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a  b  s  t  r  a  c  t

The  magnetic-poly(divinylbenzene-4-vinylpyridine)  [m-poly(DVB-4VP)]  microbeads  (average  diameter:
180–212  �m)  were  synthesized  by  copolymerizing  of  divinylbenzene  (DVB)  with  4-vinylpyridine  (4VP)
and  by  mixing  this  copolymer  with  Fe3O4 nanoparticles.  The  resultant  material  was  characterized  by  N2

adsorption/desorption,  ESR,  elemental  analysis,  scanning  electron  microscope  (SEM)  and  swelling  stud-
ies. After  functionalized  with  sulfonic  acid,  m-poly(DVB-4VP-SO3H)  was  characterized  by  FT-IR  and  TGA
analysis. The  results  showed  that  both  of  Fe3O4 and  –SO3H  are  bonded  to  the  polymer  successfully.  N2
agnetic polymer
sterification
olymer synthesis
cid catalyst

adsorption/desorption  isotherms  of  synthesized  samples  had  the  hysteresis  behaviour  associated  with
mesoporous  materials  (pore  diameter:  3.73 nm).  Sulfonic  acid  functionalized  mesoporous  m-poly(DVB-
4VP-SO3H)  has  been  demonstrated  to  have  higher  reactivity  than  commercially  available  solid  acid
catalysts  for  the  conversion  of  propionic  acid  to  methyl  ester.  The  apparent  activation  energy  was  found
to be 38.5  kJ  mol−1 for  m-poly(DVB-4VP-20%SO3H).  The  catalyst  showed  negligible  loss  of  activity  after
four  repetitive  cycles.

Published by Elsevier B.V.
. Introduction

In recent times, the development of environmentally benign
reen and easily recyclable catalyst for the production of fine chem-
cals has been an area of growing interest. In this context, solid acid
atalysts play prominent role in organic synthesis under heteroge-
eous reaction conditions [1].  Heterogeneously catalysed chemical
eactions are dramatically influenced by the strength and num-
er of acid sites as well as the morphology of the support (surface
rea, pore size, etc.) [2].  Furthermore, functionalizing the surface
f polymeric materials with organic groups have been investigated
ecause surface modification permits tailoring of the surface prop-
rties for numerous potential applications including catalysis, ion
xchange, encapsulation of transition-metal complexes or semi-
onductor clusters, chemical sensing, and nanomaterial fabrication
3]. Especially polymeric adsorbents incorporated with dithiocar-
amate [4,5], dithizone [6],  vinyl pyridine [7],  phenylenediamine
8,9], chitosan [10], vinyl imidazole [11,12],  diethylenetriamine

13], N-methacryloylhistidine [14], poly(ethyleneimine) [15,16],
alicylaldoxime [17], tannic acid [18] and vinyl triazole [19] have
een used extensively.

∗ Corresponding author. Tel.: +90 2242941733; fax: +90 2242941899.
E-mail address: akara@uludag.edu.tr (A. Kara).

381-1169/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.molcata.2011.08.016
Studies on the preparation of various magnetic polymer micro-
spheres have attracted more and more attention because magnetic
separations are relatively rapid and easy, requiring simple equip-
ment as compared to centrifugal separation [20]. Especially, Fe3O4
ferrites magnetic nanoparticles have been rising as a significant
useful material due to their specific properties such as super-
paramagnetic, non toxic and small size, etc. [21]. The magnetic
character implies that they respond to a magnet, making sampling
and collection easier applications. Magnetic beads are commonly
manufactured from polymers since they have a variety of surface
functional groups which can be tailored to use in specific appli-
cations. For example, many polymeric magnetic are used in the
removal of Cr(VI) ions [22–25].  In addition, they would find their
applications in catalysts, medicines, sensors, and so on [26–33].

In this work we  describe the preparation of a sulfonic acid
functionalized m-poly(DVB-4VP) obtained by free radical poly-
merization technique in which the ferroferric oxide (Fe3O4)
superparamagnetic nanoparticles was  incorporated during the
synthesis and its characterization in detail to obtain informa-
tion about its structural, morphological and magnetic properties.
So far as we know, no detailed investigation on the prepara-

tion of such a magnetic polymer material has been reported
in the literature. And then its catalytic performance was  tested
for the esterification of propionic acid with methanol and com-
pared with the traditional catalysts such as Amberlyst and

dx.doi.org/10.1016/j.molcata.2011.08.016
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:akara@uludag.edu.tr
dx.doi.org/10.1016/j.molcata.2011.08.016
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owex which are the best known catalysts for the esterification
eactions.

. Experimental

.1. Materials

Divinilbenzene (DVB) was obtained from Merck (Darmstadt,
ermany), and inhibitor was rendered by washing with NaOH solu-

ion (3%, w/w) prior to use. 4-Vinylpyridine (4VP) was obtained
rom Fluka (Steinheim, Germany). 2,2′-Azobisisobutyronitrile
AIBN) was obtained from Merck (Darmstadt, Germany). Poly(vinyl
lcohol) (PVAL; Mw:  72.000, 98% hydrolyzed) was supplied from
erck (Darmstadt, Germany). Magnetite nanopowder (Fe3O4;

iameter 20–30 nm)  was obtained from Aldrich (Steinheim,
ermany). All other reagents were of analytical grade and were
sed without further purification.

.2. Preparation of m-poly(DVB-4VP-SO3H) microbeads

DVB and 4VP were copolymerized in suspension by using AIBN
nd poly(vinyl alcohol) as the initiator and the stabilizer, respec-
ively. Toluene was included in the polymerization recipe as the
iluent (as a pore former). A typical preparation procedure was
xemplified below: Continuous medium was prepared by dissolv-
ng poly(vinyl alcohol) (200 mg)  in the purified water (50 mL). For
he preparation of dispersion phase, DVB (2.9 mL;  20 mmol) mag-
etite Fe3O4 nanopowder (0.5 g) and toluene (10 mL)  were stirred

or 10 min  at room temperature. Then, 4VP (8.6 mL;  80 mmol) and
IBN (100 mg)  were dissolved in the homogeneous organic phase.
he organic phase was dispersed in the aqueous medium by stir-
ing the mixture magnetically (500 rpm), in a sealed-cylindrical
yrex polymerization reactor. The reactor content was heated to
olymerization temperature (i.e., 65 ◦C) within 4 h and the poly-
erization was conducted for 2 h with a 600 rpm stirring rate at

0 ◦C. The final microbeads were extensively washed with ethanol
nd water to remove any unreacted monomer or diluent and
hen dried at 50 ◦C in a vacuum oven. The microbeads then were
ieved to different sizes. An inspection with a microscope showed
hat almost all the microbeads were perfectly spherical. Table 1
hows recipe and polymerization conditions for preparation of the
esoporous m-poly(DVB-4VP) microbeads. The m-poly(DVB-4VP-

O3H) catalysts were prepared by mixing of different percentages
f H2SO4 solution (10% and 20%, respectively) with m-poly(DVB-
VP) polymer at 298 K in a sealed cylindrical pyrex reactor for 2 h.
he solid was  filtered and vacuum dried at 343 K overnight and
tored in the glove box for characterizations.

.3. Characterization of m-poly(DVB-4VP) and its sulfate
icrobeads

The porosity of the microbeads was measured by N2 gas adsorp-
ion/desorption isotherm technique (Quantachrome Corporation,
oremaster 60, USA). The specific surface area of the beads in a
ry state was determined by a multipoint Brunauer–Emmett–Teller
BET) and pore volumes and average pore diameter for the beads
ere determined by the BJH (Barrett, Joyner, Halenda) model. In

ddition, the average size and size distribution of the beads were
etermined by screen analysis performed using standard sieves
Model AS200, Retsch Gmb  & Co., KG, Haan, Germany).

The surface structures of the beads were visualized and exam-
ned by scanning electron microscopy (SEM, CARL ZEISS EVO 40,

K).

In order to evaluate the degrees of (4VP) incorporation and to
est whether sulfur enters to the polymeric structure, m-poly(DVB-
VP) (Sample I), and m-poly(DVB-4VP-SO3H) having 10 and 20
alysis A: Chemical 349 (2011) 42– 47 43

percentages of H2SO4 (Samples II and III) beads were subjected to
elemental analysis with LECO CHNS-932 model elemental analyzer.

The presence of magnetite nano-powders in the beads was
investigated with an electron spin resonance (ESR) spectropho-
tometer (EL 9, Varian, USA).

FTIR measurements were performed on a Thermo Nicolet 6700
series FTIR spectrometer in normal transmission mode with a KBr
detector over the range 4000–400 cm−1 at a resolution 8 cm−1 aver-
aged over 32 scans.

Thermal stabilities of the m-poly(DVB-4VP) and its sulfonic
acid functionalized forms were examined by TG analyses with SII-
EXSTAR TG/DTA 6200. The samples (∼5–10 mg)  were heated from
room temperature to 800 ◦C under dried-air atmosphere at a scan-
ning rate of 10 ◦C/min.

The acid exchange capacities of the m-poly(DVB-4VP-SO3H)
prepared with 10% and 20% H2SO4 were measured by means of
titration, using sodium chloride as exchange agent. In a typical
experiment, 0.05 g of solid was  added to 10 g of aqueous solution
of sodium chloride (2 M).  The resulting suspension was  allowed to
equilibrate and thereafter titrated potentiometrically by drop-wise
addition of 0.01 M NaOH (aq) [34].

2.4. Catalytic conditions

The esterification of propionic acid with methanol was  carried
out in a glass flask placed in the shaking water bath the tempera-
ture of which was controlled within ±0.1 ◦C. Stoichiometric ratio of
propionic acid to methanol was (1:1) in the experiments performed
at 333 K. 1,4-Dioxane was  used as solvent in the all experiments.
In a typical run, catalyst (about 0.5 g), methanol and dioxane of
known amount were charged in to the reactor and preheated to
the reaction temperature and the esterification was  commenced
by injecting preheated propionic acid in to the mixture. This was
considered as the zero time for a run. The total liquid volume was
100 cm3. Samples were withdrawn and the amount of unreacted
acid was  analysed by titration with 0.1 M sodium hydroxide.

2.5. Effect of temperature

The effect of temperature is very important for a hetero-
geneously catalysed reaction as this information is useful in
calculating the apparent activation energy. Moreover, the intrinsic
rate constants are strong functions of temperatures [35]. To calcu-
late the apparent activation energy the reaction temperature was
changed from 318 K to 348 K by keeping the same experimental
conditions such as (1:1) mole ratio, 0.5 g catalyst loading, and by
using 1,4-dioxane as solvent.

2.6. Reuse of catalyst

At the end of the reaction, catalyst was separated from the reac-
tion mixture in the presence of external magnetic fields and was
thoroughly washed with deionised water several times. After the
reaction the catalyst was activated in the potentially containing 20%
H2SO4 solution for 2 h and dried under vacuum at 333 K and then
used as catalyst for recycling experiments. This whole process has
been continued four times.

3. Results and discussion

The suspension polymerization procedure provided cross-
linked mesoporous m-poly(DVB-4VP) microbeads in the spherical

form of 106–212 �m in diameter. The N2 adsorption/desorption
isotherm for the m-poly(DVB-4VP) and the calculated pore size
distributions are plotted in Fig. 1. The BET surface area (SBET),
pore volume (VP) and pore size are given in Table 2. The sample
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Table 1
Recipe and polymerization conditions for preparation of the mesoporous m-poly(DVB-4VP) microbeads.

Polymerization conditions Aqueous dispersion phase Organic phase

Reactor volume: 100 mL  Distilled water: 50 mL  DVB: 2.9 mL
Stirring rate: 600 rpm PVAL: 200 mg 4VP: 8.6 mL
Temperature and time: 65 ◦C (4 h), 80 ◦C (2 h) Toluene: 10 mL

AIBN: 100 mg
Fe3O4: 0.5 g

Table 2
BET surface area, pore volume and pore size of m-poly (DVB-4VP).
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Sample BET surface area (m g ) 

m-poly(DVB-4VP) 23.24 

ave a type IV isotherm with a deep inflection between relative
ressure P/Po = 0.4 and 0.9, a characteristic of capillary condensa-
ion, indicating the uniformity of the mesopore-size distribution
36–38]. This indicated that the magnetic beads contained mainly

esopores.
The equilibrium swelling ratio for the mesoporous m-

oly(DVB-4VP) microbeads is 62% in water. It should be also
oted that these microbeads are strong enough due to highly
ross-linked structure therefore they are suitable for column
pplications.

The surface morphology and bulk structures of the m-poly(DVB-
VP) microbeads were visualized by SEM which are presented

n Fig. 2. All the beads have a spherical form and rough surface.

n the SEM photograph of the bulk structure, a large quantity of

ell-distributed pores could be observed and they have netlike
tructure. The mesoporous m-poly(DVB-4VP) microbeads prepared
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ig. 1. (A) Adsorption/desorption isotherms of nitrogen at 77.40 K and (B) pore size
istribution obtained by Dv(d) according to average pore diameter for the m-poly
DVB-4VP).
Pore volume (cm g ) Pore size (Å)

0.1020 37.31

in this study had this characteristics and this property increases the
specific surface area, the binding capacity of microbeads, as well as
the mass transfer rate of binding.

The m-poly(DVB-4VP) microbeads were synthesized by copoly-
merizing DVB with 4VP at a 1:4 molar ratio with Fe3O4 in the
presence of the initiator AIBN. To evaluate the degree of 4VP
incorporation into the mesoporous m-poly(DVB-4VP) microbeads,
elemental analysis of the synthesized mesoporous m-poly(DVB-
4VP) microbeads was performed (Table 3). The incorporation of
the 4VP was  found to be 872.9 �mol/g polymer from the nitrogen
stoichiometry. This is clear evidence indicating that SO3H groups
are located in the polymer, thus being accessible and useful for
adsorption and catalytic reaction processes. According to the ele-
mental analyses results C/N ratio do not changed, so there is not
any degradation doubt.

Magnetic characteristics of magnetic materials are related to
their type generally, while those of magnetic materials are usu-
ally related to the content of magnetic component inside. So,
Fe3O4 content is very important to the magnetic responsibil-
ity of magnetic materials. In general, the higher Fe3O4 content
shows the stronger magnetic responsibility [33]. For this reason,
the average Fe3O4 content of the mesoporous m-poly(DVB-4VP)
microbeads was  determined by density analysis. The hydrated den-
sity of the mesoporous m-poly(DVB-4VP) microbeads measured
at 25 ◦C was  1.53 g/mL. By the same procedure, the density of
Fe3O4 particles was  found to be 4.94 g/mL at 25 ◦C. The density
of non-magnetic poly(DVB-4VP) microbeads measured at 25 ◦C

was  1.05 g/mL. The magnetic particles volume fraction in the

Fig. 2. SEM photograph of the m-poly(DVB-4VP) microbeads.
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Table  3
Elemental analysis of the mesoporous m-poly(DVB-4VP) microbeads.

Sample C (%) H (%) N (%) S (%)

(I) m-poly(DVB-4VP) 68.58 6.56 8.16 –
6.91 10.18 –
5.03 5.06 13.82
5.20 4.19 15.62
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nential weight decay until 100 ◦C can be attributed to absorbed
humidity. While the weight loss at 300–370 ◦C region may  be
Theoretical values 82.91 

(II)  m-poly(DVB-4VP-10%SO3H) 41.68 

(III)  m-poly(DVB-4VP-20%SO3H) 34.30 

esoporous m-poly(DVB-4VP) microbeads can be calculated from
he following equation derived from the mass balance:

 = �C − �M

�C − �A
(1)

here �A, �C and �M are the densities of non-magnetic
oly(DVB-4VP) microbeads, Fe3O4 nanopowder, and the meso-
orous m-poly(DVB-4VP) microbeads, respectively. Thus, with the
ensity data mentioned above, the mesoporous m-poly(DVB-4VP)
icrobeads gel volume fraction in the magnetic beads was  esti-
ated to be 84.3%. Therefore, the average Fe3O4 content of the

esulting mesoporous m-poly(DVB-4VP) microbeads was  12.3%.
he presence of magnetite nanopowder in the polymer structure
as also confirmed by the ESR. The intensity of the magnetite peak

gainst magnetic field (Gauss) is shown in Fig. 3. A peak of mag-
etite was detected in the ESR spectrum. It should be noted that
he non-magnetic beads cannot be magnetized under this condi-
ion. It reflects response ability of magnetic materials to the change
f external magnetic field firstly and it characterizes the ability
f magnetic materials to keep magnetic field strength when the
xternal magnetic field is removed. In order to show the mag-
etic stability, the mesoporous m-poly(DVB-4VP) microbeads were
ept in distilled water and ambient air for 3 months, and the same
SR spectrum was obtained. With the goal of testing the mechan-
cal stability of the mesoporous m-poly(DVB-4VP) microbeads, a
ead sample was treated in a ball mill for 12 h. SEM photographs
how that a zero percentage of the sample was broken. The g fac-
or given in Fig. 3 can be considered as quantity characteristic of
he molecules in which the unpaired electrons are located, and it
s calculated from Eq. (2).  The measurement of the g factor for an
nknown signal can be a valuable aid in the identification of a signal.

n the literature, the g factor for Fe3+ is determined within the range
f 1.4–3.1 for low spin and 2.0–9.7 for high spin complexes [33]. The

 factor was found to be 2.43 for the mesoporous m-poly(DVB-4VP)
icrobeads.

 = hϑ

ˇHr
(2)
ere, h is the Planck constant (6.626 × 10−27 erg s−1);  ̌ is Universal
onstant (9.274 × 10−21 erg G−1); ϑ is frequency (9.707 × 109 Hz)
nd Hr is resonance of magnetic field (G).

Fig. 3. ESR spectrum of the m-poly(DVB-4VP) microbeads.
Fig. 4. FT-IR spectra of m-poly(DVB-4VP) (I) and its 10% and 20% sulfonic acid func-
tionalized forms (II and III), respectively.

Fig. 4 shows the FT-IR spectra of m-poly(DVB-4VP) (I) and its sul-
fonic acid functionalized forms with 10% H2SO4 (II) and 20% H2SO4
(III), respectively. The absorption bands around 1600, 1550 and
1500 cm−1 are assigned to the characteristic vibration of pyridine
ring. The absorption bands around 1068 and 960 cm−1 are assigned
to the in-plane and out-of-plane rings C–H bending [39]. The intro-
duction of Fe3O4 to the poly(DVB-4VP) was  confirmed by the band
at 585 cm−1 assigned to the Fe-O absorption band (Samples I–III)
[40,41]. Compared to m-poly(DVB-4VP), the distinguished features
of m-poly(DVB-4VP-SO3H) were the presence of new absorption
bands around 1100 cm−1 and 610 cm−1 which are attributed to
the stretching and bending for S–O vibrations [42]. The intensi-
ties of these peaks also increase in parallel with the increase in the
percentage of H2SO4 in the blends [43].

Fig. 5 shows the TGA curves of m-poly(DVB-4VP) (Sample I)
and m-poly(DVB-4VP-SO3H) (Samples II and III). In these curves,
three main reaction stages are observed. For Sample I, the expo-
attributed to degradation of DVB chain, the 480–600 ◦C region is
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Fig. 5. TGA analysis of m-poly(DVB-4VP) (I) and its 10% and 20% sulfonic acid func-
tionalized forms (II and III), respectively.
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4. Conclusions
A:MeOH = 1:1; catalyst, 0.5% Amberlyst-15 (�), 0.5% Dowex 50WX2 (+), 0.5% m-
oly(DVB-4VP-10%SO3H) (�), and 0.5% m-poly(DVB-4VP-20%SO3H) (�)).

ainly attributed to thermo-oxidative degradation of PVP polymer
hain [44]. The m-poly(DVB-4VP-SO3H) (Samples II and III) illus-
rate that there is weight decay up to 160 ◦C because of absorbed
umidity similar to pristine polymer. If all sulfur elements in the
atalyst are assumed as –SO3H groups, weight change from 370 ◦C
o 500 ◦C can be attributed to self-condensation of –SO3H.

To provide a comparison basis for the acid catalysts, the ester-
fication reaction was also performed with two commercial acidic
esins, Amberlyst-15 and Dowex 50WX2. Shown in Fig. 6 are the
esults for the reaction studies performed at 60 ◦C with a methanol
o propionic acid ratio of 1:1 by weight. Experiments were carried
ut under identical conditions except for the type of catalyst. The
gure gives the propionic acid conversion as a function of reaction
ime. A catalyst concentration of 0.5 wt% was used for all of the
atalysts. Between the sulfonic acid functionalized m-poly(DVB-
VP-SO3H) catalysts, m-poly(DVB-4VP-20%SO3H) gave the higher
atalytic activity than that of m-poly(DVB-4VP-10%SO3H) with
ropionic acid conversions of 47% and 39%, respectively, after

 h. The equilibrium conversion of propionic acid was  the
ame in all experiments as expected. The highest activity with
-poly(DVB-4VP-20%SO3H) was consistent with the material hav-

ng the largest number of active sites (7.43 mequiv./g sample)
mong the other acid catalysts, i.e., m-poly(DVB-4VP-10%SO3H)
6.70 mequiv./g sample), Dowex 50WX2 (4.8 mequiv.meq/g) and
mberlyst-15 (4.7 mequiv./g). Results suggested that our meso-
orous m-poly(DVB-4VP-SO3H) material is a superior catalyst for
he production of methyl propionate over the existing catalysts
nown in the literature.

In order to evaluate the m-poly(DVB-4VP-20%SO3H) catalyst
hermodynamically, model esterification reaction was performed
t different temperatures from 318 to 348 K by keeping the
ame experimental conditions such as (1:1) mole ratio, 0.5 g cat-
lyst loading, and by using 1,4-dioxane as solvent. Reaction rate
onstants (k) were calculated according to pseudo-homogeneous
econd order rate equation [45,46]:

n
XPA,e − (2XPA,e − 1)XPA

XPA,e − XPA
= 2k

(
1

XPA,e
− 1

)
CPA,0t (3)

here XPA, fractional conversion of propionic acid,

PA = CPA,0 − CPA (4)

CPA,0

s the reaction temperature increased, the reaction kinetics was
aster for m-poly(DVB-4VP-20%SO3H) (Fig. 7), but equilibrium con-
Fig. 8. Kinetic plots of recycling test of m-poly(DVB-4VP-20%SO3H) in the esterifi-
cation reaction of methanol with propionic acid.

version was nearly the same in the range of temperatures studied
in this work.

ln k = ln A − EA

R

(
1
T

)
(5)

The activation energy obtained for 20%-SO3H-loaded m-
poly(DVB-4VP) is 38.5 kJ mol−1, which is very similar and close to
the value found in the literature [43].

Regeneration is likely to be a key factor in the improvement of
process economics. For this reason, the regeneration property of
m-poly(DVB-4VP-SO3H) beads is worthy of study. At this stage we
envisioned that the only manner in which the m-poly(DVB-4VP-
SO3H) could be restored to its original activity would be to oxidise
it back to its beginning form. To determine the reusability of m-
poly(DVB-4VP-SO3H), the consecutive esterification reactions were
repeated 4 times with the same catalyst. Catalytic activity and con-
version for each cycle are given in Fig. 8. Catalyst activity decreased
20% after the first cycle because of the lack of catalyst mass and the
rate of conversion of lactic acid was  maintained almost the same
during the next three cycles. Thus the mesoporous m-poly(DVB-
4VP-SO3H) material described herein has great potential to be a
stable and highly active recyclable solid acid catalyst.
We  have successfully prepared the sulfonic acid functionalized
magnetic poly(DVB-4VP) by incorporating Fe3O4 nanoparticles and
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