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ABSTRACT
Cross-linked polymer beads with different cross-linking agent loading were prepared by carrying
out cross-linking suspension copolymerization of styrene-divinylbenzene (St- DVB) monomers
using guar gum (GG) and xanthan gum (XG) from bioresources as eco-friendly suspension
biopolymer stabilizers in the presence of non reactive diluents. The effects of GG and XG as
suspension biostabilizers on the characteristics of the styrene copolymer beads were investigated
regarding thermal properties, porosity characteristics, solvent swelling ratio, and surface
morphologies using TGA, DSC, XRD, SEM, BET analyses. Spherical and regular beads with smooth
surface were produced and the average particle size was in the range 170–290 μm (50–80 mesh
size). The porosity characteristics of the produced beads including surface area and pore volume
were in range 0.45 m2/g and 32–45 ml/g, respectively. Overall, the present article provided a
novel route to prepare cross-linked polystyrene copolymer beads with tunable porosity suitable
for catalyst support.
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1. Introduction

Polymer supports, also referred to as polymeric reagents
and functional polymers, are beaded or microspherical
polymer products with a particle size range of about
5–500 μm [1–3]. They have been used in an increasingly
large number of applications, for example, separation
and purification, catalysis, drug delivery, solid phase
organic synthesis, microencapsulation of phase change
materials and templates for nanoparticle growth [4–10].
Such applications, especially as support for catalyst
immobilization frequently require large particle size
area, which necessitates the formation of pores (of the
required dimensions) in the bead structure. The major
thrust behind the widespread use of polymer supports is
the simplification achieved in separation and purification
of catalysts, products, synthetic intermediates, or decon-
tamination from impurities, side products or toxins.

A wide range of polymer supports are used for various
applications. These polymers are produced by several
different synthetic routes and polymerization techniques,
and each polymer type is employed in a variety of mor-
phological grades (i.e. gel type, microporous ormacropor-
ous). Organic polymer supports are usually produced by
suspension polymerization or suspension cross-linking in
finely beaded form (ca. 5–500 μm). The introduction of the
anchoring points (functional groups) into the polymer

beads is conventionally accomplished either by copoly-
merization of appropriate monomer mixtures, or by func-
tionalization of preformed beaded polymers. Vinyl-type
polymer supports can be produced by either of these two
methods [11–16].

A fundamentally more important aspect of polymer
supports is the chemical structure of the polymer back-
bone. Chemical structure determines polymer-solvent
compatibility in bulk, as well as polymer-solvent substrate
interactions at the molecular level. In this respect, it is
particularly noteworthy that the most frequently used
polymeric support is polystyrene due to its environmental
stability and hydrophobic nature. Styrene-divinylbenzene
(St-DVB) copolymers are extensively used as polymeric
supports for polymer bonded catalysts and reagents
[17,18]. The permeability limits according to themolecular
size and the accessibility of reactive and catalytic sites
depend on the porous structure and swelling properties
of the copolymers [19]. It has been established that these
properties are deeply influenced by the copolymer synth-
esis conditions: suspension stabilizers, crosslinking
degree, porogenic agent or diluent nature, etc [20–26].

The suspension-like polymerization process, by which
is a simple, cheap, robust and environmental friendly
method for the preparation of suitable cross-linked poly-
styrene beads. The most important feature of suspension
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polymerization is the formation of stable droplets of
monomer suspended in the nonsolvent phase (water).
The nonsolvent phase may be thought of as providing
millions of tiny ‘spherical molds’ in which the polymer
beads are formed constrained by surface tension.
Stabilizers, typically a mixture of simple inorganic salts
together with large, polar organic species, such as poly
(vinylpyrrolidone), are added to the mixture to help
reduce the surface tension of the droplets. This stabiliza-
tion of the droplets prevents aggregation of the ‘molds’
which leads to misshapen beads [27,28].

Styrene-based resins used for the preparation of ion
exchange resins and polymer supports are also
obtained by oil-in-water (O/W) method of styrene (St)
and divinylbenzene (DVB) (and a functional monomer)
[29,30]. In the preparation of the polymer beads, the
dispersion of the organic phase in the continuous
phase is the determining step in establishing the parti-
cle size distribution of the final polymer beads. This is
influenced by the geometrical factors of the reactor,
operating parameters and substance parameters (type
and concentration of stabilizers, viscosities of continu-
ous and dispersed phases, interfacial tension) [31,32].

The addition of suspension stabilizers plays a very
important role in the stabilization of liquid-liquid disper-
sions. In suspension polymerization technique, suspend-
ing agents are used to form a film or skin around the
droplet/particle surface in order to prevent coalescence
and agglomeration by a mechanism analogous to steric
stabilization [33]. The most commonly used suspension
(droplet) stabilizers for (O/W) suspension polymerization
are styrene-maleic anhydride copolymer [34–37], salts of
acrylic acid polymers [38], sodium dodecyl sulfate [39],
polyvinyl alcohol (PVA) [40,41], poly(vinylpyrrolidone)
(PVP) [42,43]. A wide range of other water soluble poly-
mers, including gelatin, cellulose ethers, and synthetic
polymers are also used. Scarcely soluble inorganic salts
such as calcium carbonate (talc), phosphates, and sul-
fates may also be employed, either alone or in combina-
tion with organic stabilizers [25,26,44,45].

In the present study we have focused on the possibility
of the use of natural water-dispersible biodegradable
polymer for the preparation of polystyrene beads due to

its different chemical nature relative to expensive syn-
thetic ones, for example, poly(vinylpyrrolidone) (PVP).
Several authors have analyzed the effects of the agitation
rate, the cross-linker content, the type and amount of
porogen agent (diluent), solvent, the type and concentra-
tion of synthetic suspension stabilizer polymer, the type
and concentration of initiator, and also the operation
conditions (temperature and time of polymerization,
etc.) on the preparation of cross-linked polystyrene
beads using the suspension polymerization method [46–
53]. However, the effect of natural biodegradable poly-
mers, guar gum, xanthan and carboxymethyl cellulose as
suspension stabilizers on the preparation of cross-linked
polystyrene beads by means of suspension polymeriza-
tion has not been previously reported.

In continuation of recent works on the use of poly-
meric catalysts in organic transformations [43,54–57]
and continued seeking for suitable polymer supports to
immobilize catalysts on them, herein, this contribution
describes in detail the use of eco-friendly suspending
agents from bioresouces, guar and xanthan gums as
stabilizing agents in suspension polymerization reac-
tions, as well as their influence on the size and surface
area of the synthesized polymer particles. For the pur-
poses of this work, the synthesis of poly(St-co-DVB)
cross-linked beads was chosen as the main suspension
polymerization system to be studied. Thus, cross-linked
polymer beads based on St and DVB monomeric mix-
tures with different DVB content were prepared by sus-
pension copolymerization and the effect of guar gum,
xanthan gum, and carboxymethyl cellulose as natural
water-dispersible polymers was investigated regarding
the diverse properties of the resultant microporous
beads (thermal properties, morphology, particle size,
etc.) (Scheme 1).

2. Experimental

2.1. Starting materials and instruments

The polymerizable monomers, styrene (St, Industrial
grade) and divinylbenzene (DVB, containing 65% DVB
isomers, the remainder mainly being 3- and 4-

Scheme 1. Preparation of cross-linked polystyrene copolymer.
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ethylvinylbenzene) were supplied by TPC (Tabriz
Petrochemical Complex, Iran). DVB was extracted with
sodium hydroxide solution (1%, 2˟ 10 ml) to remove the
inhibitor, and then were washed by water (3x 30ml) until
neutralization. The oil-soluble initiator, 2,2ʹ- azobisisobu-
tyronitrile (AIBN) was supplied by TPC and used as
received. Guar gum (GG), xanthan gum (XG, petroleum
grade), and carboxymethyl cellulose (CMC) were pro-
vided by National Iranian South Oil Company (NISOC)
and were used without further purification. Poly(vinyl
alcohol) (PVA), having a weight-average molecular
weight of 86–87,000 and a degree of hydrolysis of 88%,
was supplied by Aldrich.Thermogravimetric (TGA) mea-
surements were carried out using a TGA/DTA Bahar: STA
503 in the range from 25 to 600°C under air atmosphere;
the heating rate was 10 °C min−1. The DSC measure-
ments were performed with a DSC Pyris 6, Perkin Elmer,
at the heating rate of 10°Cmin−1 in nitrogen atmosphere,
in the range from 25 to 400°C. FTIR spectra of the studied
copolymers were obtained employing a Unicam
Matteson 1000 spectrometer, using KBr pallets, the con-
tents of the sample in the pallet was about 3%. The
surface morphology of the beads was examined by a
Hitachi scanning electron microscopy (SEM). The texture
of the beads in dry state, i.e., surface area (S) and pore
volume (Vp), were analyzed by nitrogen adsorption mea-
surements using BET and BJH methods, respectively. The

average size and size distribution of copolymer beads
were determined by sieving (screen) analyses performed
by using a Shimadzu shaker sieving unit, with Endcotte
stainless steel standard sieves. All the solvents were of
synthesis grade and were used as obtained. Nitrogen
was of high-purity grade (99.99%). Distilled water was
used as the continuous phase in all reactions and water
washings.

2.2. Preparation of cross-linked polystyrene
copolymer beads

The suspension polymerization (shown in Tables 1 and 2)
was carried out in a 250 ml three-necked round-bot-
tomed flask equipped with a mechanical stirrer, nitrogen
gas inlet, and reflux condenser that is placed in a thermo-
stated water bath. All reactions were carried out at 80°C.
A mixture of distilled water (500 parts) containing GG/or
XG and XG/PVA (wt% in relation to the monomers) and
NaCl (2% w/v in relation to water volume) was first
introduced into the flask and stirred at room tempera-
ture for 1 h. NaCl, water soluble salt was used to promote
the salting-out of the organic phase. The suspending
medium was then heated to the reaction temperature.
While stirring nitrogen was purged from the mixture. A
mixture of the monomers (styrene and several weight
ratios of DVB cross-linker, 4, 6, 8, 10%) and the diluents

Table 1. Experiments performed to evaluate the potential of GG as a stabilizing agent. Basic recipe and reaction conditions of the
investigated suspension polymerization reactions*.

Ingredient

GG, % Crosslinking agent, %

G0.5 G1 G1.5 G2 D4 D6 D8 D10

Discontinuous (dispersed) phase
St, % 92 92 92 92 96 94 92 90
DVB, % 8 8 8 8 4 6 8 10
Toluene, % 60 60 60 60
n-Heptane, % 40 40 40 40

Continuous phase Guar gum, % AIBN, % 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Water, % (500 parts)
NaCl, % 1 1 1 1 1 1 1 1
0.5 1 1.5 2 2 2 2 2

*For all reactions, aqueous phase r to organic phase (O/W) ratio = 5/1; reaction temperature = 80°C;
polymerization time = 18 h; agitation rate = 250 rpm

Table 2. Experiments performed to evaluate the potential of XG as a stabilizing agent. Basic recipe and reaction conditions of the
investigated suspension polymerization reactions*.

Ingredient

XG, % Crosslinking agent, %

X0.5 X1 X1.5 X2 D4 D6 D8 D10

Discontinuous (dispersed) phase St, % 92 92 92 92 96 94 92 90
DVB, % 8 8 8 8 4 6 8 10
Toluene, % 60 60 60 60
n-Heptane, % 40 40 40 40
AIBN, % 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Continuous phase Water, % (500 parts)
NaCl, % 1 1 1 1 1 1 1 1
Xanthan gum, % 0.5 1 1.5 2 2 2 2 2

*For all reactions, aqueous phase to organic phase (O/W) ratio = 5/1; reaction temperature = 80°C;
polymerization time = 18 h; agitation rate = 250 rpm

118 A. RAHMATPOUR ET AL.



(toluene/n-heptane (3:2) mixture, 100 parts), containing
AIBN as the initiator (1 mol% in relation to the mono-
mers) was added dropwise, through a dropping funnel to
the flask in about 30 min. The mixture was agitated, until
the organic components were dispersed as fine droplets,
and then heated at 80°C.The stirring rate was kept at
350–400 rpm and the reaction was allowed to proceed
for 18 h. After the polymerization, the obtained copoly-
mer beads were hot filtered out on a Buchner funnel
under reduced pressure, and treated in 1N HCl at boiling
temperature for 15 min, washed twice with hot water,
and then vacuum filtered to remove the stabilizer. The
copolymer beads were extracted with acetone for a few
hours in a soxhlet apparatus to remove porogen and
residual monomers, and then were washed twice with
acetone, three times with methanol to ensure complete
removal of impurities. Finally, the samples were dried in a
vacuum oven at 50°C for at least 8 h.

The monomer dilution degree was fixed at 100% in
relation to the volume of the monomers mixture.The
volume ratio between the two phases (organic/aqu-
eous) was kept constant at 1/5 for all reactions.The
overall conversion of the monomers to solid copolymer
was determined gravimetrically.

The same procedure was used to prepare cross-
linked polystyrene beads in the presence of different
weight percentages of DVB cross-linker and suspension
stabilizers.

2.3. Resin swelling measurements

To a stoppered test tube containing the dried copoly-
mer sample (2 g), 10 ml of toluene was added and the
sample was soaked (swollen) in toluene at ambient
temperature for overnight. Toluene was filtered and
beads were padded dried with a filter paper and finally
dried and weighed.

Swelling (%) = [(increase in the weight of the beads)/
(original weight of the beads)] × 100

3. Results and discussion

3.1. Preparation of cross-linked polystyrene
copolymer beads

In our previous works, different lightly cross-linked
polymer beads based on St/DVB monomers were suc-
cessfully prepared by means of aqueous suspension
radical polymerization technique using conventional
synthetic suspension stabilizers (PVP) in the presence
of non reactive diluents and utilized as polymer sup-
ports to immobilize catalysts in one step [43,54,55]. The
cross-linked polystyrene functionalization is largely

dependent on the bead diameter. Beads with diameter
greater than 150 μm possess optimal handling proper-
ties. Larger diameter resins are greatly reducing the
problem of static often associated with smaller dia-
meter resins, which makes these smaller resins more
difficult to manipulate. Although smaller diameter
beads often have increased chemical reaction rates,
this needs to be balanced by the improved handling
and increased functionality per bead associated with
larger beads. Thus, a new procedure for cross-linking
suspension polymerization using natural water-disper-
sible polymers is desirable.

This work is a first attempt to elucidate the influence
of GG, XG used as stabilizing agents in suspension
polymerization reactions. In the first experiments car-
ried out in this research the concentration of GG, XG in
the aqueous phase of the polymerization reactions
were varied to evaluate their effect on the average
particle size of the resulting polymer beads. These
experiments were performed according to the recipe
and experimental conditions presented in Tables 1 and
2. In the present study, a relatively low monomer phase
weight fraction of 0.1 was used to obtain pearl-like
particles. Higher monomer phase fraction could not
allow the copolymerization to form beads, but gave
aggregates or big lump of polymer mass. However, It
may increase as a normal commercial practice (> 0.5) by
increasing the amount of droplet stabilizing agent or
the stirring rate. Two series of copolymer beads were
prepared using two biopolymer suspending agents, GG,
XG, at a fixed diluent-monomer volume ratio, but with
various amounts of DVB (Tables 1 and 2).

3.2. The influence of different biopolymer
suspension stabilizers on the bead formation
process

The important feature of suspension agents is their amphi-
pathic character, which explains their ability to lower the
interfacial tension and to locate at the monomer/water
interface [38]. It is well known that the suspension stabilizer
form a film or skin around the droplet/particle surface, and
this layer prevents coalescence and agglomeration by a
mechanism analogous to steric stabilization, which is
known to protect particle against flocculation [33,46,58].
This behavior could affect themorphology, the particle size
and the amount of surface area and pore volume of the
microparticles. To investigate this dependence, different
experiments using natural biopolymers (GG and XG), on
the basis of experimental conditions described in Tables 3
and 4 were done. Guar gum (GG) is a nonionic edible plant
polysaccharide with extensive applications in food,
paper, textile, and petroleum industry [59,60]. It is a
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polysaccharide with one of the highest molecular weights
of all naturally occurring water soluble polymers and that
has an approximate 1:2 ratio of D-galactose to D-mannose.
The main advantages for using guar are its low cost, easy
availability and capacity to form viscous solutions and gels
at low concentration. Xanthan gum (XG) is an extracellular
heteropolysaccharide and its structural unit consists of
D-glucopyranose glucan backbone with side chains of
D-mannopyranose-D- glucuronid acid-D-mannopyranose
on alternating residue, It can be used in food and pharma-
ceutical industry and oil recovery [61,62]. Guar gum is in
fact the powdered endosperm of the seeds of the
Cyamopsis tetragonolobus which contains a complex poly-
saccharide called galactomannan. This hydroxyl group is
rich high molecular weight polymer consisting of d-man-
nose backbone on which d-galactose units are attached as
side-chains. These functional groups form hydrogen bond-
ing with water to impart viscosity and thickening to the
solution [63].

The concentration of the polymeric dispersant is one of
the most important factors controlling nucleation, i.e., the
number of particles increases and their size decreases as
the dispersant content is raised. The efficiency of stabilizing
function of guar gum at different concentrations on bead
formation process and properties shown in Table 3.
Different dispersant concentrations gave various copoly-
mer particle sizes. Due to heterogeneity of particle size
obtained for GG, copolymer beads were sieved (screen
mesh size) in order to quantify their average particle size.
The polymer particle size distribution determined by screen
analysis is given by screenmesh size and by themillimeters
(mm) ormicrons (µ) corresponding to the screenmesh size.
At a GG concentration 2 wt%, 19.45 wt% of particles have a
particle size higher than 80 mesh, 74.25 wt% between
50–80 mesh, and only 6.37 wt% lower than 50 mesh. The
highest overall conversion (expressed as % yield) was at a
GG concentration 2 wt%. The bead size distributions mea-
sured for various GG concentrations are summarized in
Table 3. The effect of the increasing GG concentration,
and hence, viscosity of the continuous phase, on the par-
ticle size distribution (PSD) is depicted in Figure 1, which
shows that the increasing concentration of GG leads to
smaller particle sizes and causes the PSD to shift towards
smaller diameters and to narrower slightly. Table 3, shows a
remarkable product distribution in that almost 76 percent
of the particles fall in the 50 mesh and 80 mesh size. As the
amount of GG present is increased the polymer particle size
decreases; but the product particle size distribution main-
tains a relatively narrow range.

Also, it was found that increase in the amount of
guar gum used results in still further decrease in the
copolymer product size but usage much in excess of
the 3 percent shown ceases to afford significant size

decrease. Very large amounts of guar gum tend to
decrease the yield of polymer product somewhat.

At a GG concentration 0.5 wt% (RunG0.5), the polymeric
beads formedwere clustered and fused, no bead formation
could be observed, because the suspension stabilizer con-
centration was too low tomake enough droplet stability to
keep them from coalescing during polymerization and
resulted in a thinner layer of interfacial polymer and a less
stable suspension. Thus, this amount of the suspending
agent GG is not enough to help the bead formation. When
the GG concentration at a fixed DVB content was increased
from 1 to 2 wt% (G1 to G2), the overall yield and average
particle size were increased, and the particle shape
improved. Furthermore, increasing the GG concentration
could result in an increase in droplet stability by decreasing
the droplet collision frequency.

Suspension copolymerization was also performed
with four different XG concentrations (0.5,1,2,3wt%).
Table 4 shows the effect of XG concentration on disper-
sion copolymerization of St, DVB. The presence of 0.5–
0.75 weight percent XG, or less, based on (St+ DVB)
charge, in the polymerization zone resulted in polymer
product in the form of one solid mass around the stirring
magnet. The effect of the increasing XG concentration
on the (PSD) is depicted in Figure 2, which shows that
the increasing concentration of XG leads to smaller par-
ticle sizes and causes the PSD to shift towards smaller
diameters and to narrower slightly, but less than the

Table 3. Effect of the concentration of GG on bead properties*.
Run G0.5 G1 G1.5 G2

GG concentration, wt% 0.5 1 1.5 2
Yield, % 10 23 53 65
Bead size distribution, wt%
≤ 0.177 mm, ≥ 80 mesh Fused 9.15 13 19.45
0.177–0.297 mm, 80 mesh Fused 41.85 53.25 58.45
0.297–0.707 mm, 50 mesh Fused 29.80 22.30 15.77
≥ 0.707 mm, 25 mesh Fused 19.21 11.50 6.37
% Swelling 65.40 68.50 70.58
Glass transition temperature, °C 110 111 115
Surface area, m2/g 26 29 35
Pore volume, cm3/g 0.16 0.18 0.195

*Diluent composition (Toluene/Heptane: 3/2); DVB concentration = 8%

Table 4. Effect of the concentration of XG on bead properties*.
Run X0.5 X1 X1.5 X2 X3

XG concentration, wt% 0.5 1 1.5 2 3
Yield, % 9 18 49 68 69
Bead size distribution, wt%
≤ 0.177 mm, ≥ 80 mesh Fused 6.11 9.12 12.26 11.90
0.177–0.297 mm, 80 mesh Fused 24.40 31.20 37.32 36.20
0.297–0.707 mm, 50 mesh Fused 35.32 30.65 26.02 27.30
≥ 0.707 mm, 25 mesh Fused 34.20 29.08 24.16 24.20
% Swelling 52. 40 56.20 60.63 61.0
Glass transition temperature, °C 109 111 113 113
Surface area, m2/g 25 28 34 40
Pore volume, cm3/g 0.155 0.165 0.19 0.215

*Diluent composition (Toluene/Heptane: 3/2); DVB concentration = 8%
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equivalent amount of GG, and the product particle size
distribution maintains a relatively narrow range. In gen-
eral, St/DVB particles obtained using XG were opaque
with spherical shape, although some agglomerates were
also observed (Figure 7(b)).

It can be seen that these copolymer particles, con-
trolled by the dispersant, have a nearly micro-spherical
shape with a smooth surface. Different XG concentra-
tions also gave various copolymer particle sizes. The
copolymer particle sizes obtained were in the range of
25–80 mesh with bead size distribution (wt%) shown in
Table 4.

Also, it was found that, similar to GG, increase in the
amount of XG used results in still further decrease in
the copolymer product size but usage much in excess
of the 4 percent shown ceases to afford significant size
decrease. Very large amounts of XG tend to decrease
the yield of polymer product somewhat.

The copolymerization using (XG + PVA) suspension
agents at a weight ratio of XG to PVA of 2/1 and a

range of XG usage ranging from 0.1 to 3 percent at a
fixed DVB content (8 wt%) were carried out. It was
found that at 4 percent of PVA alone, St and DVB did
not copolymerized to a particulate polymer in the
procedure used herein. However, using the combina-
tion agent particulate polymer product is produced in
high yield at a usage of only 0.1 percent XG plus 0.05
percent PVA and this production continues at high
yield even at 4.0 percent XG plus 2.0 percent PVA. At
a weight ratio XG to PVA (2/1) and XG concentrations
based on monomer, 0.1, 0.2, 0.5, 1, 1.5, 2; the yields
(wt), were 79, 78, 75, 73, 71, 70%, respectively, and
the porosities were 30, 31, 36, 41, 46, 51%, respec-
tively. At equivalent xanthan gum usage, the XG
alone process gives product of larger size than the
combination agent process; however, both processes
give a relatively narrow range of particle sizes. The
combination process gives a definitely more porous
product than the xanthan gum alone process at
equivalent agent usage.
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Figure 1. Size distribution of the cross-linked beads at the different GG concentrations following suspension polymerization.

Figure 2. Size distribution of the cross-linked beads at the different XG concentrations following suspension polymerization.
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When the combination of XG/PVA (2/1) with an over-
all concentration 2 wt% at a fixed DVB content (8 wt%)
was used as stabilizer, almost 93 wt% of particles have a
particle size 80 mesh and higher, and the particle shape
improved (Table 5). The copolymer particles have a
spherical shape and are stabilized in a dispersion med-
ium because of repulsive forces generated by barriers
of the soluble mixed dispersant. When two surfaces,
each covered by a layer of adsorbed soluble polymer
chains, approach each other within a distance less than
the combined thickness of the adsorbed layers, an
interaction between the polymer layers will occur. This
is the source of steric stabilization generating a repul-
sive force between the opposing surfaces.When the
system was polymerized without the dispersant,
agglomerated particles were formed. It is explained
that the polymerizing system without a stabilizer brings
about the attractive force which operates between two
adjacent particles, usually called Vander Waals force,
originating in the interactions between the atoms and
molecules of which the particles are composed [64].

The possibility of using CMC as a stabilizer in the
procedure used herein with five different CMC con-
centrations (0.5, 1, 1.5, 2, 3, 4 wt%) at a fixed DVB
content (8 wt%) was studied. It was observed with a
range of CMC usage ranging from 0.5 to 3 percent,
the polymerizable monomers, St and DVB, did not
copolymerized to a particulate polymer in the proce-
dure used herein. However, at a CMC concentration
4 wt% alone, randomly irregular aggregated particles
were formed.

The next step of our studies involved the preparation
of a series of polystyrene-divinyl benzene cross-linked
resins from 2 to 10% DVB by traditional suspension
radical polymerization method. There are a number of
variables which must be considered when altering the
cross-linking ratios; thus the relative amounts of St and
DVB needed to be taken into account during the synth-
esis. In our cases, the incorporation of DVB used in the
polymerization mixtures was such as to give a lightly
cross-linked copolymer bead (Tables 1 and 2). It was
observed that the crude yield of the polymerization

was dependent on the amount of cross-linking agent
added to the reaction (Figure 3). The yields of synthesis
increased with increasing cross-linking ratio, with a 2%
resin giving a yield of only 32% whereas the 6–8, 8–10
resins consistently yielded almost 60% and 70%, respec-
tively. Since increasing cross-linking confers upon a
growing polymer increasing insolubility in the medium,
it follows that a higher proportion of soluble polymer
will remain in the cases of the lowest cross-linked resins,
and given the fact that these will be washed out of the
resins by the workup procedure, the yields of reaction
will increase with increasing resin cross-linking. In all
cases, the size distribution of the obtained beads was
carefully controlled by stirring, and the beads were
sieved to give the distribution shown in Figure 4. Of
these beads the 50–80 mesh size (or 170–290 μm)
beads were used in the subsequent studies.

Figure 5 shows the relation between yield of copo-
lymers prepared with GG as a function of the crosslinker
DVB concentration.When the DVB content increases,
the polymerization rate and the final monomer conver-
sion increase. The yield of the copolymers increased
from about 52 to 75%. DVB has a higher reactivity
than styrene. It helps to decrease the activation energy
of polymerization and to increase the reaction rate. As
the polymerization proceeds, the polymerization rate
slows down. In the last stage, the number of nuclei
does not rise any more, and the amount of monomers
and cross linking agent decreases. At the same time,
the crosslinking density of the particles becomes
higher.

The FTIR spectrum of copolymers exhibited an
absorption at 3025 cm−1 attributed to aromatic C-H
stretching (Figure 6). In addition, bands at 1600,
1487, 1447 cm−1 confirmed the presence of carbon-
carbon double bond phenyl stretching. The strong
absorption at 696, 751 cm−1 due to out of plane
bending of monosubstituted benzenes and 2912,
2840 cm−1 due to aliphatic C-H stretching. The char-
acteristic absorption bands of the prepared copoly-
mers were in agreement with the reported
literature [65].

Table 5. Effect of the concentration of crosslinking agent (DVB) on bead properties*.
Run D4 D6 D8 D10 D15

Crosslinking agent concentration, wt% 4 6 8 10 15
Yield, % 11 22 46 69 70.50
Bead size distribution, wt%
≤ 0.177 mm, ≥ 80 mesh 46 20.75 15.6 26.53 33.59
0.177–0.297 mm, 80 mesh 28 64.15 78.12 63.26 58.77
0.297–0.707 mm, 50 mesh 8 11.32 3.1 8.16 3.55
≥ 0.707 mm, 25 mesh 18 3.7 3.1 2.0 4.08
% Swelling 84.52 83.07 60.63 58.16 52.38
Glass transition temperature, °C 104 113.7 116 125 132

*Diluent composition (Toluene/n-Heptane: 3/2); XG/PVA (2/1), overall concentration 2%wt
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The surface morphology and particle size of some of
the synthesized polymer beads were also investigated
by SEM to gain an insight into the formation of pores.
Images of the morphologies obtained are shown in
Figure 7, which shows, when GG was used as stabilizer,
all particles are perfectly regular, spherical shape and
almost uniform in their size and that the surface is even
and smooth (Figure 7(a)). The diameters of the beads
were about 0.17–0.707 mm. The even and smooth sur-
face of the particles also demonstrate that the mono-
mer diluent is a good solvent for the polymer and the
beads are microporous in nature. It was also observed
that when XG used as stabilizer, all particles are per-
fectly regular, spherical and almost heterogeneous in
their size, a heterogeneous surface morphology and

that the surface of particles is even and smooth
(Figure 7(b)).The average particle size was approxi-
mately 0.298 mm. However, with CMC as stabilizer,
randomly irregular aggregated particles with rough sur-
face were observed (Figure 7(c)). It could be hypothe-
sized that GG, XG (especially XG/PVA) preferred to
adsorb on the surface of the polymer than phase
change materials, resulting in lower interfacial tension
between the polymer and the aqueous phase, and
leading to a smooth surface. The repeating structure
of guar/xanthan gums, i.e. D-galactose to D-mannose
(1/2 ratio) and D-glucopyranose glucan backbone with
side chains of D-mannopyranose-D- glucuronid acid-D-
mannopyranose on alternating residue, could result in
greater their density enabling cooperative effect among

Figure 3. Relationship between the crude yield of the polymerization reaction and resin cross-linking.

Figure 4. Size distribution of the 4–10% cross-linked beads following suspension polymerization using the GG, XG, XG/PVA as
stabilizers.
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hydroxyl interacting sites that give rise to enhanced
stabilizing function. These functional groups form
hydrogen bonding with water to impart viscosity and
thickening to the solution.

The percentage of volume swelling (% swelling) of
the copolymer beads in toluene as solvent were mea-
sured and the data are shown in Figure 8. At a fixed
pore former ratio, a higher swelling percentage was
achieved in copolymers synthesized with GG, XG as
stabilizer agents. In both cases, higher DVB content
resulted in lower swelling percentage at an equal DVB
content. Figure 8 shows the relation between The per-
centage of volume swelling of copolymers prepared
with GG, XG as a function of the cross-linking degree.
The % swelling in toluene of the beads decreases with
an increasing cross-linking density of the copolymer
chains. The copolymer beads are therefore less flexible,
leading to a decrease in the % swelling and these

results in turn led to a decrease in the diffusion coeffi-
cient of the copolymer.

TGA can accurately track the in situweight variations of
the copolymer bead samples during heating process to
investigate their thermal degradation. Figure 9(a) shows
TGA plots of copolymer beads prepared with GG, XG at an
equal DVB content. It was obviously seen that both sam-
ples showed two-step degradations and similar patterns,
and a little weight loss (about 4%) at lower heating tem-
perature (215°C) was resulted from the residual monomer
and physically adsorbed water. The main weight loss
stage was the random bond scission or the polymer
chains. Two copolymer bead samples prepared using GG
and XG as stabilizing agents (8.0 wt.% DVB) had 50%
weight loss at 410 and 445°C, and 89% weight loss at
441 and 459°C, respectively. The two samples completely
degraded at about 620 oC. It is also worth noticing that
these copolymer beads yield thermal degradation with

Figure 5. The yield of the copolymers with changing crosslinker DVB concentration (Yield of copolymer in weight percent of St
+ DVB charge).

Figure 6. FTIR spectrum of St-DVB copolymer obtained using GG as stabilizer.
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very little or none ash residue. Figure 9(b) shows TGA
plots of the copolymer beads prepared using GG at dif-
ferent DVB content. The thermal stabilization of the copo-
lymer beads was enhanced with increasing DVB content.
No obvious weight loss was observed between 50 and
320°C for all samples. Comparatively, at 4 wt.% DVB

loading, the copolymer bead had 50 and 89% weight
loss at 402 and 490°C, respectively, and completely
degraded at 615°C. At 8 wt.% DVB, the copolymer bead
had 50 and 89% weight loss at 412 and 502°C, respec-
tively, and completely degraded at 625°C. The results
strongly show that the thermal stability property of

Figure 7. SEM micrographs of the polymer beads synthesized by different stabilizer. (a) GG, (b) XG, (c) CMC.

Figure 8. Swelling (%) of 4–10% DVB cross-linked polystyrene beads in toluene solvent.
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copolymer beads increased as the cross-linker DVB load-
ing increased.

The DSC analysis provide analogous information
(Figure 11). The maximum decomposition temperature
(50 wt.% weight loss) for the copolymer bead prepared
using GG is 410°C while for XG 425°C. No exothermic peak
in the range 200–250 oC was observed. For this peak,
polymer cross-linking is responsible. Absence of such
peaks in the case of copolymer beads prepared using GG
and XG indicates that all double bonds of monomers were
consumed during copolymerization. The Tg values of the
synthetic copolymer beads (with XG) for various contents
of the DVB cross-linking agent (4–15 wt.%) are shown in
Table 5. The Tg values were in the range of 107–133°C. It

can be seen that the DVB content in the copolymer exerts a
direct impact on the glass transition temperature of the
resulting copolymer. The relation between Tg and the DVB
content is presented in Figure 10.

The higher the DVB content, the higher the observed
Tg values. Theoretically, the limited macromolecular relaxa-
tion by cross-linking site in the network reduces chain
flexibility and elevates the Tg of the beads [66] as well as
decreasing the solvent swelling Table 6. Furthermore, the
Tg values of the synthesized copolymer beads for various
toluene/heptane ratios of 100/0, 80/20, 60/40, 80/20 as
diluents for the monomers are shown in Table 7. At a
fixed cross-linking agent concentration, the Tg range of
these polymers is about 107–109°C, which indicates that

Figure 9. Thermograms of (a) Poly(St-DVB) copolymer prepared using GG, XG,(b) Poly(St-DVB) copolymers prepared using GG at
different DVB content.

Table 6. Effect of the concentration of crosslinking agent on bead properties*.
Run D4 D6 D8 D10 D15

Crosslinking agent concentration, wt% 4 6 8 10 15
Yield, % 54 59 64 69 71
Bead size distribution, wt%
≤ 0.177 mm, > 80 mesh 10.16 20 19.4 26.19 29.36
0.177–0.297 mm, 80 mesh 57.62 50 58.45 52.38 49.19
0.297–0.707 mm, 50 mesh 28.81 22.5 15.77 19.04 14.40
≥ 0.707mm, 25 mesh 3.38 7.50 6.37 2.3 4.31
% Swelling 79.49 75.12 70.58 58.16 49.12
Glass transition temperature, °C 105 111 116 126 131

*Diluent composition (Toluene/Heptane: 3/2); Guar gum concentration, 2% wt
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the variation of the toluene/heptanes volume ratio has an
insignificant effect on the Tg values of the beads, because
the composition of the monomer system is almost
unchanged for cross-linking copolymerization.

Differences between the results obtained from the
TG and DSC analyses are caused by the oven atmo-
sphere. In the case of DSC it is dynamic atmosphere of

nitrogen while the TG measurements are carried out
under static air atmosphere.

4. Conclusion

This contribution shows, for the first time, that guar and
xanthan gums have potential as stabilizing agents in the

Table 7. Effect of the Toluene/n-Heptane diluent composition on bead properties*.
Run H00 H20 H40 H60 H80 H100

Diluent composition (Tol./Hep), wt.% 100/0 80/20 60/40 40/60 20/80
Yield, % 58.5 60.75 64.7 59.6 58.78 56.5
Bead size distribution, wt%
≤ 0. mm, ≥ 80 mesh 55.05 30.02 15.6 27.02 41.78 47.1
0.177–0.297 mm, 80 mesh 25.41 59.66 78.12 61.08 50 28.26
0.297–0.707 mm, 50 mesh 9.7 6.20 3.1 5.28 3.4 12.3
≥ 0.707mm, 25 mesh 9.7 4.09 3.1 5.9 4.79 12.3
Average bead size, mm 0.275 0.255 0.25 0.26 0.243 0.29
% Swelling 65.20 67.12 76.20 64.40 55.40 50.10
Glass transition temperature, °C 107 107 109 108 109 109
Surface area, m2/g 18.445 24.246 31.24 38.214 43.21 45.20
Pore volume, cm3/g 0.102 0.115 0.155 0.162 0.172 0.218

*DVB concentration = 8 wt.%; Guar gum concentration, 2 wt.%

Figure 10. Effect of the crosslinking agent concentration on glass transition temperature (Tg) of the copolymer beads.

Figure 11. DSC thermograph of the copolymer bead at 6 wt.% DVB using XG as suspension stabilizer.
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synthesis of polymers by suspension polymerization as a
result of their surface active properties. This approach
allows tuning of the average particle size of the synthe-
sized polymer beads by adjusting the concentration of the
investigated natural polymers in the aqueous phase of the
suspension. The effect of two new natural and biodegrad-
able suspension stabilizers on the process of poly(St-DVB)
bead formation was investigated. The concentration win-
dow of the stabilizers in toluene/heptane for formation of
regular microspheres with smooth surface and nearly nar-
row size distribution was 2 wt%.The obtained porous
copolymer beads may be useful for catalyst immobilization
due to their high thermal stability and swelling ratio, and
appropriate average diameter in number. This approach
using environmentally benign suspension stabilizers could
make a valuable contribution to the existing processes in
the field of porous copolymer bead synthesis. Efforts to
develop other biopolymer based systems and their com-
binations with synthetic ones in low amounts as suspend-
ing agents for applications in suspension and emulsion
polymerizations are underway in our laboratory.
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