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a  b  s  t  r  a  c  t

Porous  microparticles  based  on glycidyl  methacrylate,  dimethacrylic  monomers  [ethylene  glycol
dimethacrylate,  diethylene  glycol  dimethacrylate,  triethylene  glycol  dimethacrylate]  and  xanthan  gum
were synthesized  by  aqueous  suspension  polymerization  method  in  the  presence  of  toluene  as diluent
using  two  types  of  initiators:  benzoyl  peroxide  and  ammonium  persulfate.  The G  microparticles  based  on
glycidyl  methacrylate  and  dimethacrylic  monomers  and  X  microparticles  based  on  glycidyl  methacrylate,
eywords:
lycidyl methacrylate
anthan gum
uspension polymerization
urface area

xanthan  and  dimethacrylic  monomers  were  characterized  by various  techniques  including  FT-IR  spec-
troscopy,  TG  analysis,  SEM  analysis  and DVS  method.  The  specific  surface  areas  were  determined  by  DVS
method,  while  the  copolymer  porosities  and  pore  volume  were  obtained  from  the  apparent  and  skeletal
densities.  The  results  have  indicated  that  xanthan  was  included  in the  crosslinked  matrix  by means  of
covalent  bonds.  X microparticles  have  a porous  structure  with  higher  specific  surface  area  (129–44  m2/g)

cities
orous microparticles and  higher  sorption  capa

. Introduction

The selection, modification and elaboration of new materials for
arious applications are important criteria in the development of
uman civilization. Nowadays polymeric materials play an essen-
ial role in every field of human activities, taking part more and

ore in all the aspects of our daily existence. The increased inter-
st of the scientific community for the polymeric microparticles is
ue to their properties as well as of the various requirements of
edical and pharmaceutical fields.
Glycidyl methacrylate (GMA) is an attractive vinyl monomer

ecause of its low toxicity, lower cost compared with other acrylic
onomers, versatile properties and especially due to the presence

n its molecule of two functional groups such as epoxy and acrylic
roups, respectively (Jin, Lee, Ha, Lee, & Choe, 2007; Rahman et al.,
012).
Since the pioneering work of Svec, Hradil, Coupek, and Kalai
1975) on macroporous copolymer based on GMA  and ethylene
lycol dimethacrylate (EGDMA) a large number of papers have been

∗ Corresponding author. Tel.: +40 232 217454; fax: +40 232 211299.
E-mail addresses: maria andreea.lungan@yahoo.com (M.-A. Lungan),

arpopa2001@yahoo.fr (M.  Popa), jacques.desbrieres@univ-pau.fr (J. Desbrieres),
tefania.racovita@icmpp.ro (S. Racovita), msilvia@icmpp.ro (S. Vasiliu).

144-8617/$ – see front matter © 2014 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2014.01.035
 compared  with  G  microparticles  (69–31 m2/g).
© 2014  Elsevier  Ltd. All  rights  reserved.

focused on more detailed studies of the synthesis, properties, chem-
ical modification and applications of copolymers based on GMA.
Applications area of these types of copolymers is quite large, they
being used as chelating ion exchangers (Malovic et al., 2007; Senkal
& Yavuz, 2006), macromolecular supports for enzyme immobi-
lization (Bencina, Bencina, Stancar, & Podgornik, 2005; Miletic,
Rohandi, Vukovic, Nastasovic, & Loos, 2009; Milosavic, Prodanovic,
Joranovic, & Vujcic, 2007; Vaidya, Ingavle, Ponrathnam, Kulkarni, &
Nene, 2008) or adsorbents for blood detoxification (Danquah, Ho, &
Forde, 2007). In literature are presented various methods to prepare
porous microparticles based on GMA  such as suspension polymer-
ization (Qi et al., 2002), seeded polymerization (Kim & Suh, 2008),
precipitation polymerization (Jiang & Tu, 2010), surfactant reverse
micelles swelling methods (Zhou, Gu, Su, & Ma,  2007), disper-
sion polymerization and membrane emulsification polymerization
(Wang, Zhang, Ma,  & Su, 2006). Among these methods the suspen-
sion polymerization is one of the most common techniques used for
the preparation of porous microparticles due to some advantages,
such as: (a) small number of reagents in comparison with emulsion
polymerization or other techniques; (b) lower cost compared to a
broad spectrum of properties acquired by the microparticles; (c)

excellent heat transfer during the process; (d) ability to control the
size and size distribution of microparticles; (e) simple purification

dx.doi.org/10.1016/j.carbpol.2014.01.035
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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ethod for the final product (Brooks, 2010; Vivaldo-Lima, Wood,
amielec, & Penlidis, 1997).

In suspension polymerization technique, the polymerization
ixture should be adjusted according to the required properties

f microparticles, especially for the achievement of the spherical
hape, size and porosity. Thus, for the separation of small molecules
r oligomers are used microparticles with small pores and a narrow
ore distribution while for protein separation are needed porous
ystems which have pores with large diameters. It is known that the
orosity of the copolymers is controlled by the following parame-
ers: crosslinker and monomer concentrations, type and molar ratio
f the monomers, amount and type of porogenic agent used and
olymerization temperature (Malik, Ali, & Waseem, 2006; Okay,
000). For medical applications it is very important to improve the
iocompatibility and to reduce the toxicity of the macromolecular
upports. A combination between synthetic and natural polymers
ould lead to new polymeric materials with specific properties that
an be used as supports for immobilization of various biologically
ctive molecules (Vasiliu, Bunia, & Neagu, 2009). For this purpose,
he present manuscript describes a new way for the synthesis of
orous microparticles based on GMA  and xanthan (XAN) using the
uspension polymerization technique. Xanthan gum is an anionic
olysaccharide produced by Xanthomonas campestris and due to its
ature can provide remarkable properties to the new polymeric
aterials in terms of lack of toxicity and good biocompatibility. In

he future studies we shall continue to explore the applications of
hese systems as macromolecular supports for immobilization of
iologically active molecules in drug delivery and biotechnological
elds.

. Experimental

.1. Materials

Glycidyl methacrylate (Sigma–Aldrich) was distilled under
educed pressure to remove the inhibitor. Ethylene glycol
imethacrylate, diethylene glycol dimethacrylate (DEGDMA), tri-
thylene glycol dimethacrylate (TEGDMA) and xanthan gum were
urchased from Sigma–Aldrich and were used as received.

All other reagents were of analytical grade and were purchased
rom Sigma–Aldrich. Benzoyl peroxide (BOP) and ammonium per-
ulfate (APS) were used as initiators, while toluene was used
s porogenic agent. Poly(vinyl alcohol) (PVA, Mw = 51.000 g/mol,
egree of hydrolysis, 88%) was used as stabilizer. Ultra pure grade
ater was used in all experiments and has been prepared by purify-

ng deionized water (  ̋ < 10−6 S/cm) with Millipore Simplicity-UV
pparatus.

.2. Preparation of copolymer microparticles

.2.1. Synthesis of G microparticles
The microparticles based on GMA-EGDMA, GMA-DEGDMA and

MA-TEGDMA labeled G microparticles were prepared by aqueous
uspension polymerization in a cylindrical reactor with a volume
f 500 cm3. The reaction mixture consists of two phases:

a) Aqueous phase consisting of distilled water as a dispersion
medium and 1.5 wt.% PVA as suspension stabilizer.

) Organic phase consisting of GMA  (90 mol%), crosslinking agents
[EGDMA (10% and 20% mol, respectively), DEGDMA (10 mol%),

TEGDMA(10 mol%)], free radical initiator (BOP) (2.5 wt.% with
respect to the total amount of the monomers) and toluene as
porogenic agent [D = 0.5, where D = ml  toluene/(ml toluene + ml
monomers)]. The inert porogenic agent must be soluble in the
olymers 104 (2014) 213–222

monomer mixture but insoluble in the continuous phase of sus-
pension polymerization.

2.2.2. Synthesis of X microparticles
The microparticles based on GMA-EGDMA-XAN, GMA-

DEGDMA-XAN and GMA-TEGDMA-XAN, labeled X microparticles
were obtained through the same procedure with few modifica-
tions:

1. The aqueous phase was formed by a solution of PAV and xanthan
(1.5 wt.%).

2. In the aqueous phase a second free radical initiator (APS) is used
to create radicals on polysaccharide chains. The XAN/monomers
ratio was  1:23 (w/w)  and (BOP + APS) content was 2.5 wt.% with
respect to the total amount of monomers.

For all experiments the organic/aqueous phase ratio was  1:9.
The copolymerization reactions were conducted under N2 atmo-
sphere for 8 h at 78 ◦C and 1 h at 90 ◦C with a stirring rate of
360 r.p.m.

Both sets of copolymers with and without XAN obtained in
beaded form were separated by decantation, washed with hot
water and then were extracted with methanol in a Soxhlet appara-
tus in order to remove traces of residual monomers and porogenic
agent.

Finally, the G and X microparticles were dried under vacuum at
50 ◦C for 48 h and sieved.

2.3. Characterization of microparticles

The epoxy group content was determined by titrimetric method
namely HCl-dioxane method (Vogel, 1958, Chapter XXXVIII).
Simultaneously, epoxy group content in the structure of copoly-
mers was determined by FT-IR analysis on the basis of a calibration
curve using the peak areas at 908 cm−1 and 1717 cm−1 (Bakhshi,
Zohuriaan-Mehr, Bouhendi, & Kabiri, 2009; Canto & Pessan, 2002).

FT-IR spectra were obtained on a Bruker Vertex FT-IR Spectrom-
eter, resolution 2 cm−1, in the range of 4000–400 cm−1. In order to
obtain the FT-IR spectra, a known quantity of microparticles (0.03 g)
was mixed and ground with potassium bromide.

The thermal degradation of microparticles was performed in
a METTLER 851 Derivatograph, carried out using 4 mg of sample
and heated at a rate of 10 ◦C/min under nitrogen atmosphere. The
weight loss versus temperature was  recorded.

The number average diameter (Dn) and the particle size distribu-
tion of G and X microparticles were achieved using the principle of
laser diffraction (Laser Diffraction Particle Size Analyzer WingSALD
7001).

The specific surface area of the microparticles was determined
using the Brunauer, Emmet  and Teller (BET) method (Ng & Mintova,
2008) using the fully automated gravimetric analyzer IGAsorp pro-
duced by Hiden Analytical, Warrington (UK).

The apparent (�ap) and skeletal (�sp) densities of microparticles
were measured by pycnometric methods with mercury and hep-
tane, respectively (Seidl, Malinsky, Dusek, & Heitz, 1967; Vlad &
Vasiliu, 2010). The pore volume (PV) and the porosity (P) of micro-
particles were calculated as follows:

PV (mL/g) = 1
�ap

− 1
�sp

(1)

%P = 100 ·
(

1 − �ap

�

)
(2)
sp

Sorption–desorption isotherms were registered with fully auto-
mated gravimetric analyzer IGAsorp produced by Hiden Analytical,
Warrington (UK). The weight change was measured with an
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Scheme 1. Schematic representation of G and X microparticles synthesis.

ltrasensitive microbalance, system measurements being fully
utomated and controlled by a software package. The samples were
ried at 25 ◦C in flowing nitrogen (250 mL/min.) until the equi-

ibrium was reached (relative humidity (RH) < 1%). Then, RH was
radually increased from 0 to 90% and the sorption curves were
egistered. Desorption curves are obtained when RH was decreased.

The shape and the surface morphology of the G and X micro-
articles were observed using an Environmental Scanning Electron
icroscope type Quanta 200 at 25 kV.
The yield of copolymerization was determined gravimetrically.

. Results and discussion

.1. Preparation of G and X microparticles

Porous G and X microparticles were synthesized by suspension
olymerization technique. In Table 1 are presented the chemical
tructures of monomers, natural polymer, G and X microparticles.

The schematic representation of the synthesis of G and X micro-
articles is shown in Scheme 1.

As can be seen from Scheme 1 for the preparation of X micro-
articles is used a second initiator (APS) which determines the
ppearance of an active center on xanthan macromolecules. This
acroradical can either attack the unreacted double bonds of the
onomers or can react with the other macroradicals that are

resent in the reaction medium, leading to the formation of a new
rosslinked polymer matrix in which the polysaccharide is linked
y covalent bonds. The sample codes, composition and yields of
opolymerization of the microparticles used in this study are pre-
ented in Table 2.

.2. Characterization of the microparticles

.2.1. FT-IR spectra
The FT-IR spectroscopy is an important tool in the elucidation

f the structural clues being an easy way to detect the presence of
hemical functional groups in the sample. The FT-IR spectra of XAN
nd GMA-EGDMA are well known in literature (Marinovic, Vukovic,
astasovic, Milutinovic-Nikolic, & Jovanovic, 2011; Vasiliu, Bunia,
acovita, & Neagu, 2011). Fig. 1 shows the FT-IR spectra of X2 micro-
articles, G2 microparticles and XAN.

−1
The spectrum of XAN presents peak at 3435 cm that repre-
ent O H asymmetric stretching vibrations. The peak representing
CH stretching vibrations of >CH2 group appears at 2920 cm−1.
he >C O stretching of acetyl group appeared at 1737 cm−1 and
Fig. 1. FT-IR spectra of X2 microparticles, G2 microparticles and XAN.

the adsorption bands at 1631 cm−1 and 1413 cm−1 are due to the
�s (COO−) and �as(COO−) from pyruvate and glucuronate groups.

In the spectrum of the G2 microparticles the characteristic
absorption bands were assigned as follows: the bands at 3001 and
2954 cm−1 correspond to the >CH stretching vibrations; ester
group vibrations appear at 1731 cm−1 [�(C O)]  and at 1262 and
1150 cm−1 [�(C O)]; the bands at 1485 and 1454 cm−1 indicate
the presence of the methylene groups; the band at 908 cm−1 cor-
responds to the epoxy ring vibrations. In case of X2 microparticles
is observed a slight shift of most absorption bands. This behavior
is common for all types of X microparticles compared to G micro-
particles.

In general the specific bands of the starting polymers are over-
lapped and therefore to better highlight the differences between
G and X microparticles the area of some characteristic bands was
determined (Table 3).

From the analysis of the data from Table 3 it could be drawn the
following conclusions:

- for all samples the peak areas of X microparticles are higher than
those for G microparticles;

- the peak areas at 1150 cm−1 (C O stretching vibration) of physi-
cal mixtures and G microparticles show approximately the same
values because between them there is no chemical interaction;

- the increase of the peak area value at 1150 cm−1 for X micro-

particles compared with those for G microparticles and physical
mixtures can be explained by the appearance of the new ether
linkage demonstrating that xanthan reacts with the acrylic
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Table 1
Chemical structure of monomers, natural polymer, G and X microparticles.

Monomers and polymers Chemical structures

Glycidyl methacrylate CH2 = C       COO       CH2       CH       CH2

CH3

O

Dimethacrylic monomers
CH2 = C      COO     (CH2      CH2      O)       CO       C = CH2

CH3 CH3

x

Xanthan gum (XAN-OH)

G microparticles

H2C      C        CH2     C

CH3

CH3

COO

CH2

CH

CH2

COO

CH2       CH2       O      CO

O
C      CH2

CH3

n m

x

x = 1-3

X microparticles

x

mn

CH3

C      CH2O

CH2      CH2      O      CO

COO

CH2

CH

CH2

COO

CH3

CH3

H2C      C        CH2     C

O      XAN

Table 2
Sample codes, composition and yield of copolymerization of G and X microparticles.

Sample codes Crosslinker GMA/crosslinker ratio (mol/mol) Monomers/XAN ratio (w/w) D (�m) Yield of copolymerization (%)

G1 EGDMA 90/10 – 316 94
G2 EGDMA 80/20 – 243 93
G3 DEGDMA 90/10 – 268 90
G4 TEGDMA 90/10 – 252 85
X1 EGDMA 90/10 23/1 179 98
X2 EGDMA 80/20 23/1 150 95
X3 DEGDMA 90/10 23/1 159 92
X4 TEGDMA 90/10 23/1 160 87
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Table  3
Areas of characteristic bands of X microparticles, G microparticles and physical
mixture.

Sample codes A3400 (cm−1) A1630 (cm−1) A1150 (cm−1) A907 (cm−1)

G1 29.96 0.80 23.37 2.88
X1 37.94 1.00 48.28 4.89
PB1 56.83 2.44 23.96 2.89
G2 26.06 0.82 18.35 1.52
X2 34.29 1.21 35.71 3.54
PB2 53.17 2.55 19.58 1.53
G3 36.31 0.77 22.70 1.86
X3 47.17 1.02 31.96 2.54
PB3 63.54 2.34 23.83 1.83
G4 29.42 0.86 15.45 1.43
X4 39.74 0.94 23.09 1.87

P
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d
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Table 4
Epoxy group contents determined by titration and FT-IR analysis.

Sample codes Epoxy group content (wt.%)

Theoretical Titration FT-IR

G1 26.19 13.05 21.75
G2 22. 43 13.29 19.13
G3 25.43 15.17 20.89
G4 24.72 7.51 15.89
X1 25.10 20.89 23.12
PB4 56.44 2.57 16.82 1.45

Bn – physical mixtures between G microparticles and xanthan (23/1, w/w).

monomers and the reaction mechanism proposed in Scheme 1
is correct.

 the peak areas at 3400 cm−1 for G microparticles are due to the
opening of small amounts of epoxy groups of GMA;

 because the peak area values at 907 cm−1 (specific of epoxy vibra-
tions) for X microparticles are increased compared to those for
G microparticles and physical mixtures it can be concluded that
the presence of xanthan gum in the reaction medium leads to the
opening of a smaller number of epoxy groups;

 the higher value of peak area at 3400 cm−1 considering X micro-
particles is due to the presence of OH groups from the molecule
of xanthan.

.2.2. Epoxy group content
The content of epoxy groups on the surface of microparticles was

etermined by tritimetric method namely HCl-dioxane method
onsisting in epoxy ring opening by HCl in a solution of dioxane,
t room temperature (Vogel, 1958, Chapter XXXVIII). Also, the FT-
R spectroscopy allowed the determination of the GMA  content in
he copolymers on the basis of a calibration curve of monomeric
tandard solutions using the ratio between peak areas at 908 cm−1

epoxy ring out of plane vibration) as indicative peak for GMA
ontent and peak area at 1717 cm−1 (stretching peak of carbonyl
roups) as reference peak. The GMA  content in microparticles was

etermined by linear fit of the FT-IR experimental data and was
xpressed by the equations showed in Fig. 2.

The results of the epoxy group content determined by both
ethods are presented in Table 4.

ig. 2. Calibration curves of monomer standard solutions for GMA content deter-
ination by FT-IR spectroscopy.
X2 21.49 19.51 20.90
X3 24.37 22.27 23.81
X4 23.69 9.84 18.48

The differences between the results obtained by both methods
and theoretical values can be explained as follows:

1. By titration method only some part of epoxy groups are
determined, especially those found on the surface of the micro-
particles. The small values registered by titration may  be due
to the fact that the majority of epoxy groups are masked by
the complex crosslinked structures of the particles, which is
obstructing the access of HCl though the mesh network. The
small values may  also be explained by the lower reactivity of
the functional groups present in a crosslinked copolymer com-
pared to the reactivity of the same groups present in a linear
polymeric chain. In case of X microparticles it is observed that
the values determined by titration are much closer to the cal-
culated values. This is probably because the X microparticles
show a higher swelling degree compared to G microparticles
and thus the epoxy group contents can be determined also in
the subsequent swollen domains.

2. G microparticles present a broad hydroxyl ( OH) band at
3400 cm−1 due to the ring opening reaction of some number of
the epoxy groups. For this reason, in case of G microparticles the
epoxy group content determined by FT-IR analysis is different
from the theoretical value.

3.2.3. Particle sizes and porous structure
The particle size distribution of G and X microparticles is plotted

in Fig. 3.
From Table 2 and Fig. 3 it can be seen that when xanthan is added

to the reaction the microparticles exhibit a narrow size distribution
and smaller average sizes.

To compare the difference that can occur in the morphological
structure of G and X microparticles, the evolution of the synthesis
process for both types of microparticles was  investigated by SEM
microscopy (Fig. 4).

From the early hours of the reaction the G2 microparticles show
a well-defined structure with good spherical shape and a broad
particle size distribution whereas the X2 microparticles present
an agglomeration of spherical particles which disappears after 3 h
from the beginning of the reaction because of the maturation of the
beads. Finally, the X2 microparticles have a spherical shape with a
narrow particle size distribution. Also, the average diameter of X2
microparticles is smaller than that of G2 microparticles leading to
the idea that xanthan has two  roles: (1) as reactant alongside GMA
and dimethacrylic monomers and (2) as suspension stabilizer in
combination with PVA. Also, xanthan gum is commonly used as
a stabilizer, emulsifier and thickener in food industry (Katzbauer,
1998; Sharma, Naresh, Dhuldhoya, Merchant, & Merchant, 2006).

The main factors determining the porous structure of micro-
particles are: monomer concentration, chemical nature of the

monomers and type and concentration of porogenic agent. Pore
volume, porosity, pore size distribution and surface area are the
most important characteristics that define the porous nature (Malik
& Ali, 2008; Malik et al., 2006; Talha Gokmen & Du Prez, 2012).
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Fig. 3. Particle size distributions

Table 5
Porosity parameters of G and X microparticles.

Sample codes VP (mL/g)a P (%)a SBET (m2/g)b

G1 0.598 44.32 69
G3 0.524 41.01 49
G4 0.450 35.28 31
X1 0.425 35.63 129
X3 0.233 22.37 50
X4 0.176 17.68 44

a

d

I
p

d
p
X
w
b
T
w
o
X
l
i
c
m
o

The pore volume and porosities were determined from skeletal and apparent
ensities.
b SBET was  determined using DVS method.

n Table 5 are listed the porous characteristics of G and X micro-
articles, such as the pore volume, porosity and the surface areas.

As seen from Table 5 depending on the nature of the
imethacrylic monomer the porosity values for G and X micro-
articles increase in the following order: G1 > G3 > G4 and
1 > X3 > X4, suggesting that a higher porous structure is obtained
hen dimethacrylic monomer has the shortest chain. This fact can

e explained by the complexity of the crosslinking mechanism.
his mechanism includes intra- and intermolecular reactions as
ell as the cyclization reactions that can appear in the early stage

f the copolymerization reaction (Okay, 2000). In case of G and
 microparticles the increase of the chain length of dimethacry-

ate ester leads to the increase of the number of cyclization and

ntramolecular reactions having as result the compaction of the
opolymer chains and finally the decrease of porosity. In case of X
icroparticles the presence of xanthan contributes to the decrease

f porosity and the increase of specific surface area values. The
 of G and X microparticles.

high values of the specific surface area for X microparticles can
be explained by the fact that the X microparticles have more pores
with smaller sizes compared to those for G microparticles.

3.2.4. Thermogravimetric analysis
The thermogravimetric characteristics and DTG curves for G and

X microparticles are presented in Table 6 and Fig. 5, respectively.
The thermogravimetric analysis of xanthan (Sand, Yodav &

Behari, 2010) and copolymers based on GMA (Jiang & Tu, 2010;
Zulfiqar, Zulfiqar, Nawaz, McNeill, & Gorman, 1990) is well known
in literature. Kinetic parameters such as activation energies and
order of degradation reaction were calculated from TG curves using
the Coats-Redfern method (Coats & Redfern, 1964).

The DTG curves for G and X micropaticles shows that they
are thermally stable up to 180 ◦C and the microparticles present
three stages of degradation. The temperature at which intensive
degradation is observed was  chosen as criterion to compare the
thermal stability of microparticles. In the first stage of degrada-
tion (180–260 ◦C) was observed a mass loss ranging from 8.76%
to 26.77% for G microparticles as well as from 5.57% to 14.77% for
X microparticles. This mass loss can be attributed to the removal
of various compounds such as: entrapped solvent or residual
monomers that are incorporated in the pores of the microparticles.
In the second stage of degradation (270–375 ◦C) a highest amount
of mass loss was  observed ranging from 58.21% to 75.82% for G

microparticles and from 76.55% to 86.45% for X microparticles,
respectively. In this stage the degradation probably starts at the
ether linkage followed by random scission of the macromolec-
ular chain. Also, from Table 6 it can be seen that in case of G
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Fig. 4. SEM images of evolution of the synthesis process of the X2 microparticles (a) and G2 microparticles (b) [A, A′ – 1 h; B, B′ – 2 h; C, C′ – 3 h; D, D′ – 5 h; E, E′ – 7 h; F,
F′ – 9 h].

Table 6
Thermogravimetric characteristics for Xan, G and X microparticles.

Samples codes Decomposition temperature Weight loss (%) Residual mass (%) Ea (kJ/mol) n  R2

Ti (◦C) Tm (◦C) Tf (◦C)

G1

184 202 226 8.76
3.45

153  1.8 0.996
279 326 353 75.82 179 1.8 0.995
353 412 435 11.97 210 1.8 0.993

G2

180 231 240 12.93
0.53

133  1.4 0.991
270 332 375 74.51 184 1.7 0.992
380 416 460 12.03 425 2.6 0.994

G3

206 226 260 25
5.31

191  1.8 0.997
260 286 336 58.03 175 1.9 0.994
336 386 435 11.66 171 1.8 0.991

G4

201 223 262 26.77
3.34

134  1.7 0.994
262 299 342 58.21 174 1.8 0.994
342 389 427 11.68 187 1.8 0.992

X1

– – – –
3.6

–  – –
276 304 339 86.45 224 2 0.996
339 403 428 9.95 185 1.8 0.992

X2

180 240 260 14.77
2.22

121  1.7 0.982
270 331 375 76.55 179 1.8 0.982
380 411 431 6.46 327 1.3 0.998

X3

183 200 253 10.92
4.61

114  1.7 0.993
253 294 342 77.14 151 1.8 0.993
342 396 426 7.33 181 1.8 0.992

X4

180 190 229 5.57
2.93

172  1.8 0.997
229 270 310 80.32 147 1.8 0.994
310 384 417 11.18 143 1.7 0.990

Xan
65 102 135 7.30

35.51
75  1.7 0.983

245 283 309 40.48 200 1.9 0.986
309 411 510 16.71 61 1.1 0.989
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Fig. 5. DTG and TG curves for (a) G

icroparticles the quantity and the chemical structure of the
rosslinker has no influence on the activation energy values, prob-
bly due to the similar structure of the microparticles. In case of
he X microparticles the degradation process occurs with distinct

ctivation energies ranging from 224 kJ/mol for X1 to 147 kJ/mol
or X4. These results can be an indication of the structural com-
lexity of the microparticles. Also, the fractional values of the
eaction order ranged from 1.3 to 2.6 suggest the complexity of the

Fig. 6. Sorption and desorption isotherms for G and
particles and (b) X microparticles.

degradation process. Generally, the presence of xanthan in the
structure of X microparticles slightly decreases the thermal sta-
bility of the microparticles.
3.2.5. Sorption–desorption isotherms
DVS is a rapid method for characterization of sorp-

tion/desorption isotherms of various materials. It is known
from literature that the shape of sorption isotherms depends

 X microparticles determined by DVS method.
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n the type, size and electronic structure of the studied mate-
ial (Nistor, Stiubianu, Racles, & Cazacu, 2011). In our case the
orption/desorption isotherms were used to estimate the specific
urface areas (Table 4) as well as to provide information about
he porous structure of the microparticles. The BET kinetic model
s often used for modeling the sorption isotherms. This model is
ased on the following equation:

 = Wm · C · RH
(1 − RH) · (1 − RH + C · RH)

(3)

here W is the weight of sorbed water, Wm the weight of water
orming a monolayer, C is the sorption constant, RH – relative
umidity.

BET model describes the sorption isotherms up to a relative
umidity of 40%, depending on the type of sorption isotherm and
he type of material (Ng & Mintova, 2008).

The sorption and desorption isotherms performed at 25 ◦C for G
nd X microparticles are presented in Fig. 6.

According to IUPAC classification, the sorption/desorption
sotherms can be associated to type V curves that is characteristic to
he sorption on hydrophobic/low hydrophilic materials with weak
orbent–water interactions and with low sorption at low RH (Ng &
intova, 2008). This type of sorption isotherms is characteristic for

orous materials and show hysteresis loop between sorption and
esorption cycles in low and medium humidity levels. The adsorp-
ion hysteresis is H2 type and is characteristic to the systems where
he pores are interconnected and the distribution of pore size and
ore structure are more complex and is not well-defined (Mason,
982).

From Fig. 6 it is observed that the X microparticles present
igher water vapor sorption capacity as compared with G micro-
articles. This behavior can be explained by the difference in their
tructure and morphology as well as by the presence in the struc-
ure of X microparticles of xanthan that is a hydrophilic polymer.

. Conclusions

In this study porous microparticles based on GMA,
imethacrylic monomers (EGDMA, DEGDMA, TEGDMA) and
AN were prepared by a simple and efficient method namely
uspension polymerization technique.

The presence of xanthan in the structure of X microparticles
eads to the preparation of the complex microparticulate systems
hat are characterized by the high content of epoxy groups, smaller
izes, high values of the specific surface areas and better sorption
apacities compared to those based on GMA  and dimethacrylic
onomers.
Due to their properties X microparticles can be used in various

pplications, more precisely for the retention, delivery and con-
rolled release of various drugs as well as in biotechnological field
s polymeric supports for enzyme immobilization.
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