties have much influence on the binding behavior.
Increasing specific surface area and pore volume should
facilitate the binding between the beads and the metal ions.
The role of different types and amounts of porogens on the
bead morphology was investigated. The SEM images
shown in Fig. 3 suggest that the surface characteristics of
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Fig. 1 Influence of the stirring speed during polymerization on the
particle size distribution of poly(GMA-co-HEMA) beads; a 270 rpm;
b 300 rpm, and ¢ 330 rpm
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Fig. 2 Swelling ratios of poly(GMA-co-HEMA) beads in a water
and b toluene

the network copolymers and their porous structure varied
considerably depending on the organic phase composition.
Without an addition of porogen, the bead was spherical
with smooth surface, Fig. 3. Other samples exhibit differ-
ent structures. The SEM micrographs of the beads in
Figs. 4, 5, and 6 indicate that they possess spherical
structure with rough surfaces and porous structures. Among
the three types of porogen used in this study, heptane was
found to be a good porogen for poly(GMA-co-HEMA).
Porous structure of the beads prepared with 50% heptane
can be clearly seen on its surface and cross-sectioned
images, Fig. 6.

According to the results from surface area measurement,
different porogens were found to leave different pore
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Fig. 3 SEM photographs of the beads, Exp#2, nonporous: a surface 100x, b surface 10,000, and ¢ cross-sectioned 10,000 x
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Fig. 4 SEM photographs of the beads, Exp#10, 50% toluene: a surface 100x, b surface 10,000x, and ¢ cross-sectioned 10,000 x

volumes, and hence surface areas (Fig. 7). These results
were in accordance with the literature on related porous
copolymers [12, 18]. Heptane was the most effective
among the porogens used in this study. The porous char-
acteristic of the copolymer prepared from a monomer
phase composed of heptane can be attributed to the

non-solvating property of heptane. The pore volume, pore
diameter, and specific surface area of the beads increased
with increasing the proportion of heptane in polymerization
mixture. The specific surface areas of 0.13, 0.63, and
0.95 m%g were measured from the beads prepared
with addition of 0, 25, and 50% heptane, respectively.

@ Springer



5356

J Mater Sci (2011) 46:5350-5362

= 100X WOs 18mm  EHT=1000KV Signal A= SET Dute 28 Dee 2010

Mag= mwuﬁ" EMT=1000KY SigndlA=SER WO 16mm  Cste 2 Mar 2011

Mag= IUO\HKﬁ‘“ EMT=1000KY SgralA=SEl  WD= T8mm  Cate 2 Mar 2011

Fig. 5 SEM photographs of the beads, Exp#8, 50% dodecanol: a surface 100x, b surface 10,000x, and ¢ cross-sectioned 10,000x

Fig. 6 SEM photographs of the
beads, Exp#2, 50% heptane:

a surface 100x, b surface
10,000x, and ¢ cross-sectioned
10,000x
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The corresponding pore size and volume also showed a
similar pattern. According to our experience, the spherical
morphology was lost when the content of heptane was
increased to 100% dilution. Moreover, the beads were
fragile and deficient for adsorption application.
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Characterization of amine-containing
poly(GMA-co-HEMA) beads

The chelating copolymers, poly(GMA-co-HEMA)-DETA,
were synthesized via a reaction between epoxy group of
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Fig. 7 Surface characteristics of copolymers synthesized from
monomer phases containing different types and amounts of porogens,
Exp# 2, 7-12

poly(GMA-co-HEMA) and DETA (see Fig. 8). Figure 9
presents the FT-IR spectra of poly(GMA-co-HEMA) and
chelating poly(GMA-co-HEMA)-DETA copolymers. For
poly(GMA-co-HEMA), the peaks at 3417 and 1722 cm™"
can be assigned to the O-H of HEMA and C=0 of carboxyl
groups of HEMA and GMA. The characteristic peaks at
907 and 845 cm™' were caused by the epoxy groups of
GMA. The weak band around 755 cm™' corresponded to

the vibration of C—H bonds of bi-substituted phynylene in
DVB link [7, 28]. After grafting of DETA on poly(GMA-
co-HEMA), a strong broad band appeared around
3426 cm™', expressing the N-H stretching vibrations of
amine groups. The new peak at 1450 cm™' for the meth-
ylene groups and the strong peaks at 1152 cm™' for the
C-N stretching vibration were observed. The spectrum
confirmed that amination of poly(GMA-co-HEMA) with
DETA to form poly(GMA-co-HEMA)-DETA was carried
out successfully. The band of the epoxy groups at
907 cm™ ' disappeared; however, the peak at 845 cm ™" still
existed, indicating that epoxy groups in poly(GMA-
co-HEMA) were not completely utilized to couple with
DETA [6].

Adsorption studies
Effect of adsorption time

Figure 10 shows the amount of Cu(Il) ions adsorbed on
poly(GMA-co-HEMA)-DETA beads as a function of time.
High adsorption rate was observed at the beginning of
adsorption and adsorption tended towards equilibrium at
50 min. Accordingly, other adsorption studies were
examined for 60 min to ensure a complete equilibrium
between copolymer and metal ions.

Effect of pH

The effect of solution pH is one of the most important
parameters controlling the metal ion adsorption process.
The study of Cu(Il) ion adsorption on poly(GMA-
co-HEMA)-DETA beads was investigated in acidic solu-
tion with the range of pH 1-5 to avoid the precipitation of
metal hydroxide by OH™. At low pH value, the beads
exhibited a remarkable decrement of adsorption capacities
(Fig. 11), because of the protonation of amine groups on
the beads so Cu(Il) ions did not react with them. In another
word, H' can compete with metal ions for adsorption sites
and decrease the adsorption capacity [25].

Adsorption isotherm

The adsorption isotherm of the poly(GMA-co-HEMA)-
DETA beads was presented as a function of the initial
concentration of Cu(Il) ions in aqueous solution between
100 and 900 ppm (Fig. 12). The amount of Cu(I) ion
adsorbed per unit mass of the beads increased significantly
with the ion concentrations in solution and then reached a
plateau value, which represented saturation of the active
adsorption sites.

Two adsorption isotherm models (the Langmuir and the
Freundlich) have been used to fit the experimental

@ Springer



5358

J Mater Sci (2011) 46:5350-5362

H H cH, I s H H H CH H CH
A A D )
ST ISURSAIDY
SN SN SN H H Gy H G
(|) (|) o HN NH, > (l)/ o (l)/ o
HC CH NaOH H.C CH
2 W | 2 2 \’_\ | 2
CH H
Y | 2 HN OH? 2
OH OH
DVB GMA  HEMA 2
NH
H N
2
Fig. 8 Preparation of chelating resin, poly(GMA-co-HEMA)-DETA
90 50
80 907,845 45
70 copolymer 40
04 35
S 30
'_o_ 50 4 oD 25
=S £
40 4 = 20
30 4 15
] . 10 -
20 chelating 5 ]
104 3426 copolymer o | | ‘
0 . T r T T T T T 0 1 2 3 4 5
4000 3600 3200 2800 2400 2000 1600 1200 800 400 pH

cm’
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poly(GMA-co-HEMA)-DETA

50

L 4
L

40

30 4

a(mg/g)

204

10 4

0 T T T T T
0 20 40 60 80 100 120

time (min)

Fig. 10 Adsorption curve of Cu(Il) ions onto poly(GMA-
co-HEMA)-DETA beads, Exp# 7: pH 5, initial concentration of
Cu(Il) ion 500 ppm

@ Springer

Fig. 11 Effect of pH on the adsorption capacity of poly(GMA-
co-HEMA)-DETA beads, Exp# 7: 60 min, initial concentration of
Cu(Il) ion 500 ppm
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Fig. 12 Effect of concentration on the adsorption capacity of
poly(GMA-co-HEMA)-DETA, Exp# 7: 60 min, initial concentration
of Cu(Il) ion 500 ppm
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Table 3 Isotherm constants and correlation coefficients for the
adsorption of Cu(Il) from aqueous solutions

Langmuir constant Freundlich constant

b, (L/mmol) K (L/g) R? Ke(L/g) n R?

0.161 0.214 0.996 0.215 0.606 0.981

Gmax = 1.33 mmol/L

adsorption data in this study. The Langmuir isotherm
model assumes monolayer adsorption with equal energy
and enthalpy for all adsorption sites [7, 33]. This model can
be written as follows:

ge = (KLCe)/(1+ bLCe) (4)
This expression can be linearized to give
1/qe = 1/KLCe + bL/KL (5)

where C., (mmol/L) and g. (mmol/g) show the equilibrium
metal ion concentration in the solution and the amount of
the metal ions adsorbed on the adsorbent at adsorption
equilibrium, respectively. K (L/g) and by (L/mmol) are
the Langmuir isotherm constants of the system. The ratio
of K /by is the maximum adsorption capacity, gmax- A plot
on 1/g. versus 1/C, would result in a straight line with a
slope of 1/K; and intercept of b;/K;. The calculated data
are given in Table 3.

The Freundlich isotherm model assumes that the
adsorption energy of a metal binging to a site on an
adsorption depends on whether or not the adjacent sites are
already occupied. The adsorption occurs on heterogeneous
surfaces and possibly in multilayer adsorption. The iso-
therm is as follow: [5, 33]

ge = KrC{ (6)
The equation may be linearized by taking logarithms
Ing. = nInC, + InKg (7)

where Kp (mmol'™ L"/g) is the Freundlich constant
depicting adsorption capacity, n is a constant indicating

adsorption intensity, and C. (mmol/L) and g. (mmol/g)
have the same definitions as before. Therefore, a plot of In
ge versus In C, would result in a straight line and enable the
constants n and Kg to be determined. These constants are
listed in Table 3.

It can be concluded from the correlation regression
coefficients that the Langmuir model best fitted to the
experimental data. According to the Langmuir model,
adsorption occurs uniformly on the active sites of the
adsorbent, and stops at one monolayer consistent with
specific and strong adsorption onto specific binding sites
[34, 35].

Adsorption from synthetic wastewater

Effect of porogen on the adsorption capacity. In this study,
porous polymeric adsorbents were synthesized through
suspension polymerization in the presence of different
types and contents of porogens such as 1-docedanol, tolu-
ene, and heptane. These agents are removed from the
polymer beads after polymerization resulting in porous
structure of the beads. Surface area and pore structure of a
given polymeric adsorbent which significantly affect the
adsorption behavior depend on the usage of the crosslink-
ing agent and the porogen. In order to study the effect of
porogens on the adsorption of poly(GMA-co-HEMA) and
their chelating beads, the content of crosslinking agent was
fixed at 10%mol. The results are listed in Table 4. With
increasing the surface area of copolymer beads, the Cu(Il)
adsorption capacity increased as expected. The non-porous
chelating beads achieved 0.29 mmol/g (18.43 mg/g), while
porous chelating beads prepared in the presence of 50%
heptane (Exp#12) showed maximum adsorption capacity of
1.35 mmol/g (85.79 mg/g).

Figure 13 shows the energy dispersive X-ray analysis
(EDX) of the chelating porous and nonporous poly(GMA-
co-HEMA)-DETA beads (Exp#12 and 2) after adsorption.
The higher adsorption capacity of the chelating porous
bead was confirmed by the elemental composition and the
strong signal caused by the presence of Cu(Il) on the

Table 4 Surface area and Cu(Il) adsorption capacities of copolymers, initial concentration of Cu(II) ion 700 ppm

Porogens Surface area (mzlg) Cu(II) Adsorption (mmol/g)

Type Content (%V) P(GMA-co-HEMA) Chelating P(GMA-co-HEMA)-DETA
No porogen 0 0.13 0.14 0.29

1-Dodecanol 25 0.42 0.22 0.66

1-Dodecanol 50 0.62 0.43 0.72

Toluene 25 0.47 0.29 0.51

Toluene 50 0.79 0.51 1.08

Heptane 25 0.63 0.36 0.68

Heptane 50 0.95 0.72 1.35
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Fig. 13 EDX analysis of the chelating polymers after adsorption a porous bead, Exp#12: 50% heptane and b nonporous bead, Exp#2: no

porogen

surface of the bead. (The unlabeled signal around 2.3 was
due to the gold coating before EDX-SEM observation).
Recently, numerous approaches have been investigated
for the development of heavy metal adsorbents. In the lit-
erature, different binding capacities of various adsorbents
have been reported. Krishnapariya and Kandaswamy pre-
pared chitosan derivative by the chemical modification of
chitosan with vanillin-based complexing agent. The bind-
ing capacities of the polymer were found to be 56.5, 46.1,
and 19.8 mg/g for Cu(Il), Cd(II), and Mn(Il), respectively
[36]. Deng et al. used diethylene triamine-modified poly-
acrylonitrile fibers for heavy metal removal. They reported
gmax for adsorption to be 76 and 31 mg/g for Pb(Il) and
Cu(ID), respectively [37]. Duran et al. prepared poly(vinyl
pyridine-poly ethylene glycol methacrylate-ethylene glycol
dimethacrylate) beads by suspension polymerization. The
maximum chelation capacities of the beads were 18.3,
17.4, and 16.5 mg/g for Cu(dl), Cr(VI), and Cd(I),
respectively [5]. Jiang and Kim developed Cu(Il) ion-
imprinted macroporous particles from two functional
monomers, methacrylic acid, and vinyl pyridine by form-
ing a complex with the template Cu ion by ionic interac-
tions. The maximum adsorption capacity of Cu(Il) was
about 22.2 mg/g [38]. Wang and Wang studied the
adsorption characteristics of metal complexes by chelated
copolymers with amino group. Pentaethylenehexamine was
grafted onto GMA copolymer to obtain chelating copoly-
mer via suspension polymerization. The maximum
adsorption capacity for Cu ion was 79.4 mg/g [23]. The
selective removal of metal ions by DETA-functionalized
GMA-trimethylopropane trimethacrylate copolymer was
investigated. It was observed that adsorption uptake of
Cu(I) was 73.66 mg/g copolymer [24]. Chen et al. used
crosslinked poly(GMA-aspartic acid) for the recovery of

@ Springer

metal ions from aqueous solutions. In single metal ion solu-
tion, the adsorption capacities were 88.9 and 81.28 mg/g
for Cu(ll) and Cd(Il), respectively [39]. Nastasovic
et al. [40] investigated metal adsorption on macroporous
poly(GMA-co-ethylene glycol dimethacrylate). The maxi-
mum adsorption capacity of the beads was 69.85 mg/g for
Cu(I). PHEMA nanobeads containing imidazole groups
were investigated for removal of metal ions. The reported
adsorption capacities were 61.4 and 34.9 mg/g for Cu(Il)
and Cd(II), respectively [41]. Comparing the results in
literature, it seems that the poly(GMA-co-HEMA)-DETA
beads prepared in this study may competitively and
effectively be used for the removal of heavy metal ions
from aqueous solutions.

Adsorption capacity in single metal ion solution.
Table 5 shows the adsorption data of poly(GMA-
co-HEMA)-DETA beads prepared in the presence of 50%
heptane from the experiments conducted with six different
heavy metal ion solutions. The concentration of these
single metal solutions was fixed at 700 ppm. The adsorp-
tion capacities are presented on the basis of mole and mass

Table 5 Non-competitive metal ion adsorption capacity of
poly(GMA-co-HEMA)-DETA, Exp#12, in single metal solution

Metal Adsorption capacity
ions
Mole basis (mmol/g) Mass basis (mg/g)

Cu(Il) 1.35 85.79

Cr(VI) 1.14 59.28

Mn(II) 0.50 27.47

Zn(II) 0.46 30.07

Cd() 0.32 35.97

Fe(II) 0.13 7.26




J Mater Sci (2011) 46:5350-5362

Table 6 Competitive metal ion adsorption capacity of poly(GMA-
co-HEMA)-DETA, Exp#12, in mixed metal solution 700 ppm

Metal ions Adsorption capacity
Mole basis (mmol/g) Mass basis (mg/g)
Cu(Il) 0.82 52.11
Cr(ID) 0.56 29.12
Mn(II) 0.15 8.24
Cd(n 0.10 11.24

(mg) metal adsorption per gram copolymer. However, the
adsorption on molar basis is more effective for the indi-
cation of total number of binding sites available on the
adsorbent and for the comparing of adsorption in mixed ion
solution [35]. The highest equilibrium adsorption capacity
was 1.35 mmol/g for Cu(Il). It can be clearly seen from
Table 5 that the adsorption capacities (mole basis) of
poly(GMA-co-HEMA)-DETA beads follow the order
Cu(Il) > Cr(VI) > Mn(Il) > Zn(I) > Cd(I) > Fe(II). This
corresponds well with the finding reported by Say and his
research team. They reported that histidine-containing
copolymer beads showed more affinity to Cu(Il) ions and
the binding of ions was achieved by exploiting the Lewis
base donor properties of the nitrogen free electron pair of
N-m-electrons of the side chains of histidine [6, 11].
Adsorption capacity in mixed metal ion solution. The
competitive adsorptions of the copolymer for Cu(Il),
Cr(VI), Mn(II), and Cd(II) in mixed metal ion solutions are
shown in Table 6. It was found that the adsorption capac-
ities of the beads for mixed heavy metal ions were lower
than those of the single solutions. The adsorption capacities
on a mole basis of poly(GMA-co-HEMA)-DETA follow
the order Cu(Il) > Cr(VI) > Mn(II) > Cd(II). A number of
parameters are important in adsorption experiments besides
the ones that we reported, pH, concentration, and time. We
found that the ratio between volume of the metal solution
and mass of the copolymer (V/m) used in the experiment,
the content of GMA in the copolymer, and the size of the
copolymer beads are substantial factors affecting the

Fig. 14 SEM photographs
of the beads, Exp#12, 50%
heptane cross sectioned:

a Cu(Il)-containing, after
adsorption and

b Cu(Il)-removed, after
desorption with HNO;
solution
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Fig. 15 The desorption efficiency of poly(GMA-co-HEMA)-DETA
beads after repeated adsorption—desorption cycles

adsorption capacity (data not shown here). However, the
affinity order was not altered by adjusting the above
parameters [35].

Desorption and repeated use

For potential application, the practical consideration of
adsorbent depends not only on the adsorption capacity, but
also on its capability for regeneration and reuse which
are key factors in improving process economics. Cross-
sectioned SEM images of the porous chelating beads shown
in Fig. 14a and b suggest that after adsorption—desorption
cycle the bead morphology has remained unchanged. The
regenerated bead shows the similar morphology comparable
to that of the fresh one. The effect of ten adsorption—
desorption consecutive cycles on the adsorption of Cu(Il)
was also studied. The results are shown in Fig. 15. It was
found that an aqueous solution of 1% nitric acid was
effective to elute the heavy metal ions from the poly(GMA-
co-HEMA)-DETA beads. The desorption efficiency reached
up to 97% for the tenth adsorption—desorption cycle. These
crosslinked beads showed good reusability without losing

B
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significant adsorption capacity after ten times of repeated
uses.

Conclusions

Polymeric adsorbent was synthesized by suspension poly-
merization of GMA, HEMA, and DVB in aqueous medium.
Adsorption capacities and kinetics of the poly(GMA-
co-HEMA) were greatly influenced by the polymeric phys-
ical and physicochemical characteristics of the beads, such
as surface area, swelling property, and chemical structure of
the chelating groups. In our study, by incorporation of por-
ogens, 1-dodecanol, toluene, and heptane, into the reaction
mixture, the surface area and porosity of the beads were
increased, and the adsorption capacity was improved. The
maximum adsorption capacities of poly(GMA-co-HEMA)-
DETA beads performed on single metal ion solution were
1.35, 1.14, 0.50, 0.46, 0.32, and 0.13 mmol/g for Cu(ll),
Cr(VD), Mn(II), Zn(II), Cd(II), and Fe(Il), respectively.
As for the environmental concerns, this adsorbent exhib-
ited perfect strength and endured repeated adsorption—
desorption cycles. After ten cycles of repeated use, the
re-adsorption capacity could attain 97% of initial value. The
beads can be regenerated under mild condition of acid
rinsing and reused.

Acknowledgements The study was supported by the research fund
through R D & E funding project of National Metal and Materials
Technology Center, National Science and Technology Development
Agency, Thailand. Financial support from the Center for Innovation
in Chemistry (PERCH-CIC), Commission on Higher Education,
Ministry of Education is gratefully acknowledged.

References

—

. Demirbas A (2008) J Hazard Mater 157:220
2. Malovic L, Nastasovic A, Sandic Z, Markovic J, Dordevic D,
Vukovic Z (2007) J Mater Sci 42:3326. doi:10.1007/s10853-
006-0958-y
3. Uguzdogan E, Denkbas EB, Ozturk E, Tuncel SA, Kabasakal OS
(2009) J Hazard Mater 162:1073
4. Fu H, Kobayashi T (2010) J Mater Sci 45:6694. doi:10.1007/
$10853-010-4762-3
. Duran A, Soylak M, Tuncel SA (2008) J Hazard Mater 155:114
. Chen CY, Chiang CL, Chen CR (2007) Sep Purif Technol 54:396
. Liu C, Bai R, Hong L (2006) J Colloid Interface Sci 303:99
. Bayramoglu G, Arica MY (2005) Sep Purif Technol 45:192
. Arpa C, Alim C, Bekta S, Geng O, Denizli A (2001) Colloid Surf
A Physicochem Eng Asp 176:225

O 00 3 N W

@ Springer

10.

11.

12.

13.

14.

15.
16.

18.

19.
20.

21.

22.

23.
24.

25.
26.

27.
28.

29.

30.

31.

32.
33.

34.
35.
36.
37.
38.
39.
40.

41.

Bicak N, Sherrington DC, Sungur S, Tan N (2003) React Funct
Polym 54:141

Say R, Garipcan B, Emir S, Patir S, Denizli A (2002) Colloid
Surf A Physicochem Eng Asp 196:119

Maria LCS, Aguar MRMP, Guimaraes PIC, Amorim MCV,
Costa MAS, Almeida RSM, Aguiar AP, Oliveira AJB (2003) Eur
Polym J 39:291

Hao D, Gong F, Wei W, Hu G, Ma G, Su Z (2008) J Colloid
Interface Sci 323:52

Dowding PJ, Goodwin JW, Vincent B (1998) Colloid Surf A
Physicochem Eng Asp 145:263

Gomez CG, Igarzabal CIA, Strumia MC (2004) Polymer 45:6189
Pan B, Zhang W, Lv L, Zhang Q, Zheng S (2009) Chem Eng J
151:19

. Schmidt RH, Belmont AS, Haupt K (2005) Anal Chim Acta

542:118

Maria LCS, Agiar MRMP, Elia PD, Ferreira LO, Wang SH
(2007) Mater Lett 61:160

Chen C, Chiang C, Huang P (2006) Sep Purif Technol 50:15
Chung TH, Chang JY, Lee WC (2009) J Magn Magn Mater
321:1635

Atia AA, Donia AM, Yousif AM (2008) Sep Purif Technol
61:348

Donia AM, Atia AA, Moussa EMM, Sherif AME, Magied
MOAE (2009) Hydrometallurgy 95:183

Wang CC, Wang CC (2006) React Funct Polym 66:343

Donia AM, Atia AA, Boraey HAE, Mabrouk DH (2006) Sep
Purif Technol 48:281

Liu C, Bai R, Ly QS (2008) Water Res 42:1522

Liu C, Bai R, Hong L, Liu T (2010) J Colloid Interface Sci
345:454

Atia AA, Donia AM, Awed HA (2008) J Hazard Mater 155:100
Bai YX, Li YF, Wang MT (2006) Enzyme Microb Technol
39:540

Bakhshi H, Zohuriaam-Mehr MJ, Bouhendi H, Kabiri K (2011) J
Mater Sci 46:2771. doi:10.1007/s10853-010-5151-7

Harak D, Pollert E, Mackova H (2008) J Mater Sci 43:5845. doi:
10.1007/s10853-008-2836-2

Cartier H, Hu GH (2000) J Mater Sci
10.1023/A:1004730822600

Ulusoy U, Akkaya R (2009) J Hazard Mater 163:98

Denizli A, Sanli N, Garipcan B, Patir S, Alsancak G (2004) Ind
Eng Chem Res 43:6095

Shen W, Chen S, Shi S, Li X, Zhang X, Hu W, Wang H (2009)
Carbohydr Polym 75:110

Denizli A, Garipcan B, Karabakan A, Say R, Emir S, Patir S
(2003) Sep Purif Technol 30:3

Krishnapariya KR, Kandaswamy M (2010) Carbohydr Res
345:2013

Deng S, Bai R, Chen JP (2003) Langmuir 19:5058

Jiang Y, Kim D (2011) Chem Eng J 166:435

Chen CY, Lin Ms, Hsu KR (2008) J Hazard Mater 152:986
Nastasovic A, Jovanovic S, Dordevic D, Onjia A, Jakovljevic D,
Novakovic T (2004) React Funct Polym 58:139

Turkmen D, Yilmaz E, Ozturk N, Akgol N, Denizli A (2009)
Mater Sci Eng C 29:2072

35:1985. doi:


http://dx.doi.org/10.1007/s10853-006-0958-y
http://dx.doi.org/10.1007/s10853-006-0958-y
http://dx.doi.org/10.1007/s10853-010-4762-3
http://dx.doi.org/10.1007/s10853-010-4762-3
http://dx.doi.org/10.1007/s10853-010-5151-7
http://dx.doi.org/10.1007/s10853-008-2836-2
http://dx.doi.org/10.1023/A:1004730822600

	Adsorptive features of poly(glycidyl methacrylate- co-hydroxyethyl methacrylate): effect of porogen formulation on heavy metal ion adsorption
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of poly(GMA-co-HEMA) beads
	Preparation of chelating poly(GMA-co-HEMA) beads
	Characterization of the beads
	Average size and size distribution of the beads
	Surface area measurement
	FT-IR study
	Swelling ratio
	SEM analysis

	Adsorption--desorption experiments

	Results and discussion
	Properties of the poly(GMA-co-HEMA) beads
	Effect of stirring speed on the bead size distribution
	Effect of DVB content on the swelling property
	Effect of porogen on the porous structure

	Characterization of amine-containing poly(GMA-co-HEMA) beads
	Adsorption studies
	Effect of adsorption time
	Effect of pH
	Adsorption isotherm
	Adsorption from synthetic wastewater
	Desorption and repeated use


	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


