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a b s t r a c t

The production of polymeric resins through free-radical copolymerization is an interesting procedure
from an economic standpoint; however, its mathematical representation is of great complexity. In the
present study, modeling tools were used to describe the copolymerization of styrene with ethylene glycol
dimethacrylate (EGDMA) beyond the gel point. Balance of species and sequences, method of moments,
and numerical fractionation technique were applied in the model's kinetic description. Diffusion effects
were also taken into account. The concept of elementary gel structures (EGSs) was used in order to
predict textural properties of polymer particles, such as specific surface area and swollen gel volume.
Suspension copolymerizations were carried out in the presence of toluene/heptane mixtures, and data
on these reactions were used to assess the model's predictability. Reactivity parameters showed simi-
larities to styrene/divinylbenzene systems. Agreement between the model and experimental data
improved when diffusion effects were considered. The fitted apparent coiling factors for dry particles
were found in the range of 0.368e0.406, and a linear correlation was obtained between this parameter
and toluene fraction (a good solvent), being consistent with the pore formation phenomenon.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Ion exchange resins represent a central element in many aca-
demic and industrial applications, such as deionization [1], removal
of oil and heavymetals fromwater [2], and heterogeneous catalysis.
The latter has been a subject of recent studies comprising sulfo-
nated styrene-based copolymers [3], esterifications [4], ether-
ifications [5], and biodiesel production [6]. When polymer gels are
synthesized for these applications, not only information on reaction
kinetics [7e10] and diffusion phenomena [11,12] but also infor-
mation on morphological and structural aspects are relevant to
obtaining the desired performance. In porous polymer particles,
larger surface areas allow a higher number of catalytic sites;
therefore, the control of this property in function of polymerization
variables is of great interest. In this context, [13] synthesized
microporous polymer networks and developed a procedure to
control the pore size and surface area of the material by varying
).
synthesis conditions [13]. Recent experimental studies have been
carried out on functionalized polymer supports with high surface
areas [14], interpenetrating polymer networks with adsorption
properties [15], and the effect of cross-linking density on polymer
morphology [16]. Despite the predictability provided by the
methods presented in these references, these types of experimental
studies use an empirical approach with no detailed theory about
the synthesis phenomena. An earlier modeling study based on the
concept of elementary gel structures (EGSs) was developed for the
prediction of specific surface area during gel synthesis [17]. The
referred model provides a theoretical foundation on the formation
of surface area based on the estimated radius of gyration of gel
molecules. Despite the conceptual background developed in this
reference, the predictability of specific surface area depends on the
correlation between the EGS coiling factor and polymerization
variables, which is an unsolved issue. The porosity of gel particles
has also been a subject of modeling studies based on the method of
moments and numerical fractionation technique [18,19]. Literature
approaches for pore volume prediction involve the calculation of
phase separation by using modified Flory equations, which runs
into convergence problems, demanding considerable

mailto:leandroaguiar@usp.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2017.09.042&domain=pdf
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2017.09.042
http://dx.doi.org/10.1016/j.polymer.2017.09.042
http://dx.doi.org/10.1016/j.polymer.2017.09.042


L.G. Aguiar et al. / Polymer 129 (2017) 21e3122
computational effort. For applications in which polymer swelling
occurs (e.g., size exclusion chromatography [20], catalysis [21]), not
only the fixed pore volumes but also the swelling index plays an
important role. Thus, a mathematical model for predicting the
swollen gel volume can represent an interesting tool for the design
of polymer resins with specific properties. In spite of some ad-
vances in the modeling of particle macrostructure, a complete
mathematical representation of the phenomena involving gel for-
mation and its properties remains a challenge. In the current state-
of-art of polymerization modeling, the connection between basic
(rates of reaction) and applied (material properties) science is not
well established. Hence, there is a need for a mathematical model
that simultaneously simulates reaction variables (e.g., conversion,
species concentration) and textural properties. The aim of this work
was to develop a mathematical model for vinyl/divinyl copoly-
merization based on the balance of species and sequences, method
of moments, numerical fractionation technique, diffusion-
controlled rate coefficients, and elementary gel structures.
Furthermore, the model's ability to predict specific surface area,
swollen gel volume, monomer conversion, and the weight fraction
of gel was assessed.
2. Experimental

2.1. Copolymerization procedure

Suspension copolymerizations of styrene/EGDMA (15% organic
phase/85% aqueous phase, vol%) were carried out in a 1 L jacketed
glass reactor at 80 �C under mechanical agitation at 350 rpm. The
reactions were conducted in the presence of toluene/heptane
mixture, initiated by 1 mol% of benzoyl peroxide (BPO) in the
organic phase, which was stabilized by 1 wt% of polyvinyl alcohol
(PVA) in the aqueous phase. The dosages of each experiment are
summarized in Table 1.

Samples of 40 mL were withdrawn at prescribed times and
received the addition of 10 mL of a 1.4 wt% hydroquinone solution
in methanol in order to cease free radical reactions. Analyses of
conversion, weight fraction of gel, specific surface area, fixed pore
volume, and swelling index were carried out by using the proced-
ures described in the following topics. All symbols used in the
equations and their meaning are listed in the Symbology section.
2.2. Monomer conversion

Each sample collected from the reactor was submitted to a
drying process at 60 �C until constant weight. Total monomer
conversion was calculated by using gravimetric analysis, as shown
in Equation (1).
Table 1
Feeding concentrations.

Run YM YEGDMA YTOL

A 0.3 0.1 0.4
B 0.3 0.3 0.5
C 0.3 0.5 0.6
D 0.4 0.1 0.5
E 0.4 0.3 0.6
F 0.4 0.5 0.4
G 0.5 0.1 0.6
H 0.5 0.3 0.4
I 0.5 0.5 0.5

YM: Volumetric fraction of monomers in the organic phase; YEGDMA: Molar fraction
of EGDMA in the monomer mixture; YTOL: Volumetric fraction of toluene in the
toluene/heptane mixture.
X ¼ wd �wsyPVA �wHQ

yMonws
(1)

2.3. Weight fraction of gel

After the drying process, the polymer was submitted to a series
of extractions with tetrahydrofuran (THF), followed by filtration
(pore size ¼ 7.5 mm) and drying in order to remove soluble chains.
When constant weight was achieved, the weight of the gel was
registered, and the experimental gel fraction was calculated.

2.4. Specific surface area

The specific surface area of gel particles was determined by N2

adsorption at �196 �C and 1 atm, according to the classic method
developed by Brunauer et al. [22]. Preceding the adsorption mea-
surements, particles were heated for 2 h at 80 �C under
1.33 � 10�6 kPa vacuum. The equipment used was a Nova 1000
Quantachrome.

2.5. Fixed pore volume

The fixed pore volume (VP) of polymer particles was determined
through the water-uptake method [23,24]. About 0.5 g of dry
polymer was washed with distilled water and placed on a filter
paper inside a plastic tube. Then, two centrifugation/washing
(water/methanol) cycles were conducted, and the fixed pore vol-
ume was calculated by determining the amount of retained water.

2.6. Swelling index

Approximately 0.5 g of dry gel was swollen in excess THF (about
10mL) for 24 h. Thewet gel was placed in a Petri dish and its weight
was measured over time. The initial linearity of the mass loss curve
indicated the evaporation of excess THF. When the mass profile
became curvilinear, the gel was considered to be shrinking.
Swelling equilibriumwas considered when the mass profile lost 1%
of its linearity (R2 < 0.99 for linear regression). Then, the swelling
index was determined by dividing the weight of the swollen gel in
equilibrium by the dry weight.

Sw ¼ wsw

wd
(2)

2.7. Swollen gel volume

The swollen gel volume defined herein refers to the volume of
gel swollen in THF per gram of polymer gel. Its experimental value
was calculated in function of the previously defined variables, as
follows.

Vsw ¼ Sw
�
VP þ

1
rP

�
(3)

3. Modeling

A previously developed mathematical model based on the bal-
ance of species and sequences, method of moments, and numerical
fractionation technique [17] was complemented with the predic-
tion of swollen gel volume and applied to styrene/EGDMA
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copolymerization. The reaction steps considered in the model are
listed in Table 2.

Details on the balance of species, moments, and sequences are
presented in the Appendix.
3.1. Prediction of specific surface area

The specific surface area of the copolymer particles was math-
ematically modeled by using the elementary gel structure theory
[17], as described in Equations (4)e(13).

dG
dt

¼ kPPY
n
0Q

n
1 þ ktYn

0Y
n
0 � kCGG

2 (4)

Rg1 ¼ b1M
A1
G (5)

A1 ¼ 0:1846YTol þ 0:409 (6)

b1 ¼ g1rCL
g2 (7)

rCL ¼
U2 � PDB

Q1
(8)

kCG ¼ kCG0½R�G½PDB�GrCLg2MA1
G (9)

MG ¼ WgQ1MM

G
(10)

MM ¼ U1MM1 þ U2MM2

U1 þ U2
(11)

Rg2 ¼ b2M
A2
G (12)

SA ¼
GNA

�
4pR2g2

�
1018WgQ1MM

(13)

This methodology was first proposed for a styrene/divinylben-
zene copolymerization system [17] and, in this work, was extended
to styrene/EGDMA since it is also a vinyl/divinyl copolymerization.
3.2. Prediction of swollen gel volume

The theoretical swollen gel volume in the reaction medium can
also be estimated by using the concept of elementary gel structures.
The predicted swollen volume ðVp

swÞ is a function of model vari-
ables, as shown in Equation (14),
Table 2
Styrene/EGDMA copolymerization steps considered in the model.

Reaction Chemical equation

Initiator decomposition I ����!kd 2R0
Monomer propagation

Rr;i þMj�����!kpij
Rrþ1;j; j ¼ 1,2

Cross-linking
Rr;i þ Ps�����!kpi3

Rrþs;3

Initiation
R0 þMj�����!kIj

R1;j; j ¼ 1,2
PDB initiation R0 þ Ps�����!kI3 Rs;3
Termination by combination Rr;i þ Rs;j����!kt Prþs

PDB: Pendant double bond. Subscripts ‘r’ and ‘s’ represent the number of monomer
units. The numbers are related to the following: 1 - Styrene, 2 - EGDMA, 3 - PDB.
Vp
sw ¼ 1000

GMG
4 (14)

where 4 is a conversion factor to transform cm3 of gel swollen in
the reaction medium to cm3 of gel swollen in THF. Based on the
concept of radius of gyration (Eq. (5)), this volume ratio can be
expressed as shown in Equation (15), in which subscript 3 refers to
THF.

4 ¼
�
b3
b1

MA3�A1
G

�3

(15)

During the aqueous suspension copolymerization, the process
of breaking/coalescence of particles is responsible for the redistri-
bution of solvent as the gel is being formed and absorbs organic
phase. In this interparticle mass transfer process, it is natural that
excess solvent from particles containing tottally swollen gel be
transferred to particles containing gel molecules that are still
absorbing fluids (molecules that have not yet reached equilibrium).
Considering this mechanism, the EGSs are expected to reach
swelling equilibrium as the reaction proceeds, allowing, as an
approximation, the comparison between Vsw and Vp

sw.
4. Results and discussion

The physical properties of copolymer particles collected at
prescribed reaction times (180, 240, 300, and 360 min) were
measured and are summarized in Table 3.

It can be observed that, in general, fixed pore volumes increase
as specific surface areas increase, as expected. The swelling indices
of the produced gel particles were lower when smaller monomer
fractions were fed to the copolymerization (Runs A, B, and C) than
when higher monomer fractions were used (Runs G, H, and I).
Overall, the data presented in Table 3 show acceptable coherence
and can be used to assess the validity of the mathematical model.

Figs. 1e3 show the experimental and modeling results of spe-
cific surface area and swollen gel volume.

The background knowledge on specific surface area modeling is
based on elementary gel structures, which consist of insoluble
polymer molecules that are formed during the copolymerization
reaction [17]. When two EGSs react by cross-linking or termination,
the total exposed surface area is reduced, explaining the profiles
observed in Figs. 1e3. The model predictions of swollen gel volume
presented decreasing trend over time. This behavior is feasible
because this volume is relative to the weight of the gel, which in-
creases as the reaction time increases. Therefore, the swollen gel
volume diverges at the gelation point, inwhich the gel weight tends
to zero. It is important to point out that, in the specific surface area
and swollen gel volume model profiles, the peaks observed near
the gel points (before 180 min) are related to the formation of the
first gel structures at a molecular level, i.e., macroscopic gel parti-
cles cannot be observed at this interval. In spite of mass variation
detected by gravimetric analyses, gel particles obtained after ex-
tractions with THF could not be visualized nor removed from the
filter paper. This limitation occurred for most of the samples
collected before 180 min, probably due to the entrapment of very
small particles in the filter pores. Nonetheless, the determination of
gel point is quite subjective. Different techniques, such as simple
extraction with toluene [25], Soxhlet extraction [26], and size
exclusion chromatography (SEC) [27] can be used; however,
different gelation points can be obtained according to the pore size
of the filter used in the analysis. In order to keep the coherencewith
previous experimental/modeling studies [28,29], the gel fraction
results presented herein were determined by simple extractions



Table 3
Physical characteristics obtained from particle analyses.

Specific surface area (m2/g) Fixed pore volume (cm3/g) Swelling Index

Time (min) 180 240 300 360 180 240 300 360 180 240 300 360
Run A 0.0 0.0 0.0 0.0 0.13 0.25 0.00 0.15 2.88 1.39 4.35 2.69
Run B 62.9 53.2 70.8 50.4 0.81 0.72 0.00 0.00 3.22 3.42 3.22 3.63
Run C 65.6 115.6 140.3 137.9 0.76 0.71 0.67 1.11 4.72 3.82 4.55 2.48
Run D 0.0 0.0 0.0 0.0 0.06 0.05 0.01 0.15 1.99 1.63 1.57 2.02
Run E 71.1 64.6 61.5 58.8 0.47 0.00 0.25 0.46 3.13 1.99 1.99 2.69
Run F 22.4 31.2 22.6 30.4 1.86 1.31 0.98 1.07 3.03 2.05 2.57 1.77
Run G 0.0 0.0 0.0 0.0 0.57 0.20 0.62 0.01 1.30 1.84 1.37 3.24
Run H 2.1 0.1 5.4 2.8 0.86 0.59 0.85 0.16 1.13 1.88 1.91 2.13
Run I 81.3 75.9 78.4 71.9 0.28 0.36 0.39 0.53 1.22 1.65 1.27 1.77

Fig. 1. Experimental and modeling results of specific surface area and swollen gel volume (Runs A to C).

Fig. 2. Experimental and modeling results of specific surface area and swollen gel volume (Runs D to F).

Fig. 3. Experimental and modeling results of specific surface area and swollen gel volume (Runs G to I).
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with THF, as described in the experimental section. Due to the
uncertainties and limitations related to the gel point, the present
study focused on the final textural properties obtained after sta-
bilization, i.e., the period from 180 to 360 min, observed in
Figs. 1e3. Furthermore, for applications of interest, such as het-
erogeneous catalysis, the polymer support must be amacrogel with
appreciable chemical and mechanical resistance. Based on the
present process conditions and experimental observations, these
characteristics probably cannot be obtained before 180 min of
reaction. Therefore, the model validation in terms of textural
properties was carried out only for the stable regions observed in
Figs. 1e3, in which the gel particles were completely formed,
visible, and useful for application purposes. Fig. 4 depicts the model
fittings considering the averages of textural properties in the range
of 180e360 min.

Previous studies indicate that styrene/dimethacrylate copoly-
merization systems are likely to present effects related to viscosity
phenomena (e.g, diffusion effects). Shah et al. studied this



Fig. 4. Comparison between experimental and predicted values of specific surface area and swollen gel volume. Average values for the range of 180e360 min.

Table 5
Fitted values of A2 and A3.

Run A B C D E F G H I

A2 0.368 0.387 0.406 0.386 0.406 0.370 0.425 0.390 0.406
A3 0.497 0.532 0.556 0.520 0.530 0.522 0.539 0.511 0.529
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copolymerization with dimethacrylate dosages up to 20% using
styrene autoinitiation (without an initiator). The results were a
small radical generation rate, longer chains, and, consequently, a
considerable autoacceleration effect [10,32,33]. Depending on the
characteristics of the compounds involved in the polymerization,
the efficiency of BPO may assume very low values. Imoto et al.
(1955) found an efficiency of 0.25 for BPO in the presence of
dimethylaniline [34]. Given the viscous nature of the styrene/
dimethacrylate systems mentioned herein, a cage effect is expected
to occur during the process. Hence, the values f ¼ 0.25 and
Cp ¼ 0.05 (low cross-linking reactivity) found through curve fitting
are probably associated with the relatively high amount of EGDMA
fed to the reactions (up to 50%), resulting in high viscosities.
Furthermore, BPO was not pretreated before its use; thus, moisture
and impurities may have affected its fed concentrations. Despite
the parameters related to diffusion-limited steps, the other reac-
tivity ratios of this vinyl/divinyl copolymerization system were
considered to be the same as for a styrene/DVB system, as shown in
Table 4. The values for the model parameters A2 and A3 were ob-
tained through curve fitting and are reported in Table 5.

The parameter A2 is related to the conformation of EGSs in the
dry state. It is the exponent of the radius of gyration expression (Eq.
(12)), valid for soluble polymer molecules and extrapolated for
polymer gels in the present study. The coiling degree of polymer
molecules depends on their affinity to the solvent with which they
are in contact [31]. In the present copolymerization runs, solvent
mixtures with more toluene (a good solvent) are expected to
Table 4
Model parameters.

Reaction

BPO decomposition

Styrene propagation

Initiation
Radical termination

Cyclization of styrene radical for 3 monomeric units

EGS combination
Reactivity ratios

Rg2 equation coefficient
b1 equation coefficient
b ratio

a Fitted in the present study.
provide bigger EGSs when compared to mixtures with more hep-
tane (a poor solvent). Thus, the fitted value of A2 was correlated
with the variable YTOL in order to verify its trend, as shown in Fig. 5.

A linear correlation can be observed in Fig. 5, which indicates
that A2 is directly proportional to the fraction of toluene in the
solvent mixture, as expected. The equations presented in Fig. 5
were found by linear regression and are very similar to Equation
(6), which was used to calculate parameter A1 for the estimative of
the radius of gyration of EGSs during the reaction. Conclusively, the
correlation of the coiling parameter in the dry state (A2) with sol-
vent composition seems to be a consequence of interactions be-
tween EGSs and the solvent mixture during the reaction, in which
the coiling parameter in the swollen state (A1) is also directly
proportional to YTOL.

The fitted values of A3 were close to 0.565, which is the coiling
factor of soluble linear polystyrene chains in THF (ATHF) [35], as
illustrated in Fig. 6.

Since this study focused on non-linear polymer molecules, a
lower radius of gyration is expected in comparison to linear chains,
Rate constant Ref.

kd ¼ 6:94x1013exp
�
�122300

RT

�
s�1

f ¼ 0.25

[28,30]
a

kp11 ¼ 4:27x107exp
�
�32500

RT

�
L

mol s
[28,30]

kIj ¼ kp1j (1 � j � 3) [28,30]
kp11
k0:5t

¼ 426:4exp
�
�26000

RT

�
L

mol s
[28,30]

kcp1;3 ¼ 2:13x107exp
�
�32500

RT

�
s�1 [28]

kCG0 ¼ 1:4x10�3 [17]
CP ¼ 0:05 a

r12 ¼ kp11
kp12

¼ 0:43 [28,30]

r13 ¼ kp11
kp13

¼ 2r12
CP

[28,30]

r2i ¼ kp2i
kp1i

¼ 0:77 (1 � i � 3) [28,30]

r3i ¼ kp3i
kp1i

¼ 0:59 (1 � i � 3) [28,30]

b2 ¼ 0:03 [31,17]
g2 ¼ �12 [31,17]
b3
b1

¼ 0:6
a



Fig. 5. Correlations between A2 and toluene fraction (YTOL).
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which explains the slight discrepancy observed in Fig. 6. According
to literature data, bTHF ¼ 0:0181 for linear polystyrene in THF [35].
Assuming, as an estimative, that this value can also be applied for
styrene-co-EGDMA gels, then b3 ¼ 0:0181. The ratio b3

b1
¼ 0:6 was

fitted for all the cases studied herein, which results in b1y0:03,
indicating no considerable difference in the value of parameter b

when comparing styrene-EGDMA gels in the dry state to gels in a
toluene/heptane solution (b1yb2).

The present model provides a typical conversion profile when
termination and cross-linking rate coefficients (kt and kpi3,
respectively, from Table 4) are considered constant along the re-
action conversion. This simplified approach provided the conver-
sion and gel fraction results shown in Fig. 7.

A slight autoacceleration effect can be observed at about
150 min of reaction in some experiments, as depicted in Fig. 7a.
Runs D and G were conducted with the lowest level of EGDMA
(YEGDMA ¼ 0.1) of the present set of experiments. Gel fractions are
expected to reach lower values as the amount of cross-linker fed to
the reactor is reduced. This behavior is observed in Fig. 7b, inwhich
the profile of Run D (YEGDMA ¼ 0.1) reaches lower maximum values
in comparison with the profiles of Runs B and C (YEGDMA ¼ 0.5). On
the other hand, an increase in monomer concentration favors gel
formation, as observed in Run G profiles. These trends were
observed in the experimental profiles and were reasonably
corroborated by the model curves. Nevertheless, refinements in the
model were needed in order to obtain a better fitting for the vari-
ables conversion and weight fraction of gel. As previously
mentioned, styrene/EGDMA copolymerization systems are usually
affected by diffusion effects. Thus, the required refinements in the
present model were made by including a diffusion-limiting
approach, considering that reactions involving the combination of
Fig. 6. Comparison between ATHF and A3 fitted values.
two polymer molecules (cross-linking and termination) have var-
iable rate coefficients throughout the process. The termination rate
coefficient (k*t ) was written as an exponential function of the con-
version, as described for a similar system [10], and this approach
was also applied for the cross-linking rate coefficient (k*p13). The
parameters k*p23 and k*p33 were calculated through the reactivity
ratios listed in Table 4. Equations (16) and (17) show the referred
correlations.

k*t ¼ ktexpðatXÞ
�

L
mol min

�
(16)

k*p13 ¼ 70expðacXÞ
�

L
mol min

�
(17)

Fig. 8 illustrates the simulations considering Equations (16) and
(17) in the model.

In Fig. 8a, a Trommsdorff-Norrish effect can be observed at
about 150 min for Runs C, D, and G, which can be represented by
adjusting the parameter at. In Run B, no pronounced autoacceler-
ation effect was observed, and its conversion profile could be
simulated with a constant kt (at ¼ 0). The experimental gel for-
mation behavior suggests that a high cross-linking rate is obtained

at the beginning
�
k*p13 ¼ 70 L

mol min

�
, and the rate coefficient de-

creases as monomer conversion increases, providing values of ac in
the range of �2 to �3.8. The parameters at and ac indicate how
sharp the exponential decrease in the referred coefficients is along
the conversion. Despite the difference in the systems, the values
fitted for a parameters are close to those achieved for thermally-
initiated styrene/EGDMA copolymerizations [10].

The diffusion effects included in these additional simulations
did not significantly affect the specific surface area and swollen gel
volume predictions. The major discrepancies observed when
comparing Figs. 7 and 8 are in the conversion predictions. However,
the textural properties are mainly related to the fraction of gel
formed along the process. Small differences are obtained when
comparing Figs. 7b and 8b, which led to specific surface area and
swollen gel volume predictions very similar to those plotted in
Figs. 1e3.

5. Conclusion

A mathematical model for predicting specific surface area and
swollen gel volume of styrene-co-EGDMA particles during copo-
lymerization was conceived, and its predictions were compared
with experimental data. Acceptable agreement between predicted
and experimental specific surface areas was obtained with fitted
values of A2 in the range of 0.368e0.406, which is below the value
of 0.5 for unperturbed linear chains, as expected. In terms of
textural properties, the model could be validated with experi-
mental data obtained for visible particles (region with stable
characteristics). Furthermore, similar linear correlations between
coiling factor and toluene fraction (YTOL) were verified for swollen
particles in the reaction medium (A1) and also for the resulting
product after drying (A2). Moreover, the swollen gel volume pre-
dictions provided reasonable agreement by adjusting the coiling
factor A3. The value fitted for this parameter was slightly below the
coiling factor of linear polystyrene in THF, as expected. The other
parameters (e.g., reactivity ratios, rate coefficients) presented
similar values in comparison to the styrene/DVB copolymerization
system. In addition to textural properties, the present model pro-
vided fair predictions of gel fraction and monomer conversion,
which could be improved by considering diffusion-controlled rate
constants. Additionally, the present model can also be used to



Fig. 7. Conversion and gel fraction results obtained with data from Table 4.

Fig. 8. Simulations considering autoacceleration effects. f ¼ 0.15; at ¼ 0 (Run B), �3.3 (Run C), �3.3 (Run D), �3.5 (Run G); ac ¼ �2 (Run B), �3.4 (Run C), �3.8 (Run D), �3.2 (Run G).
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estimate average molecular weights, concentration of species,
polymer groups, and cyclic chains. In conclusion, the developed
mathematical model constitutes an interesting tool for the design
of customized resins and provides subsidies for further studies on
the estimation of other properties, such as average pore diameter,
that are useful for specific applications, such as support for
catalysts.
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APPENDIX

A1. Pseudo-kinetic rate constants

kP ¼
X3
i¼1

fRi
X2
j¼1

kpijfMj (A1)

kI ¼
X2
j¼1

kIjfMj (A2)

kPP ¼
X3
i¼1

fRikpi3
PDB
Q1

(A3)

kIP ¼ kI3
PDB
Q1

(A4)

fRi: Fraction of radicals of type ‘i’.
PDB: Concentration of pendant double bonds.
fMj ¼
Mj

M
ð1 � j � 2Þ (A5)

M ¼ M1 þM2 (A6)
A2. Balance of species

R0 ¼ 2fkdI
kIM þ kIPQ1

(A7)

dI
dt

¼ �kdI (A8)

dM1

dt
¼ �

"
kI1R0 þ Y0

X3
i¼1

kpi1fR1

#
M1 (A9)

dM2

dt
¼ �

"
kI2R0 þ Y0

X3
i¼1

kpi2fR2

#
M2 (A10)

dPDB
dt

¼
"
kI2R0 þ Y0

X3
i¼1

kpi2fRi

#
M2 �

"
kI3R0 þ Y0

X3
i¼1

kpi3fRi

#
PDB

� RC

(A11)
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A3. Balance of moments

Yk ¼
X∞
r¼1

X3
i¼1

rkRr;i (A12)

Qk ¼
X∞
r¼1

rkPr (A13)

Y0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kIR0M þ kIPR0Q1

kt

s
(A14)
Y1
1 ¼

kPMY1
0 þ kIPR0

�
Q0
2 þ Q1

2

�
þ kPP

h
Y0
0

�
Q0
2 þ Q1

2

�
þ Y0

1

�
Q0
1 þ Q1

1

�
þ Y1

0Q
0
2

i
kPPQ1 � kPPQ0

1 þ ktY0
(A24)

Y1
2 ¼

kPM
�
2Y1

1 þ Y1
0

�
þ kIPR0

�
Q0
3 þ Q1

3

�
þ

kPP
h
Y0
0

�
Q0
3 þ Q1

3

�
þ 2Y0

1

�
Q0
2 þ Q1

2

�
þ Y0

2

�
Q0
1 þ Q1

1

�
þ Y1

0Q
0
3 þ 2Y1

1Q
0
2

i
kPPQ1 � kPPQ0

1 þ ktY0
(A25)
dQ0

dt
¼ �kIPR0Q1 � kPPY0Q1 þ

1
2
ktY2

0 (A15)

dQ1

dt
¼ kIR0M þ kPY0M (A16)

Generation Zero

Y0
0 ¼ kIR0M

kPPQ1 þ ktY0
(A17)

Y0
1 ¼ kIR0M þ kPMY0

0
kPPQ1 þ ktY0

(A18)

Y0
2 ¼

kIR0M þ kPM
�
2Y0

1 þ Y0
0

�
kPPQ1 þ ktY0

(A19)
Yj
1 ¼

kPMYj
0 þ kIPR0Q

j
2þ

kPP
h
Yj�1
0 Qj�1

2 þ Yj�1
1 Qj�1

1 þ Yj
0

Xj�1
i¼0

Qi
2 þ Qj

2

Xj�1
i¼0

�
Yi
0

�
þ Qj

1

X
kPPQ1 � kPP

Pj�1
i¼0Q

i
1 þ ktY0

Yj
2 ¼

kPP

2
6664
kPM

�
2Yj

1 þ Yj
0

�
þ kIPR0Q

j
3þ

Yj�1
0 Qj�1

3 þ 2Yj�1
1 Qj�1

2 þ Yj�1
2 Qj�1

1 þ
Yj
0

Xj�1
i¼0

Qi
3 þ 2Yj

1

Xj�1
i¼0

Qi
2 þ Qj

3

Xj�1
i¼0

�
Yi
0

�
þ 2Qj

2

Xj�1
i¼0

�
Y

kPPQ1 � kPP
Pj�1

i¼0Q
i
1 þ ktY0
dQ0
0

dt
¼ �kIPR0Q

0
1 � kPPY0Q

0
1 þ 1

2
ktY0

0Y
0
0 (A20)

dQ0
1

dt
¼ �kIPR0Q

0
2 � kPPY0Q

0
2 þ ktY0

0Y
0
1 (A21)

dQ0
2

dt
¼ �kIPR0Q

0
3 � kPPY0Q

0
3 þ kt

�
Y0
0Y

0
2 þ Y0

1Y
0
1

�
(A22)

Generation 1

Y1
0 ¼

kIPR0
�
Q0
1 þ Q1

1

�
þ kPPY0

0

�
Q0
1 þ Q1

1

�
kPPQ1 � kPPQ0

1 þ ktY0
(A23)
dQ1
0

dt
¼ �kIPR0Q

1
1 � kPPY0Q

1
1 þ ktY0

0Y
1
0 (A26)

dQ1
1

dt
¼ �kIPR0Q

1
2 � kPPY0Q

1
2 þ kt

�
Y0
0Y

1
1 þ Y1

0Y
0
1

�
(A27)

dQ1
2

dt
¼ �kIPR0Q

1
3 � kPPY0Q

1
3 þ kt

�
Y0
2Y

1
0 þ 2Y0

1Y
1
1 þ Y0

0Y
1
2

�
(A28)

Generation ‘j’ (1 < j � n)

Yj
0 ¼

kIPR0Q
j
1 þ kPP

h
Yj�1
0 Qj�1

1 þ Qj
1
Pj�1

i¼0Y
i
0

i
kPPQ1 � kPP

Pj�1
i¼0Q

i
1 þ ktY0

(A29)
j�1
i¼0

�
Yi
1

�i
(A30)

i
1

�
þ Qj

1

Xj�1
i¼0

�
Yi
2

�
3
7775

(A31)
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dQj
0

dt
¼�kIPR0Q

j
1�kPPY0Q

j
1þkt

 
1
2
Yj�1
0 Yj�1

0 þYj
0

Xj�1

i¼0

Yi
0

!
(A32)

dQj
1

dt
¼�kIPR0Q

j
2�kPPY0Q

j
2þkt

 
Yj�1
1 Yj�1

0 þYj
1

Xj�1

i¼0

Yi
0þYj

0

Xj�1

i¼0

Yi
1

!

(A33)

dQj
2

dt
¼ �kIPR0Q

j
3 � kPPY0Q

j
3

þ kt

0
BBB@

Yj�1
2 Yj�1

0 þ Yj�1
1 Yj�1

1 þ Yj
0

Xj�1

i¼0

Yi
2þ

2Yj
1

Xj�1

i¼0

Yi
1 þ Yj

2

Xj�1

i¼0

Yi
0

1
CCCA (A34)

Closure approximation to the third moment [36]:

Qi
3 ¼ 2

Qi
2Q

i
2

Qi
1

þ Qi
2Q

i
1

Qi
0

(A35)

Four generations were used in the simulations (n ¼ 4).
A4. Balance of sequences
L1 ¼
M2

�
ki2R0 þ Y0

P3
i¼1kpi2fRi

�
M1
P3

i¼1kpi1fRi þM2
P3

i¼1kpi2fRi þ PDB
P3

i¼1kpi3fRi þ ki3R0 þ Y0
P3

i¼1kpi3fRi þ ktY0
(A36)

Lr ¼
Lr�1

h
M1
P3

i¼1kpi1fRi þM2
P3

i¼1kpi2fRi þ PDB
P3

i¼1kpi3fRi
i

M1
P3

i¼1kpi1fRi þM2
P3

i¼1kpi2fRi þ PDB
P3

i¼1kpi4fRi þ ki3R0 þ Y0
P3

i¼1kpi3fRi þ ktY0 þ kCp;r
(A37)

Table A1
Reactions in terms of sequences

Reaction Chemical equation

EGDMA initiation R0 þM2�����!kI2 L1;2
L1 generation by EGDMA propagation

Rr;i þM2�����!kpi2
L1;2; i ¼ 1-3

Sequence growth
Lr;i þMj�����!kpij

Lrþ1;j; i ¼ 1e3; j ¼ 1-2
PDB initiation Lr;i þ R0�����!kI3 F; i ¼ 1-3
Cross-linking

Lr;j þ Rr;i�����!kpi3
F; i ¼ 1e3; j ¼ 1-3

Sequence termination Rs;i þ Lr;j����!kt F; i ¼ 1e3; j ¼ 1-3
Cyclization

Lr;i������������!kCpi3;r
Cyr; i ¼ 1-3

F: Polymer fragment.
kCpi;3 ¼ kpi3 kCp1;3 ð1 � i � 3Þ (A38)

kp13

kCp;r ¼
X3
i¼1

kCpi;rfRi (A39)
RC ¼
Xm
r¼1

kCp;rLr (A40)

A correlation between cyclization rate coefficients was consid-
ered by using Rolfes and Stepto equation [37], as follows.

kCpi;r ¼
�

2
r � 1

�1:5

kCpi;3 ð1 � i � 3Þ (A41)

In this work, it was considered that cyclizable sequences have a
number of monomer units between 3 and m ð3 � r � mÞ. The
maximum number of units considered for the sequences (m) was
10. Details about the balance of sequences can be found in Ref. [38].

Wg ¼ Q1 �
Pn

i¼0Q
i
1

Q1
(A42)

X ¼ U1 þ U2

M1;0 þM2;0
(A43)

U1 ¼ M1;0 �M1 (A44)

U2 ¼ M2;0 �M2 (A45)
Symbology

A1 Coiling parameter for polymer chains in the toluene/
heptane solution

A2 Coiling parameter for dry polymer
A3 Coiling parameter for polymer chains in THF
Cyr Cyclic segment with ‘r’ monomer units
F Polymer fragment
fMj Mole fraction of type ‘j’ monomers related to the total

amount of monomers
I Initiator
kCpi,r Rate constant of cyclization for a sequence containing a

type ‘i’ radical center and ‘r’ monomeric units (s�1)
fRi Mole fraction of radicals of type ‘i’ related to the total

number of radicals
G Concentration of elementary gel structures (mol L�1)
kCG Global rate constant of combination of elementary gel
structures (L mol�1 s�1)

kCG0 Intrinsic rate constant of combination of elementary gel
structures (L mol�1 s�1)

kd Rate constant of initiator decomposition (s�1)
kI Pseudo-kinetic rate constant for monomer initiation (L

mol�1 s�1)
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kIj Rate constant of initiation for the monomer of type ‘j’ (L
mol�1 s�1)

kIP Pseudo-kinetic rate constant for PDB initiation (L mol�1

s�1)
kP Pseudo-kinetic rate constant of monomer propagation (L

mol�1 s�1)
k*p13 Diffusion-controlled rate constant of cross-linking (L

mol�1 s�1)
kpij Rate constant of intermolecular propagation between a

radical of type ‘i’ and a monomer of type ‘j’ (L mol�1 s�1)
kPP Pseudo-kinetic rate constant for PDBs propagation (L

mol�1 s�1)
kt Rate constant of termination by combination (L mol�1

s�1)
k*t Diffusion-controlled rate constant of termination (L

mol�1 s�1)
Lr Sequence containing ‘r’ monomer units
Lr,i Sequence containing ‘r’ monomer units and a radical of

type ‘i’
m Maximum number of monomeric units considered for the

sequences
M Total monomer concentration (mol L�1)
Mi Monomer of type ‘i’ (i: 1 ¼ Styrene, 2 ¼ EGDMA)
Mi,0 Initial concentration of the monomer of type ‘i’
MG Weight-average molecular weight of the elementary gel

structures (g mol�1)
MM Average molecular weight of monomeric units (g mol�1)
n Total number of generations considered in the numerical

fractionation method
PDB Total pendant double bonds
Pr Dead polymer molecule containing ‘r’ monomeric units
Qj Moment of order ‘j’ for the overall dead polymer
Qj
i Moment of order ‘j’ for dead polymer from generation ‘i’

R Universal gas constant, 8.314 J/(mol.K)
R0 Primary radical
RC Rate of cyclization (mol L�1s�1)
Rg1 Radius of gyration for chains in solution (nm)
Rg2 Radius of gyration for dry polymer (nm)
Rr Polymeric radical containing ‘r’ monomeric units
Rr,i Polymeric radical of type ‘i’, containing ‘r’ monomeric

units
SA Specific surface area of the polymer particles (m2/g)
Sw Swelling index
T Reaction temperature
Ui Monomeric unit of type ‘i’
VP Fixed pore volume (cm3/g)
Vsw Experimental volume of swollen gel (cm3/g)
Vp
sw Predicted volume of swollen gel (cm3/g)

wd Weight of dried sample (g)
Wg Weight fraction of gel (g)
wHQ Weight of hydroquinone added to the sample (g)
ws Weight of collected sample (g)
wsw Weight of swollen gel (g)
X Monomer conversion
YEGDMA Molar fraction of EGDMA in the monomer mixture
YM Volumetric fraction of monomers in the organic phase
yMon Weight fraction of monomers in the total content fed to

the reactor
yPVA Weight fraction of PVA in the total content fed to the

reactor
YTOL Volumetric fraction of toluene in the toluene/heptane

mixture
b1 Proportionality coefficient for the radius of gyration of

EGS in the toluene/heptane solution
b2 Proportionality coefficient for the radius of gyration of
EGS in the dry state

b3 Proportionality coefficient for the radius of gyration of
EGS in THF

g1 Linear coefficient of b1 equation
g2 Exponent of b1 equation
rCL Cross-linking density (g/cm3)
rP Copolymer density (g/cm3)
4 Conversion factor
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