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ABSTRACT

This study evaluates the reactivity of acidic resins through mathematical modeling. To assess
the reactivity of resins, a copolymerization model was used, making it possible to estimate
chain sequences distribution along their polymeric matrices. A model for the reaction cata-
lyzed by these resins, whose equations were based on power law and molar balances, was
coupled to the copolymerization model to describe the whole process. Resin properties
were collected from the literature and compared to data provided by the copolymerization
model, resulting in a linear correlation between the weighted average chain densities meas-
ured by ISEC and the total concentration of sequences between cross-links (R = 0.988). The
prediction ability of the developed model was compared to a literature approach, which
depends on an experimental characterization of the resins by Inverse Steric Exclusion
Chromatography (ISEC). Akaike Information Criterion revealed that the models exhibit com-
parable predictive capabilities, demonstrating that the developed model is able to simulate
reactions catalyzed by gel-type resins without requiring equipment for morphology
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characterization.

Introduction

The application of heterogeneous catalysts in
organic reactions has been preferred over homo-
geneous acid catalysts due to their better recyc-
lability and product isolation, among other
advantages. (Chaffey et al. 2021; Farouq and Selim
2023) Specifically, commercial ion-exchange resins
have been widely used to catalyze the synthesis of
a variety of products, e.g., triethyl citrate by
Amberlyst 70° (Bohérquez et al. 2020), solketal by
Amberlyst 35° (Corréa et al. 2022; Faria et al.
2022), and glycerol tertiary butyl ethers by
Amberlyst 15° (Bozkurt et al. 2020). Besides these
macroreticular resins from the Amberlyst line, gel-
type resins, such as Dowex”, are also tested as cat-
alysts in esterification reactions (Erdem and Cebe
2006). Limited information about commercial res-
ins is available, such as ion exchange capacity and
cross-linker content, which can be found in the
aforementioned references. From the theoretical

perspective, studying catalysis with gel-type resins
is advantageous due to the reduced number of
variables associated with textural properties when
compared to macroreticular resins (e.g., negligible
internal surface area). This feature allows one to
make a close correlation between the polymer net-
work properties of gel-type resins and their cata-
Iytic efficiency, which is scarce in the modeling
literature. Kinetic models involving adsorption
(Rahaman et al. 2015) and intraparticle diffusion
(Russo et al. 2020) have been developed for resin-
catalyzed reactions and validated with experimen-
tal data. Despite the good results provided by
these models, the reactivity and accessibility prop-
erties of the referred resins as a consequence of
their polymerization process better
explored. In this sense, the kinetics of cross-link-
ing polymerization play an important role on the
prediction of features of a polymer matrix (Sims
2021; Tobita 2021). Studies on the evolution of

can be
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cross-links concentration (Likozar 2011; Likozar
and Krajnc 2011) as well as the combined
approach Kinetics/Transport Phenomena have
been carried out for cross-linking of polymers.
These studies are important steps toward the
description of polymer network properties and
their use in different applications. Inverse steric
exclusion chromatography (ISEC) has been
employed to assess the chain density distribution
of ion-exchange resins. This technique consists of
identifying and quantifying different densities in a
discretized way. In general, the chain densities are
divided into five zones: 0.1, 0.2, 0.4, 0.8 and
1.5nm nm . In ISEC, the investigated materials
are used as stationary phase in a chromatographic
column and elution volumes of standard solutes
with known molecular size are measured (Jerabek
et al. 2002; Bringué et al. 2019). The advantage of
this characterization is that a detailed catalytic
study can be carried out, defining a reactivity for
each region of the catalyst. However, five parame-
ters (one for each region) need to be adjusted in
this kind of model, and the experimental charac-
terization of the resins must be performed.
Recently, a copolymerization model that provides
information on the cross-link density of ion
exchange resins was developed (Aguiar et al
2021). This model estimates a fraction of inaccess-
ible catalytic sites in a given resin based on its
chain sequences distribution (CSD). In the present
study, a refined model is proposed in which a
variable reactivity as a function of CSD is consid-
ered. The novelty of this improved model relies
on considering that the reactivity will tend to zero
in the densest zones where catalytic sites are prac-
tically inaccessible, and will be
(pseudo-homogeneous assumption) in the least
dense zones.

maximum

Mathematical model development

Two mathematical models were tested with litera-
ture data obtained from catalytic experiments.
Both models were described by following the
assumptions:

e Power law rate equation
e Mass transfer resistances were considered to be
negligible

e Uniform distribution of catalyst
throughout the reaction medium

e Isothermal reaction

particles

The detailed model equations are described in
the following sections.

Specific activity as a function of chain density
(SACD model)

This model considers different reactivities along the
catalytic resin. The model fitting is conducted
through a multiple regression of five reactivities,
one for each region of the catalyst, as reported in
the literature (Jefabek et al. 2002). To apply this
model, it is mandatory to characterize the catalytic
resin in terms of swollen-state morphology by using
the Inverse Steric Exclusion Chromatography
(ISEC) method. Then, the reaction rate (r) is
calculated through Equation (1) (Jefabek et al.
2002).

1.

r= ZRiVi (1)

5
=0.1

Where r is in mmol h™" g~', R; is the specific
activity of the polymer fraction with chain dens-
ity C; (with C;= 0.1, 0.2, 0.4, 0.8 or 1.5) in
mmol h™'mL™!, and V; is the volume that the
fraction i occupies in 1g of resin (mL g™'). In
Equation (1), the index i represents the five dis-
tinct regions with different C; values, meaning
that this summation consists of five terms. In this
approach, Jerabek et al. (2002) experimentally
determined the values of r for various resins. The
volume fractions with chain densities of 0.1, 0.2,
0.4, 0.8, and 1.5 were assessed using ISEC.
Subsequently, a regression analysis employing the
experimental data and Equation (1) was per-
formed to derive the specific activities R;.

Due to the plenty of studies on organic revers-
ible reactions (e.g., esterification) catalyzed by com-
mercial resins, the generic reaction represented in
Equation (2) was considered.

A+B=C+D )
Where A, B, C and D may represent acid, alco-

hol, ester and water, respectively (considering an
esterification).



Considering the aforementioned reaction in
presence of a solid catalyst, the reaction rate can
be written in terms of a power law, as follows.

CcCh
K.

(—7a) = k[IEC|Ccar (CACB - (3)

The term (—r4) in Equation (3) is equivalent
to the term r in Equation (1), with the key dis-
tinction lying in the available data for calcu-
lation. (—r4) is computed using power law
kinetics (when concentrations and Kkinetic con-
stants are available), while r is determined from
morphology data, including specific activity and
volume fractions.

Where (—r4) is the consumption rate of the
reagent A (mol L' h™), k is the rate coefficient
(L*> mol™ h™"), [IEC] is the ion exchange capacity
of the resin (mol g_l), Ccar is the catalyst con-
centration (g L™, K4 is the equilibrium constant
and C4 to Cp are the concentrations of com-
pounds (mol L7'). Details regarding the ion
exchange capacities (IEC) of the resins along
with their corresponding references are outlined
in Table 1. The equilibrium constant (K,,;) values
utilized in the simulations were sourced from the
literature (Aguiar et al. 2021).

The Equation (3) takes into account the
pseudo-homogeneous hypothesis, which is rea-
sonable for styrene-divinylbenzene catalysts in
organic media, due to the considerable particle
swelling and low mass transfer resistance.

Table 1. Resins properties.
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The parameter k takes into account the reactiv-
ities in all chain densities along the resin, and
can be written as:

15
ViCi
k=S "k

=5 o (4)
i=0.1 Z:':SO'IVSCS

The variable k; represents the rate coefficient
associated with the polymer chain density for dif-
ferent values of C; (L*> mol™ h™!). Where C; is
defined as 0.1, 0.2, 0.4, 0.8, 1.5. Therefore, 5
parameters (ko1, ko2, ko4, kos, kis) were fitted
in the SACD Model. The best fittings were
obtained by minimizing the sum of squared errors
(SSE) between the model and experimental data.

Specific activity as a function of sequence lengths
(SASEQ model)

The SASEQ Model employs a copolymerization
approach to predict cross-linking information
regarding the resins, as described in a previous
work (Aguiar et al. 2021). To estimate this cross-
linking data, the model considers the standard
batch copolymerization of styrene with divinyl-
benzene (DVB), initiated by benzoyl peroxide
(1 mol%), conducted at 150% dilution of mono-
mers in the organic phase and 90°C for 30h, as
described by Coutinho et al. (2006). This choice
is made due to the confidential nature of the pro-
cedures for producing commercial resins. These
selected conditions and synthesis procedures,

IEC

A
Resin DVB (%) (mmol g7") (m?g7") Veores (ML g77) Dpore (A) Dpare (Mm) Reference

Amberlyst 15 (A15) 20 4.81 55.0 0.622 265 0.740 (Iborra et al. 2000; Casas et al. 2011;
Guilera et al. 2015)

Amberlyst 16 (A16) 12 4.80 35.0 1.136 - 0.700 (Dixit and Yadav 1996; Casas et al.
2011; Guilera et al. 2015)

Amberlyst 35 (A35) 20 523 35.7 0.504 - 0.660 (Dos Reis et al. 2005; Casas et al.
2011; Tejero et al. 2016)

Amberlyst 36 (A36) 12 5.40 33.0 1.261 240 0.630 (Rodriguez and Setinek 1975; Dos
Reis et al. 2005; Casas et al. 2011;
Tejero et al. 2016)

Amberlyst 39 (A39) 8 5.00 1.1 1.643 176 0.710 (Casas et al. 2011; Komon et al.
2013; Guilera et al. 2015; Tejero
et al. 2016)

Dowex 50Wx2 (D2) 2 4.83 6.9 2.677 85 0.223 (Dosuna-Rodriguez and Gaigneaux
2012; Guilera et al. 2015)

Dowex 50Wx4 (D4) 4 4,95 - 1.920 - 0.570 (Casas et al. 2011; Guilera et al.
2015)

Dowex 50Wx8 (D8) 8 4.83 24 1.404 26 0.111 (Rodriguez and Setinek 1975; Ali and
Merchant 2009; Guilera et al.
2015)

Purolite CT224 4 5.34 - 1.859 - 0.320 (Casas et al. 2011; Tejero et al. 2016)
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Figure 1. Scheme of the resin synthesis steps.

involving copolymerization followed by sulfon-
ation, were deemed suitable since the resulting
resins exhibit properties (e.g., ion exchange cap-
acity) closely resembling those of commercial res-
ins. Additionally, assumed that the
sulfonation procedure does not significantly alter
the conformation of the chains along the resin
but incorporates sulfonic groups into it.

A scheme of the production and characteristics of
a sulfonated resin is illustrated in Figure 1.

The details about these preliminary simulations
for different DVB feedings can be found elsewhere
(Aguiar et al. 2021). The referred copolymeriza-
tion model provides sequences distributions which
characterize the chain densities along the synthe-
sized resin. In the present approach, the term
sequence represents a number of repeating units n
connecting two groups that are present in the
polymerization process. In the study of Aguiar
et al. (2021), 5 kinds of sequences are defined,
and the type of interest in this work is the
sequence Lg,, which is a sequence containing n
styrene units connecting two cross-link points in
the polymer network. Figure 2 illustrates the final
distributions (at the end of the copolymer synthe-
sis) of fractions of Lg, sequences (Y ,) for dif-
ferent DVB feed rates used in copolymerization
process.

It is understood that the shorter the sequence,
the greater the influence of steric effects in the sur-
roundings of this sequence. In terms of application
in catalysis, the accessibility to catalytic sites

it was

0.12
0.1 ——1% DVB
—--1.5% DVB
0.08 e 2% DVB
50.06 2.5% DVB
---4% DVB
0.04 —38% DVB
0.02
0 TN e e
80 100

Figure 2. Final distribution Y;g, for different DVB contents.
Simulation conditions: 1% (mol) benzoyl peroxide at 150%
dilution and 90°C for 30 h.

decreases as the value of n, in the sequence Lg, is
reduced. On the other hand, as the sequence is
increased, the accessibility to catalytic sites also
increases, and a limit is proposed (1y,), from which
it is assumed that there is no more accessibility
restriction, i.e., the reactivity of catalytic sites located
in sequences Lg,, with n > ny,, becomes constant
(Figure 3). The balance of sequences and additional
information on the copolymerization model can be
found in the Supporting Information.

In Figure 3, the sulfonated unit is an aromatic
ring with a sulfonic group attached to it, which
has the ability of an acidic catalytic site. A correl-
ation between the reactivity and n must be
defined for the sequences with n < ny,. The pre-
sent work focused on the study of gel-type resins
as catalysts. Hence, the results from the work of



Sequence Lg,

s 00 000N
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v IR @MW

= 0 00000H

=5 [l1-0-0-0-0-0H
=2 l-0-0-0-0H
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Figure 3. Pictorial representation of the SASEQ model.

Jetdbek et al. (2002) and Aguiar et al. (2021), in
which only gel-type resins were tested, were used
to determine the referred correlation. The reactiv-
ity data obtained by Jerabek et al. (2002) for the
different polymer chain densities (C) are plotted
in Figure 4.

Jerabek et al. (2002) states that the range of
densities of swollen polymer mass detectable by
ISEC spans from 0.1 (representing an extremely
swollen polymer matrix with a density approach-
ing that of the polymer coil of dissolved uncross-
linked polymer) to 1.5 nmnm™ (dense network,
poorly accessible even for the smallest molecules
due to the absence of enthalpic interactions).
Consequently, in zones with higher polymer
chain densities, lower specific activities are
expected, as observed by Jerdbek et al. (2002)
(dots in Figure 4). As observed, the data points
in Figure 4 can be reasonably fitted with an
exponential function. The aim of this fitting was
to estimate the specific reactivity in relation to
the polymer chain density using a minimal num-
ber of parameters (e.g., 2). It was determined that
an exponential curve offers a superior fit com-
pared to other elementary functions such as lin-
ear, polynomial, and power functions. Since, in
the SASEQ Model, the polymer chain density is
represented by the sequences Lg,, an exponential
function for the rate coefficient k, depending on

CHEMICAL ENGINEERING COMMUNICATIONS . 5
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Figure 4. Correlation between specific reactivity for Bisphenol
A synthesis per unit of polymer chain length (r,,) and the
polymer chain density (C).

n, is proposed, as written in Equation (5).

i —1 b 200
k= ko < Z aexp <;> Yig, + Z YLEn> (5)

n=1 N=N}jm

The power law was also considered in the
SASEQ Model. So, substituting Equation (5) in
Equation (3):

i —1 200
b
(—7a) = ko ( E aexp <E> Yig, + E YLEn> [IEC]Ceat

n=1 N=HN}im

CcCop
CaCp —
(ea-)

(6)
Where a, b and ny;,, are adjustable parameters
related to the reactivity variation (see Figure 3),
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ko is the maximum rate coefficient, i.e., consider-
ing the absence of steric effects (adjustable for a
given reaction), and Yig, is the fraction of the
sequence Lg, in relation to the sum of all sequen-
ces from n=1 to n=200. The concentration of
sequences with n>200 is very close to zero and
was neglected in this study. The parameters a
and b define the shape of the exponential reactiv-
ity variation, which can vary depending on the
resin and the characteristics of the reaction
medium. Given that reactivity is anticipated to
increase with higher values of n, negative values
of b are expected. The parameter nyy,, serving as
the dividing line in sequence length, demarcates
two distinct behaviors: variable reactivity (for
n < num) and constant reactivity (for n > nypy).

Therefore, 4 parameters (a, b, ny, and ko)
were fitted in the SASEQ Model. The best fittings
were obtained by minimizing the SSE between
the model and experimental data.

A comparison of models was made based on
Akaike Information Criterion (Al-Rubaie et al.
2007) as described in Equations (7) and (8).

SSE
AIC = Nin () + 2K (7)
N
2K(K 4 1)
AICc = AIC 4+ ——=~ 8
C + N_K_1 (8)

where AIC : Akaike information criterion; AIC: :
Akaike Information Criterion corrected for small
samples; N : Number of data points; K : Number
of model parameters; SSE : Sum of Squared Errors.

According to Al-Rubaie et al. (2007), the small-
est AICc among all candidate models is referred to
as the best model, taking into account SSE, num-
ber of parameters, and number of data points.

Results and discussion

As mentioned in the preceding section, the
SACD model relies on a kinetic study previously
employed (Jerdbek et al. 2002; Badia et al. 2015).
This model requires the fitting of 5 parameters
and depends on an equipment to analyze the
swollen morphology of the resins. Conversely, the
SASEQ Model, developed herein, requires the fit-
ting of 4 parameters and does not depend on any
experimental characterization of the resins. The
variation in reactivity along the catalyst can be

estimated with the information provided by the
copolymerization model. Figure 5 shows a com-
parison between both models and the experimen-
tal reaction rate data for Bisphenol A sinthesis
provided by Jerabek et al. (2002).

Figure 5 displays measurements performed in
a CSTR reactor, specifically focusing on low acet-
one conversions (<10%). Within this range, the
observed reaction rates are regarded as independ-
ent of conversion, serving as a reliable measure
of the catalytic activity exhibited by the resins
(Jetabek et al. 2002). The experiments were con-
ducted at 70 °C and with a phenol/acetone molar
ratio of 8:1. The experimental reaction rates, as
shown in Figure 5, were obtained for gel-type
styrene-divinylbenzene sulfonated resins with
DVB content within the range of 1% to 8%,
encompassing a total of 7 data points. Higher
reaction rates are obtained as the DVB content in
the resin is reduced, since resins with low DVB
percentages are more flexible, allowing a better
accessibility to the catalytic sites in the reaction
medium (Tejero et al. 2016). It can be observed
that both models provided good predictions.

Erdem and Cebe (2006) studied the esterifica-
tion of propionic acid with n-amyl alcohol also
catalyzed by gel-type resins. The tested resins are
from the commercial line Dowex® and contain 2,
4, and 8% DVB (namely D2, D4, and D8, respect-
ively). All resins were applied to the same reaction
conditions and compared, as shown in Figure 6.

It can be verified that both models present
very similar results for the esterification of

10

0]

N

RateCalculated

e Model SACD
= Model SASEQ

0 2 4 6 8 10
Rate Experimental

Figure 5. Reaction rates of Bisphenol A synthesis (mmol h™"
g™"). A comparison between experimental and model data for
gel-type styrene-divinylbenzene sulfonated resins at DVB
percentages of 1%, 1.5%, 2%, 2.5%, 4%, 4%, and 8%. The
graph illustrates an increasing trend in reaction rates as DVB
percentage decreases.



propionic acid with n-amyl alcohol on the
referred Dowex resins. The conversion profile is
increased as the DVB content is reduced, as
expected for gel-type resins. This behavior was
well represented by models SACD and SASEQ.
The good predictability of both models for reac-
tions catalyzed by gel-type resins is justifiable, the
DVB content (and consequently the chain dens-
ity) can be considered the only factor that affects
the reactivity of the resin. In other words, varia-
bles such as porosity, surface area, and pore
diameter, which would considerably affect the
reaction rate, can be neglected in this kind of
catalyst. In order to verify the ability of the mod-
els to predict the results of reactions catalyzed by
resins of different kinds, simulations with data
from the esterification of levulinic acid with buta-
nol catalyzed by gel-type and macroporous resins
were carried out (Tejero et al. 2016). The results
are presented in Figure 7.

The gel-type resins used in the work of Tejero
et al. (2016) were D2, D4, D8 (Dowex), and
Purolite CT224, all in the range 2-8% DVB.
Similarly to the fitting obtained in Figure 6, a
good agreement between models and experimen-
tal data was obtained for the reaction catalyzed
by gel-type resins (Figure 7a,b), with R* of 0.96
and 0.94 respectively. The previous model devel-
oped by our research group, the Inaccessible Sites
Model (ISM) (Aguiar et al. 2021), was also
applied to the experiments conducted with gel-
type resins in Tejero et al.’s work (2016), yielding
an R* of 0.92. The ISM posits the existence of a
fraction of inaccessible sulfonated units, denoted
as Yisy, which are unavailable for catalysis. This

80 (a)

e L
L

60 o P

D2 (EXP)
D4 (EXP)
D8 (EXP)
~~~~~~~~~ D2 (MOD)
— —D4 (MOD)
——D8 (MOD)

Conversion

0 100 200

Time (min)

300 400
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parameter is a function of the chain density of
each resin.

In the current study, we have enhanced the
model by considering the gradual variation of
reactivity across different polymer zones and
introducing a limit on sequence length beyond
which reactivity remains constant. This limit is a
crucial piece of information because it depends
on the size of the reacting molecules in the cata-
lyzed reaction, a factor not accounted for in the
ISM model.

Despite the ISM model’s simplicity, with only
two parameters (the rate constant k and Yigy), it
is found to be less suitable than the SASEQ
Model when applied to the data from Tejero
et al. (2016). This conclusion is supported by the
Akaike criterion (see footnotes of Table 3).

On the other hand, catalysis with macroporous
resins (Al5, Al6, A35, A36, and A39 from
Amberlyst®) was simulated, and poor fittings
were obtained (Figure 7c,d). It is understood that
transport phenomena must be taken into account
in order to build a model for catalysts with con-
siderably large surface areas, i.e., the larger the
surface area, the higher the mass transfer rate
from the macropores to the gel region of the
resin. The contrast between the properties of gel-
type and macroporous resins studied herein can
be verified in Table 1. Since the present models
do not take into account transport phenomena,
they are applicable only to gel-type resins, which
explains the poor fittings observed in Figure 7c,d.

It can be evidenced that SASEQ Model repre-
sents well only catalysis with gel-type resins by
correlating information about sequences Lg,

80 (b)

D4 (EXP)
D8 (EXP)

B
o

L]
+ D2 (EXP)
L ]
L]

Conversion

e D2 (MOD)
- - -D4 (MOD)
——D8 (MOD)

N
o

0 100

200
Time (min)

300 400

Figure 6. Fittings with data from Erdem and Cebe (2006). (Erdem and Cebe 2006) (a) SACD model, (b) SASEQ model. EXP:

Experimental data, MOD: Model predictions. K., = 5.44

(Aguiar et al.

2021). Experimental conditions: T=333K,

Cy=Cg=5.02 mol L', Cga = 90.35 g L~". D2, D4 and D8 are Dowex® resins with 2, 4 and 8% DVB respectively.
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Figure 7. Fittings with conversion data from tejero et al. (Tejero et al. 2016) Upper graphs: (a) SACD model for gel-type resins, (b)
SASEQ model for gel-type resins. Bottom graphs: (c) SACD model for macroporous resins, (d) SASEQ model for macroporous resins.

Keg = 6.596 (Aguiar et al. 2021). Experimental conditions: T=353K, (4 = 2.656 mol L', Cg=7.968 mol L7,

CCat =

7.143 g L™". The points represent conversions at different reaction times.

(from the copolymerization model) with the
polymer chain densities obtained from ISEC ana-
lysis. Figure 8 presents a correlation between the
sum of all sequences Lg, (with np, = 100
(Aguiar et al. 2021)) and the weighted average
polymer chain density (C,). The values of C,
were calculated through Equation (9), as follows.

1.5
Cn= > Cifu 9)
i=0.1

where fy; = Vi

Zi:o.l Vi

It is important to emphasize that the present
copolymerization model is not able predict how
the chain sequences are spatially arranged, i.e.,
the chain density distribution has not been esti-
mated. A linear correlation can be observed in
Figure 8a, indicating that the copolymerization
model is able to predict with good accuracy the
average chain density of gel-type resins. On the
other hand, the present copolymerization model
does not take into account the heterogeneities
caused by the presence of a porogen agent, which
results in an incorrect description of the chain
sequences distribution for macroporous resins, as
can be seen in Figure 8b. Therefore, the SASEQ
Model (jointly with the copolymerization model)
is a powerful tool to simulate reactions catalyzed

Table 2. Parameters fitted in the models.

Model Parameter* Erdem**  Tejero (gel)** Tejero (macro)**
SACD Ko, 0 0 13.586
Ko.2 0912 7.474 0
Ko,4 0.200 1.843 159.876
ko,s 0.517 2.502 2438
Kis 0.032 079 0774
SASEQ ko 0.337 2.435 2.228
a 20.531 19.065 3869.556
b —-57.710 —62.264 -50.710
Niim 49 50 7

*Kko and ko to kys in L2 mol™ h™". **Data fitted in Figures 6 and 7:
Erdem (Erdem and Cebe 2006), Tejero (Tejero et al. 2016).

by gel-type resins without the need to conduct
morphology characterization. The use of the bal-
ance of sequences to estimate the morphology of
these resins proved useful, as shown in Figure 7
and corroborated by Figure 8.

Table 2 lists the values of the parameters fitted
in both models.

In a previous work (Aguiar et al. 2021), a model
that divided the catalytic sites only into accessible
and inaccessible (ISM) provided k=9 x
107 L2 mol™%s™" for the data from Erdem and
Cebe (2006) and k = 5.5 x 107* L? mol ™ s~! for
the data from Tejero et al. (2016) (Experimental
conditions provided in the captions of Figures 6
and 7). These values are close to the values found
for ky in the SASEQ Model, which represent the
maximum reactivity inside the resin, ie., there is
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Table 3. Akaike Information Criterion For models comparison.

Reference data SSE SACD SSE SASEQ AICc SACD AIC¢ SASEQ
Jerabek (Jerabek et al. 2002) 0.154 1.281 35.940 8.763
Erdem (Erdem and Cebe 2006) 8.573 8.646 -21.217 —23.529
Tejero (Gel) (Tejero et al. 2016) 16.838 23.209 6.292 14.439
Tejero (Macro) (Tejero et al. 2016) 44.801 50.631 45.540 48.092
ISM fittings provided AICc = 19.637 for Tejero (Gel) data.
1.6 (a) 2.0 (b)
1.2 e . -
c c -
0.8
E : 100 EO s - 100
QEOA LE Cn = 20.771HZ=:1LE“ +0.156 & Cn = 6,3942:1[,5" +0.370
e R? = 0.988 e ' R? = 0.628
0.0 0.0
0.00 0.02 oo 0.04 0.06 0 0.05 0.1 0.15 0.2

D ls,
n=1

Figure 8. Correlation between measured (Y axis) and simulated (X axis) chain density data for (a) gel-type resins (1%, 1.5%, 2%,
2.5%, 4%, 4%, and 8% DVB) based on jerabek et al. (Jerdbek et al. 2002), and (b) macroporous resins (8%, 8%, 12%, 12%, 20%,
and 20% DVB) from tejero et al. (Tejero et al. 2016) In both cases, ¢, exhibits an increasing trend with the rise in DVB

percentage.

an agreement between the different approaches.
Erdem and Cebe (2006) estimated a rate
coefficient of 4.9 x 10~ L2 mol™%s~! for the ester-
ification of propionic acid with n-amyl alcohol
at 333 K. This value is lower in comparison to the
ko  providled by the SASEQ  Model
(ko =9.37 x 107° L2 mol%s™!). This difference
can be attributed to the hindering effects induced
by the varying chain densities within the resin, a
factor that was not considered in Erdem and
Cebe’s study. The zeros fitted for some parameters
in the SACD model are related to a chain density
that was not present in the resins (e.g., Vo1 =0
for D2, D4 and D8). In Table 2, the parameters a,
b and ny, fitted for Erdem are similar to the val-
ues fitted for Tejero (gel), evidencing again the
ability of SASEQ Model to describe catalytic data
provided by gel-type resins. This similarity empha-
sizes the standard behavior of gel-type resins; and
indicates that, in the polymer matrix, more than
50 repeating units between cross-linking points are
necessary to avoid accessibility limitations to cata-
lytic sites for the studied reactions. On the other
hand, for the macroporous resins, the values of the
fitted parameters did not present reasonable coher-
ence, as expected.

Table 3 shows a comparison of models through
Akaike Information Criterion.

According to Al-Rubaie et al. (2007), the low-
est AICc value indicates which is the best model,

taking into account the number of data points,
parameters, and the sum of squared errors (SSE).
Comparing AICc of the models SACD and
SASEQ, it can be concluded that they are quite
equivalent. However, in terms of practical appli-
cation, the SASEQ Model has the advantage of
not requiring equipment for morphology, as it is
able to provide an estimate of the chain density
of the polymeric catalyst.

Conclusion

A mathematical model for organic reactions cata-
lyzed by sulfonated styrene-divinylbenzene resins
was developed and validated with experimental
data. A copolymerization model based on the bal-
ance of sequences was used to provide information
on the morphology of the resins, which presented
a linear correlation with the weighted average
chain densities measured by ISEC, with R* =
0.988. The model here developed (SASEQ) proved
equivalent to the literature approach (SACD).
However, SASEQ Model does not require charac-
terization equipment to determine the resin
morphology (ISEC), which is an advantage over
SACD model. The rate coefficients obtained in
this modeling study are coherent in comparison
with literature data, and the other parameters were
consistent for the same type of resin. In terms of
accessibility restrictions along the polymer matrix,
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a limit of 50 repeating units between cross-linking
points was found, beyond which no reactivity vari-
ation is expected to occur. Finally, model fitting
attempts with data from reaction catalyzed by
macroporous resins did not provide good agree-
ment with experimental data, i.e., the developed
model is able to represent only catalysis with gel-
type resins. Future studies involving mass transfer
parameters and a multiphase system can be car-
ried out from this work.
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Symbology

aand b Adjustable parameters related to reactivity variation

AIC Akaike Information Criterion

AIC¢ Akaike Information Criterion corrected for small
samples

C, to Cp Concentrations of compounds (mol L™Y)

Ccar Catalyst concentration (g L_l)

C; Polymer chain density (nmnm™3)

Cn Average polymer chain density (nmnm~2)

CSD Chain sequences distribution

DVB Divinylbenzene

D2 Dowex resin with 2% of DVB

D4 Dowex resin with 4% of DVB

D8 Dowex resin with 8% of DVB

fi Fraction of polymer chains with volume V;

IEC Ton exchange capacity of the resin (mol g™!)

ISEC Inverse steric exclusion chromatography

ISM Inaccessible sites model

k Rate coefficient (L2 mol~> s7!)

ko Maximum rate coefficient (L2 mol™? s71)

K Number of model parameters

Keq Equilibrium constant

Lg, Sequence with # styrene units connecting two
cross-linking points in the polymer network

n Number of repeating units in a sequence

Mim Limit for the number of repeating units in a
sequence

Mmax Maximum number of repeating units in a
sequence

N Number of data points

Consumption rate of the reagent A (mol L' 'hh

R; Specific activity of the polymer fraction with
chain density C; (mmol h™' mL™")

r Reaction rate (mol L™'s™!)

SACD  Specific activity as a function of chain density

SASEQ  Specific activity as a function of sequences lengths
SSE Sum of Squared Errors
V; Volume fraction of chains with dens-
ity C; (mL g™')
Vs Volume fraction of chains with dens-
ity Cs (mL g™!)
Yisu Fraction of inaccessible sulfonated units
YiE, Fraction of the sequence Lg,
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