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The global market for organic esters was estimated at around $89.4 billion in 2022, and is expected to continue
to grow, reaching $127.4 billion in 2029. The wide application of mineral acids as homogeneous catalysts for the
synthesis of organic esters causes several economic and environmental problems. For this reason, a lot of effort is
undertaken to make esterification a more sustainable process. Nowadays, particular attention is paid to the
development of new solid acid catalysts containing sulfonic acid groups (-SO3H) supported on organic polymers.
This study fits into this scientific trend and aims at providing insight into the factors affecting the reactivity of
—SO3H species anchored on hyper-cross-linked polymers (HCPs). For this purpose, polymers characterized by
different cross-linking densities but with a comparable surface area of ca. 540-620 m?/g and a similar pore size
of ca. 3.7 nm were applied as supports for anchoring of -SO3H through post-synthetic sulfonation. The loading of
sulfonic acid species in all prepared catalysts varied from 1.19 to 2.22 mmol/g. Catalytic activity of the sulfo-
nated HCPs (sHCPs) was evaluated in esterification of acetic acid with different alcohols. It was found that the
key factors affecting the reactivity of -SOsH supported on HCPs are hydrophilicity of the polymer surface and the
localization of the sulfonic acid species on the external surface of the polymer matrix. The latter was the most
favoured during the post-synthetic sulfonation of the polymer characterized by the highest cross-linking density.
In the case of this material, the -SO3H species were approximately 7 times more reactive than those of Amberlyst-
15 (TOF = 11.36 vs. 1.57 h™}, respectively). The most efficient SHCP used in this study reached approximately
two times higher conversion of n-butanol than Amberylst-15 (53.6 vs. 27.5 %) despite of the significantly lower
loading of sulfonic acid species in the former polymer (2.22 vs. 4.66 mmol/g, respectively). It was also estab-
lished that the catalytic esterification on the surface of sHCPs proceeded according to the Langmuir-Hinshelwood
mechanism, in which chemisorption of the alcohol is the rate-determining step. Moreover, sHCP catalysts could
be reused four times without significant deactivation.

1. Introduction

The esterification reaction of carboxylic acid with an alcohol is one
of the most important groups of liquid-phase organic transformations
(Khan et al., 2021). The resulting esters belong to valuable fine chem-
icals widely used in the manufacturing of paints (Mirabedini et al.,
2020), varnishes (Benessere et al., 2019), perfumes (Sa et al., 2017),
coatings (Wang et al., 2020), pharmaceuticals (Arca et al., 2018) and
even cosmetics (Khan and Rathod, 2015). Esters also play an important
role in the field of the petrochemical industry, being one of the main
components of biodiesel (Ambat et al., 2018; Mohamed et al., 2023).
According to a very recent report by Future Market Insights, the global
esters market was estimated at around $89.4 billion in 2022, and is
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expected to continue to grow, reaching $127.4 billion in 2029 (https://
www.futuremarketinsights.com/reports/esters-market.).

The esterification reaction can be efficiently catalyzed by mineral
acids such as sulfuric, hydrochloric, hydroiodic or para-toluenesulfonic
acids (Khan et al., 2021). These homogeneous catalysts are relatively
inexpensive and exhibit good catalytic activity. However, one of the
most important drawbacks of their use are corrosion of the equipment,
the formation of acidic waste and the difficulties in recovery and reuse of
the catalysts. Such obstacles are the major impetus for the development
of alternative and more environmentally benign heterogeneous catalysts
to make esterification a more sustainable process. To date, various
inorganic and organic nanomaterials such as zeolites (Li et al., 2023;
Zhang et al., 2014; Prinsen et al., 2018; Gomes et al., 2022), organic ion-
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exchange resins (Bringué et al., 2019; Reinoso and Boldrini, 2020; Di
Menno Di et al., 2022), metal-organic frameworks (MOFs) (Yilmaz
etal., 2017; Zang et al., 2013), or supported heteropoly acids (Desai and
Yadav, 2023; Paiva et al., 2022) have been recognized as promising
substitutes for the homogeneous catalysts based on mineral acids.
Nevertheless, large-scale application of the above-mentioned nano-
materials is still limited because of their important drawbacks. For
example, it is very often that microporous structure of zeolites causes
difficulties with the availability of the active sites to the reagents and
results in mass transfer limitations (Liu et al., 2022). On the other hand,
the reactivity of strongly acidic ion-exchange resins such as Amberlyst®
or Dow® is usually reduced by their relatively low specific surface area
(Kim et al., 2020). Additionally, most of MOFs suffer from low thermal
stability that often disqualifies them as effective SACs (Healy et al.,
2020). In view of these problems, researchers are still undertaking a lot
of effort to find the more efficient solid acid catalysts (SACs).
Hyper-cross-linked polymers (HCPs) are classified as porous organic
polymers (POPs) and possess several desirable features for their appli-
cation as promising supports for heterogeneous catalysts dedicated to
esterification. HCPs have a relatively large surface area (more than
1000 m2/g (Woodward, 2020)), as well as high mechanical and ther-
mochemical stabilities (Tan and Tan, 2017). Moreover, they can be
easily synthesized by a facile, inexpensive, and scalable method based
on Friedel-Crafts alkylation (Li et al., 2011). Due to their unique phys-
icochemical properties, HCP-based materials have been successfully
used as highly efficient adsorbents for wastewater remediation, e.g.
(Hamza et al., 2021; Wei et al., 2021; He et al., 2021). Concerning the
application of HCPs-based polymers as catalysts for the esterification
reaction, data from the recent literature show that current studies in this
field focus primarily on i) the development of novel SACs by searching
for a new building blocks and/or cross-linking agents that could lead to
the obtainment of more desirable properties of these organic supports,
and ii) the evaluation of the reactivity of synthesized nanomaterials
(Kalla et al., 2018; Bhunia et al., 2015; Zheng et al., 2013; Kundu and
Bhaumik, 2015; Munyentwali et al., 2021). For example, Munyentwali
et al. (Munyentwali et al., 2021) synthesized a series of 1,3,5-tri(4-vinyl-
phenyl)-benzene- and divinylbenzene-based sulfonated HCPs (sHCPs)
containing a similar amount of sulfonic acid species (from 2.2 to 2.3
mmol/g) but characterized by totally different surface area and hydro-
phobicity. They revealed that the higher the hydrophobicity of the
polymer surface, the higher the catalytic activity in the esterification
reaction of fatty acids with methanol. However, in addition to differ-
ences in the hydrophilicity of the polymers, the examined sHCPs also
had totally different BET surface areas ranging from 478 to 738 m?/g for
the most hydrophilic and hydrophobic polymers, respectively. Thus, one
can expect that the improved reactivity of the most hydrophobic ma-
terial could also result, to some extent, from its much higher surface area
that enabled better accessibility of the surface active sites to the re-
agents. Further, the undeniable significance of a compromise between
hydrophobicity and acidity of the polymer matrix was also recently re-
ported by Blocher et al. (Blocher et al., 2022). The authors synthesized a
series of 4,4-bis-(chloromethyl)biphenyl-based sulfonated HCPs con-
taining different amounts of sulfonic acid sites (0.03-3.76 mmol/g), and
tested their activity in the hydrolysis of cyclohexyl acetate. The highest
activity was observed for the polymer containing 2.2 mmol/g of —SOsH
groups. A higher loading of acid sites (above 2.2 mmol/g) resulted in
decreased catalyst activity. According to the authors, the highest activity
of sHCP containing 2.2 mmol/g of —SOsH originated from the most
suitable compromise between several features of this material,
including: porosity, surface area, amphiphilicity, and surface acidity.
However, a clear conclusion about the role of the individual factors in
controlling the reactivity of sHCPs was difficult to estimate because of
the multiple variations in the physicochemical properties of the inves-
tigated catalysts. Based on above, one can clearly conclude that funda-
mental studies aiming at evaluation of the relationship between the
cross-linking density of HCPs, and their physicochemical and surface
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properties as well as catalytic activity in esterification are sparse.

This study aims at filling this gap in the fundamental knowledge
mentioned above by providing deep insight into the factors affecting the
reactivity of sulfonated hyper-cross-linked polymers, based on triphe-
nylmethane (TPM) as an aromatic building block and formaldehyde
dimethyl acetal (FDA) as an external cross-linking agent, in esterifica-
tion of acetic acid with selected aromatic and aliphatic alcohols. The
HCP-based polymers used in this study were characterized in detail in
our previous article related to the adsorptive removal of antibiotic
pollutants from water (Wolska et al., 2023). They had similar porosity
and surface area, and differed only in terms of hydrophilicity/hydro-
phobicity of their surfaces, which originated from various localization
and loading of sulfonic acid species in the polymer matrix. Based on the
above information, one can conclude that the physicochemical proper-
ties of these organic polymers make them very promising model cata-
lysts for assessing the role of surface hydrophilicity/hydrophobicity as
well as localization and loading of —SOsH species in controlling the
reactivity of these surface active sites in esterification. As described
above, the majority of previous fundamental studies in this field have
been performed using nanomaterials that differ significantly both in
terms of their textural/structural properties and sulfur content, which
hindered the unambiguous analysis of the experimental data. Catalytic
activity of the sulfonated polymers used in this study was evaluated in
esterification of acetic acid with different structure alcohols (methanol,
n-butanol, cyclohexanol and benzyl alcohol) yielding esters of high in-
dustrial significance. The reactivity of the polymers was also compared
with that established for commercial Amberlyst-15, which is known as
efficient SAC and is usually used as reference material (Taddeo et al.,
2022; Hykkerud and Marchetti, 2016; Melfi et al., 2020). A significant
part of this work also covered analysis of the mechanism of the esteri-
fication process on the surface of sulfonated HCPs.

2. Experimental methods
2.1. Chemicals and reagents

The chemicals and reagents used in this study were the following:
methanol (MeOH, Sigma-Aldrich, 99.8 %), n-butanol (n-BuOH, Sigma-
Aldrich, > 99.4 %), cyclohexanol (CyOH, Sigma-Aldrich, 99.0 %),
benzyl alcohol (BnOH, Sigma-Aldrich, anhydrous, 99.8 %), acetic acid
(AcH, Sigma-Aldrich, 99-100 %), sodium hydroxide (NaOH, POCH,
98.8 %), phenolphthalein (Sigma-Aldrich, ACS reagent), ethanol (EtOH,
STANLAB, 99.9 %), oxalic acid (Sigma-Aldrich, > 99 %). Commercial
ion-exchange organic resin (Amberlyst-15, hydrogen form, Sigma-
Aldrich) was used as reference material. All chemicals were used as
received. Deionized water was used throughout the experiments.

2.2. Catalyst preparation

The pristine triphenylmethane-based hyper-cross-linked polymers
(HCP1, HCP2, and HCP3) characterized by different cross-linking den-
sity were prepared by the Friedel-Crafts knitting using different molar
ratio between the aromatic building block (triphenylmethane, TPM) and
the external cross-linking agent (formaldehyde dimethyl acetal, FDA)
(TPM/FDA molar ratio of 1.0/4.5, 1.0/9.0 and 1.0/13.5 for HCPI1,
HCP2, and HCP3, respectively). Sulfonic acid groups were anchored on
the polymer matrix by post-synthetic sulfonation using chlorosulfonic
acid (CISOsH) as a sulfonating agent. The resulting sulfonated HCPs
were labeled as sHCP1, sHCP2, and sHCP3. Experimental details related
to the synthesis of all HCP-based materials are described in an extended
experimental section (see Supporting Information).

2.3. Characterization of materials

Experimental details related to the analysis of chemical composition,
structure, and texture parameters of all HCPs-based catalysts used in this
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study, as well as their wettability properties (by water contact angle
measurements) and ion exchange capacity are described in the extended
experimental section (see Supporting Information).

2.4. Catalytic tests

All catalytic tests were performed in a round-bottom flask equipped
with a condenser. The catalysts were tested in the esterification of acetic
acid (AcH) with four different structure alcohols (methanol, n-butanol,
cyclohexanol, or benzyl alcohol) (Scheme 1). In a typical experiment,
20 mg of the HCP-based catalyst (dried overnight at 80 °C under vac-
uum) were added to the mixture of AcH (1.0 eq., 64.0 mmol) and the
corresponding alcohol (2.0 eq., 128.0 mmol) under vigorous stirring
(400 rpm). All reactions were carried out at 100 °C, with the exception
of the reaction with MeOH, which was carried out at 50 °C, due to the
lower boiling temperature of the alcohol and the resulting methyl ace-
tate (57-58 °C (Popken et al., 2001)). After a given reaction time (t), the
conversion of the AcH was estimated by acid-base titration method with
0.1 M NaOH aqueous standard solution using phenolphthalein as an
indicator. For this purpose, aliquots were collected into a syringe and the
catalyst was separated from the solution by filtration through a 0.2 pm
syringe filter (PTFE, Lab Logistics). The syringe filter was conditioned by
washing with a small portion of the previously collected solution. The
conversion of AcH to the corresponding acetate ester (methyl acetate, n-
butyl acetate, cyclohexyl acetate, or benzyl acetate) as the only product
of this esterification was calculated using equations (Egs. S2-S3, see
Supporting Information). All catalytic tests were performed at least
three times under given reaction conditions. The values presented in the
article are mean values of the AcH conversion. Pre-adsorption experi-
ments were carried out by pre-mixing sHCP1 with AcH and/or n-BuOH
at room temperature for 24 h followed by heating to 100 °C and adding
the remaining reagent. To exclude possible diffusion limitation effects
(external mass transfer resistance) during the catalytic tests, a series of
experiments at different stirring rates were performed (Fig. S1). Ac-
cording to the results, increasing the stirring rate from 150 to 400 rpm
resulted in a slight increase in the AcH conversion. However, a further
increase in the stirring rate to 700 rpm did not have a significant in-
fluence on the conversion of acetic acid. This means that the effect of
external mass transfer resistance was eliminated when a stirring rate of
400 rpm was applied. A similar phenomenon was also reported in
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previous studies (Abbas et al., 2016). To avoid the potential impact of
the diffusion limitations on AcH conversion, all catalytic tests were
carried out using a stirring rate of 400 rpm.

2.5. Reuse experiments

In a typical reuse experiment, 30 mg of sHCP1 (dried overnight at
80 °C under vacuum) were added to the mixture of AcH (1.0 eq., 64.0
mmol) and n-BuOH (2.0 eq., 128.0 mmol) under vigorous stirring (400
rpm). The reaction was carried out at 100 °C for 240 min. After this time,
the sHCP1 catalyst was separated from the reaction mixture through
PTFE filter paper (Ahlstrom, 0.45 pm) on a glass vacuum filtration
apparatus (Glassco). The conversion of AcH was estimated by the acid-
base titration method with aqueous standard solution of 0.1 M NaOH
using phenolphthalein as an indicator. The spent sHCP1 catalyst was
washed with 50 mL of acetone and dried at 80 °C for 18 h before the next
reaction cycle. The regeneration performance of sHCP1 was studied in a
total of four reaction cycles.

In order to evaluate the stability of the sHCP1 catalyst, the material
after the forth reaction cycle was subjected to ATR-IR, XPS and
elemental analyses. Before all measurements, the spent sHCP1 sample
was dried under vacuum at 80 °C for 24 h. The infrared spectra of the
spent sHCP1 polymer were acquired using a Bruker Vertex 70 spectro-
photometer equipped with an platinum attenuated total reflectance
(ATR) accessory (Bruker). X-ray photoelectron spectroscopy (XPS) was
performed using an ultra-high vacuum photoelectron spectrometer
based on a Phoibos150 NAP analyzer (Specs, Germany). The analysis
chamber was operated under vacuum with a pressure close to 5 x 107
mbar and the sample was irradiated with monochromatic AlKa (1486.6
eV) radiation. Any charging that might occur during the measurements
(due to incomplete neutralization of ejected surface electrons) was
accounted for by rigidly shifting the entire spectrum by a distance
needed to set the binding energy of the C1 s assigned to adventitious
carbon to the assumed value of 284.8 eV. Elemental analysis (EA) of the
spent sHCP1 catalyst was carried out with an Elementar Analyser Vario
EL III. The polymer was weighed in tin capsules (catalyst mass: 4 mg)
and introduced into the reactor with a precisely defined portion of ox-
ygen. After combustion at 900-1000 °C, the exhaust gases were trans-
ported in helium flow to the second reactor, and then through the water
trap to the chromatographic column, which separated the generated

0] R—OH sHCP-based catalyst (o) H.0
+ - > +
M OH A MePo-R 2
acetic acid alcohol acetate ester water

AcH

R: Me- H3C-§- n-Bu— K Cy—O}( Bn—©/)(

Scheme 1. Esterification of acetic acid (AcH) and different structure alcohols (methanol, MeOH; n-butanol, n-BuOH; cyclohexanol, CyOH; or benzyl alcohol, BnOH)

with the use of sHCP-based solid acid catalysts.
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gases. Finally, the separated gases were detected by a thermal conduc-
tion detector (TCD). The measurements were repeated three times for
each investigated sample.

3. Results and discussion
3.1. Physicochemical characteristics of the polymers

Table 1 presents the most important physicochemical properties of
the polymers used in this study. All sulfonated HCPs have a comparable
surface area of 538-628 m?/g and a similar average pore size of 3.72
nm, but differ slightly in terms of sulfur content. The highest sulfur
loading was observed for the material characterized by the lowest cross-
linking density (sHCP1). The higher the cross-linking density, the lower
the efficiency of sulfur anchoring during the post-synthetic sulfonation
process. In the case of the polymer with the highest cross-linking density
(sHCP3), the sulfur content was approximately two times lower than
that established for sHCP1 (1.19 vs. 2.22 mmol/g, Table 1). In all
polymers used in this study, sulfur existed only in the form of —-SOsH
species (for more details please see the XPS and FTIR sections in our
previous work (Wolska et al., 2023). As implied by the data from
Table 1, good agreement was observed between the sulfur content
determined by elemental analysis and acid-base titration, indicating that
all sulfonic acid species anchored on the polymers were available for
reagents. Slightly higher values obtained during the estimation of acid
exchange capacity using the acid-base titration method resulted more
likely from the presence of some side products of Friedel-Crafts alkyl-
ation which are usually formed during the knitting process (e.g.
—CH,0H groups (Paul et al., 2020)). In all pristine HCPs the content of
these side products was similar (0.19 mmol/g) and much lower than the
sulfur loading. A more detailed description of the morphology, struc-
ture, and physicochemical properties of the polymers is provided in our
previous article (Wolska et al., 2023).

Table 1

Textural parameters, contact angle values, sulfur content, and acid exchange
capacity of all investigated catalysts [Reprinted from (Wolska et al., 2023),
Copyright (2023), with permission from Elsevier].

Catalyst Sper”  Average pore CA® Sulfur Acid exchange
[m?/ diameter” ] content* capacity®
gl [nm] [mmol/g] [mmol/g]
sHCP1 628 3.72 47 2.22 £0.03 2.71 £0.13
+
0.1
sHCP2 538 3.72 45 1.48 £ 0.02 1.59 + 0.07
+
0.1
sHCP3 540 3.72 43 1.19 + 0.02 1.46 + 0.06
+
0.1
HCP1 1061 3.72 50 n/a 0.19
+
0.1
HCP2 910 3.72 53 n/a 0.19
+
0.1
HCP3 939 3.94 58 n/a 0.19
+
0.1
Amberlyst- 43" n/a n/a 4.66 + 0.07 4.65 + 0.23
15

# Specific surface area calculated using the BET model;

b Average pore diameter calculated from the desorption branch of the iso-
therms using the Barrett-Joyner-Halenda (BJH) method;

4 Average values derived from three measurements determined based on EA;

¢ Water contact angle derived from three to five measurements;

¢ Average values derived from three measurements determined based on the
acid-base titration method (see Eq. S9);

f BET surface area from reference no. (Kim et al., 2020).
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3.2. Activity of polymer-based catalysts in esterification

Fig. 1 shows the catalytic activity of polymer-based materials used in
this study in esterification of acetic acid with n-butanol. Conversion of
acetic acid in the presence of pristine HCPs supports was only slightly
higher than that established for the reaction without catalyst (ca. 10 vs.
6 %, respectively; Fig. 1). This showed that the polymeric matrixes
themselves exhibited negligible activity in esterification. The anchoring
of the sulfonic acid groups on HCP-based materials resulted in a sig-
nificant increase in their activity, indicating that the —SOsH species
were the key active species in this reaction. The highest acetic acid
conversion was observed for the reaction with the use of sHCP1, which
possesses the highest —SO3H loading. This catalyst enabled an approx-
imately two times higher conversion of acetic acid than that observed for
the commercial Amberlyst-15, which contained a much larger amount of
sulfonic acid species than sHCP1 (Fig. 1 and Table 1). As far as sulfur
content is concerned, it is important to underline that sHCP1 contained
approximately 2 times more sulfur than sHCP3 (2.22 vs. 1.19 mmol/g,
respectively; Table 1), but the reactivity of the former catalyst was only
slightly higher than the latter (53.6 vs. 44.1 % of AcH conversion,
respectively; Fig. 1). Moreover, sHCP2 and sHCP3 exhibited comparable
acetic acid conversion (44.7 vs. 44.1 %, respectively; Fig. 1) despite of
the fact that these polymers had different sulfur content (Table 1). All of
these observations allowed for the conclusion that the reactivity of
sulfonic acid species anchored on hyper-cross-linked polymers may be
somehow related to the surface properties of the polymeric supports.

To shed more light on the reactivity of a single sulfonic acid site in
esterification, TOF values were calculated. As implied by the data shown
in Table 2, the highest TOF value was observed for —SOsH species
anchored on the surface of the hyper-cross-linked polymer characterized
by the highest cross-linking density (SHCP3). The lower the cross-linking
density of the polymer matrix, the lower the reactivity of a single sul-
fonic acid site in esterification (Table 2).

A similar relationship between the reactivity of a single -SO3H site in
sHCPs and the cross-linking density of the polymer matrix was also
observed for the esterification of other alcohols, including: methanol,
cyclohexanol, and benzyl alcohol (Table 2). In all these reactions, the
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Fig. 1. Conversion of acetic acid in esterification of acetic acid with n-butanol
in the presence of pristine and sulfonated HCPs as catalysts. Amberlyst-15 was
used as the reference material. Reaction conditions: AcH (3.84 g, 3.66 mL, 1.0
equiv., 64.0 mmol), n-BuOH (9.49 g, 11.71 mL, 2.0 equiv., 128.0 mmol), 20 mg
of catalyst (excluding blank trial), 400 rpm, 100 °C, 120 min.
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Table 2

Conversion of acetic acid and TOF values calculated for the esterification of acetic acid with different alcohols on a series of sHCPs (sHCP1-sHCP3) and Amberlyst-15.
Catalyst MeOH* BnOH" n-BuOH' CyOH*

Conv.® [%] TOF' [h™'] Conv.® [%] TOF' [h™'] Conv.® [%] TOF' [h™'] Conv.® [%] TOF' [h™']

sHCP1 41.5 2.49 57.6 3.46 32.4 7.79 24.2 1.45
sHCP2 33.7 2.93 55.9 4.87 25.2 8.78 22.9 1.99
sHCP3 29.1 3.27 55.0 6.18 25.3 11.36 22.3 2.50
Amberlyst-15 30.1 0.86 55.2 1.58 27.5 1.57 13.4 0.38

@ Reaction conditions: AcH (3.84 g, 3.66 mL, 1.0 equiv., 64.0 mmol), MeOH (4.10 g, 5.18 mL, 2.0 equiv., 128.0 mmol), 20 mg of catalyst, 400 rpm, 50 °C, 240 min;
b Reaction conditions: AcH (3.84 g, 3.66 mL, 1.0 equiv., 64.0 mmol), BnOH (13.84 g, 13.25 mL, 2.0 equiv., 128.0 mmol), 20 mg of catalyst, 400 rpm, 100 °C, 240 min;
¢ Reaction conditions: AcH (3.84 g, 3.66 mL, 1.0 equiv., 64.0 mmol), n-BuOH (9.49 g, 11.71 mL, 2.0 equiv., 128.0 mmol), 20 mg of catalyst, 400 rpm, 100 °C, 60 min;
4 Reaction conditions: AcH (3.84 g, 3.66 mL, 1.0 equiv., 64.0 mmol), CyOH (12.82 g, 13.52 mL, 2.0 equiv., 128.0 mmol), 20 mg of catalyst, 400 rpm, 100 °C, 240 min;
¢ The conversion of AcH was calculated using equations (Supplementary Information Egs. S2-S3);

f TOF was calculated as moles of AcH converted over 1 mol of sulfonic acid sites (determined by acid-base titration method) per 1 h (Supplementary Information,

Egs. S4-S8).

AcH conversion and TOF values calculated for the catalysts based on
sulfonated hyper-cross-linked polymers were significantly higher than
those established for Amberlyst-15 (Table 2). The most pronounced
difference in reactivity of a single —SOsH site anchored on the HCPs
characterized by the highest cross-linking density and Amberlyst-15 was
observed for the esterification of acetic acid with n-butanol and cyclo-
hexanol (approximately 7 times higher TOF for sHCP3 than for
Amberlyst-15; Table 2). In the case of methanol and benzyl alcohol, the
differences in TOF values for these two catalysts were less pronounced,
but the sulfonic acid species anchored on the HCPs were still more
reactive than those in Amberlyst-15. This phenomenon will be discussed
in the later part of the article (see Section 3.3).

The most active polymer (sHCP1) that enabled the highest acetic
acid conversion after 120 min of the reaction was used for optimization
studies aiming to elucidate the impact of reaction temperature, time,
and catalyst loading on the esterification efficiency. As shown in Fig. 2,
the reaction temperature had a significant impact on the reactivity of the
catalyst. At 50 °C, sHCP1 exhibited very low activity, reaching only 8.7
% of acetic acid conversion after 120 min. The increase in temperature
to 75 °C allowed for a noticeable increase in AcH conversion from 8.7 %
at 50 °C to 36.2 % at 75 °C. The highest activity of the catalyst was
observed at 100 °C (approximately 70 % of the AcH conversion). As
shown in Fig. 2, a further increase in the reaction temperature to 110 °C
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Fig. 2. The influence of temperature on the conversion of acetic acid in
esterification of acetic acid with n-butanol in the presence of sHCP1 catalyst.
Reaction conditions: AcH (3.84 g, 3.66 mL, 1.0 equiv., 64.0 mmol), n-BuOH
(9.49 g, 11.71 mL, 2.0 equiv., 128.0 mmol), 20 mg of sHCP1, 400 rpm, 240 min.

did not result in a noticeable increase in the conversion of n-butanol.
Thus, the results obtained in this study clearly showed that the activity
of sHCP1 in esterification of acetic acid with n-butanol is almost directly
proportional to the reaction temperature when the temperature varies
from 50 to 100 °C (Fig. 2), and the optimal temperature for the most
efficient conversion of AcH is 100 °C. Furthermore, these results clearly
indicate that the efficiency of esterification reaction in the presence of
the sHCP1 catalyst can be simply tuned by controlling the temperature.

Less pronounced differences in the reactivity of sHCP1 were
observed by changing the catalyst loading. As shown in Fig. 3, sHCP1
exhibited high AcH conversion even at very low catalyst loading of 0.07
wt%. Increasing the catalyst loading to 0.15 wt% resulted in a noticeable
increase in AcH conversion, but the difference was not as significant as
in the case of assessing the effect of reaction temperature. When the
catalyst loading was tripled (from 0.07 to 0.22 wt%), the conversion of
acetic acid increased only by approximately 15 % (Fig. 3). Similar ob-
servations related to the slight effect of catalyst dosage on the
enhancement of esterification efficiency were also reported in previous
studies (Bhorodwaj and Dutta, 2011; Pan et al., 2013). As far as the
impact of catalyst loading is concerned, it is important to underline that
the esterification reaction can be efficiently catalyzed using a very small
amount of the sHCP1 catalyst (0.07 wt%). When compared with other
results in this field, such low catalyst loading was rarely used in
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esterification reaction (see Table S1). Usually, a much higher dose of
catalyst (up to 2 wt%) was applied to achieve a similar conversion of the
acetic acid (Yilmaz et al., 2017; Zang et al., 2013; Masteri-Farahani and
Shahsavarifar, 2021; Wolska et al., 2021; Hosseini and Masteri-
Farahani, 2019).

Regarding the effect of the reaction time, it was observed that the
conversion of acetic acid increased as the reaction time was prolonged
(Fig. 4). The highest rate of the reaction was observed at the beginning
of the esterification (up to 120 min), but after a longer time the rate of
the esterification became slower and the changes in AcH conversion
were significantly less pronounced. However, approximately 85 % of the
acetic acid conversion has been observed after 960 min (16 h), indi-
cating that sHCP1 can efficiently catalyze the esterification reaction
reaching very high AcH conversion even at low catalyst loading. A
similar relationship between the reaction time and the rate of the
esterification reaction was observed in many previous studies (Liu et al.,
2006; Pirez et al., 2012; Hu et al., 2020), and is related to the reduction
of the reaction rate when approaching the equilibrium state (usually
approximately 80-90 % of the AcH conversion, depending on the re-
action conditions (Bhorodwaj and Dutta, 2011; Miao and Shanks, 2011).
This effect is most probably associated with the inhibiting effect of the
water that is formed as a side product of esterification (Liu et al., 2006).

The most active sHCP1 polymer was also subjected to stability tests
in four subsequent reaction cycles. As shown in Fig. 5, a slight decrease
in AcH conversion was observed from 73.7 % during the first cycle to
62.8 % in the second cycle. Slightly decreasing activity was also
observed in the third reaction cycle, but the drop in AcH conversion was
much less pronounced than that observed in the second cycle. Inter-
estingly, in a fourth reaction cycle AcH conversion was similar to that of
the third cycle, indicating that there was no further noticeable decrease
in the catalytic activity of the sHCP1 catalyst. Thus, after four reaction
cycles the AcH conversion decreased only by ca. 15 %, indicating rela-
tively high stability and reusability of sSHCP1 polymer. Detailed char-
acterization of the spent polymer after four reaction cycles led us to
establish the origin of catalyst deactivation. As shown in Fig. S2, there
were no significant differences in the structure of the fresh sHCP1
catalyst and the material after four reuse tests. The IR spectra of these
two samples were the same, and all vibrational bands typical of the
polymer matrix and the sulfonic acid species were preserved. For
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example, the IR spectrum of the recycled sHCP1 catalyst revealed the
presence of a broad absorption band between 3680 and 3100 cm ™! that
is assigned to the stretching vibration of the O—H bonds in —SOsH
groups (Fig. S2, region a) (Giri et al., 2022). Furthermore, the chemical
stability of the reused sHCP1 catalyst was also confirmed by the pres-
ervation of IR bands at approximately 1225-1175 cm ™' and 1080-1020
em ™!, which are attributed to asymmetric and symmetric stretching
vibrations of the S=0 bonds in sulfonic acid species, respectively (Zhang
et al., 2023). The presence of —SO3H species on the surface of the reused
sHCP1 polymer was also confirmed by XPS measurements. As shown in
Fig. S3, no significant changes in the S 2p binding energy region were
noticed, indicating that the active sites remained unchanged after four
reaction cycles. On the basis of the above data, one can clearly conclude
that the decrease in catalyst activity during the first two reaction cycles
could not be related to changes in the structure of the sHCP1 polymer
and/or nature of the active sites. According to the literature (Zhao et al.,
2023; Yahya and Elshaarawy, 2023), the deactivation of sulfonated
polymers may also originate from leaching phenomena. To verify a
possible contribution of this effect to the deactivation of the sHCP1
polymer, the chemical composition of the reused catalyst was deter-
mined by elemental analysis. As implied by Table S2 data, the loading of
—SO3H species in the sHCP1 polymer decreased from 2.22 to 1.76 mmol/
g after four reaction cycles. This observation led us to clearly indicate
that the main factor contributing to the decreasing activity of the sHCP1
polymer is leaching of the active species. Since changes in catalyst ac-
tivity during the third and fourth reaction cycles were much less pro-
nounced in comparison with those observed during the first two reaction
cycles, we claimed that the leaching phenomena took place mainly
during the first two reaction cycles. Similar conclusions related to the
stability and reusability of sulfonated polymers were also reported in our
previous studies (Wolska et al., 2021), and other data from the literature
(e.g. (Zhao et al., 2023; Yahya and Elshaarawy, 2023)).

3.3. Discussion

The results obtained in this study clearly show that the reactivity of a
single sulfonic acid site in esterification reaction is somehow related to
the composition/surface properties of hyper-cross-linked polymers. The
highest TOF values were observed for sHCP3, which is characterized by
the highest cross-linking density and the lowest sulfur loading. Since all
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polymers used in this study have similar surface area and porosity
(Table 1), the contribution of these two features to the enhancement of
-SO3H reactivity by improving the availability of the active sites to the
reagents could be omitted. According to the literature (Zhang et al.,
2014; Manjunathan et al., 2021), other factors that can have a signifi-
cant impact on the reactivity of sulfonic acid species anchored on
polymeric supports are the strength of the acid sites and the hydrophi-
licity of the polymer matrix. Both of these factors are strongly affected
by the -SOsH loading and increase with increased sulfur content
(Manjunathan et al., 2021). As concerns the former factor, it was
established that the lower the strength of -SOsH groups anchored on a
polystyrene-based supports, the higher their reactivity in esterification
(Zhang et al., 2014). Thus, the lowest reactivity of the —-SOsH species
anchored on sHCP1 could be explained by the highest strength of the
acid sites in this polymer. However, significant differences in TOF values
for sHCP2 and sHCP3 which have similar -SO3H loading clearly indicate
that the strongly enhanced reactivity of sHCP3 cannot be attributed
solely to the different strength of the acid sites. This implies that the
mentioned above differences in reactivity of a single sulfonic acid site on
the surface of the polymers used in this study may be significantly
affected by the hydrophilicity/hydrophobicity of the polymer matrix. To
shed more light on the possible contribution of the latter factor to the
enhancement of -SO3H reactivity, we attempted to clarify the esterifi-
cation mechanism. According to previous studies, the esterification re-
action catalyzed by SACs most often involves the adsorption of one or
two surface-bound species corresponding to an Eley-Rideal or Langmuir-
Hinshelwood type mechanism, respectively (Zeng et al., 2012; Mitran
et al., 2015). For example, Altiokka and Gand et al. (Altiokka and Citak,
2003) reported that esterification of acetic acid and isobutanol over the
commercial Amberlite IR-120 catalyst followed the former mechanism
(Eley-Rideal) in which alcohol is chemisorbed on the catalyst surface
(the rate-determining step) and reacts with acetic acid from the liquid
(bulk) phase. On the other hand, Lee et al. (Lee et al., 2002) demon-
strated that esterification of propionic acid with n-butanol over
Amberlyst 35 followed the latter mechanism (Langmuir-Hinshelwood)
in which both substrates need to be adsorbed on ion-exchange resin to
proceed the reaction. To clarify the mechanism of esterification of n-
butanol over sulfonated HCP-based polymers, we performed additional
catalytic tests preceded by pre-adsorption of selected reagents (Mitran
et al., 2015). In our studies we considered three different scenarios: i)
pre-adsorption of n-butanol at room temperature for 24 h followed by
heating to 100 °C and initiation of the reaction by addition of acetic acid,
ii) pre-adsorption of acetic acid at room temperature for 24 h followed
by heating to 100 °C and initiation of the reaction by addition of n-
butanol, and iii) pre-adsorption of both acetic acid and n-butanol at
room temperature for 24 h followed by heating to 100 °C. The results
obtained from the pre-adsorption tests were compared with those in
which the pre-adsorption step was very short (5 min). Please note that
such a short pre-adsorption step and the order of the reagents mixing
have negligible influence on the efficiency of the esterification reaction
(Fig. S4). According to the results, long pre-adsorption of acetic acid did
not affect the AcH conversion (Fig. 6). On the other hand, pre-adsorption
of n-BuOH for 24 h resulted in a significant increase in AcH conversion
(Fig. 6). Interestingly, when both reagents were pre-adsorbed on the
sHCP1 catalyst for a long time, the conversion of acetic acid was the
same as for the experiment without pre-adsorption of any reagent and
with pre-adsorption of AcH only.

In view of these results, one can clearly conclude that the rate-
determining step of the overall esterification reaction over sHCPs is
the chemisorption of the alcohol on the polymer surface. Moreover,
results obtained by pre-adsorption of both reagents clearly showed that
acetic acid has a higher affinity to the catalyst surface than n-butanol,
and chemisorption of the carboxylic acid limits the efficiency of the
alcohol chemisorption. Since chemisorption of acetic acid on the cata-
lyst surface hinders availability of the active sites for activating alcohol,
and alcohol chemisorption is the rate-determining step, we claimed that
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the esterification reaction on the surface of sSHCPs most probably pro-
ceeds according to the Langmuir-Hinshelwood mechanism (see
Scheme 2).

In this mechanism, both AcH and n-BuOH are adsorbed and activated
on the sHCP-based catalyst most likely by the formation of strong
hydrogen bonds between the substrates and the sulfonic acid species of
SHCP1 (Scheme 2A) (Miao and Shanks, 2011; Vafaeezadeh and Fattahi,
2015). Subsequently, based on the nature of the nucleophilicity of the
alcohol and the electrophilicity of the carbon atom of the carboxylic
acid, the adsorbed and non-protonated n-BuOH molecule attacks the
carbocation of the adsorbed and protonated AcH molecule (Scheme 2A),
producing a tetrahedral intermediate (Scheme 2B) (Zeng et al., 2012).
Finally, water is eliminated from the tetrahedral intermediate (Scheme
2C), resulting in the formation of an ester molecule (Scheme 2D). Thus,
results obtained during pre-adsorption tests show that the reactivity of
sulfonic acid species in esterification may be affected by different hy-
drophobicity/hydrophilicity of the polymer surface, which determines
the efficiency of the alcohol chemisorption. It is very probable that a
higher hydrophilicity of the sHCP-based polymer matrix should enable
more efficient interaction of the surface active sites with the hydrophilic
hydroxyl group of the alcohols, facilitating their more efficient chemi-
sorption and activation. To verify this hypothesis, we compared the
hydrophobicity/hydrophilicity of all polymers used in this study on the
basis of the data obtained from water contact angle (CA) measurements.
As described in our previous work (Wolska et al., 202.3), all pristine HCP
polymers exhibited slightly hydrophilic surfaces (Table 1). The CA
values determined for these materials were similar and ranged from 50
to 58° for HCP1 and HCP3, respectively. After the post-synthetic sulfo-
nation, a significant decrease in CA was observed only for the polymer
characterized by the highest cross-linking density (sHCP3). In the case of
sHCP1 and sHCP2, the decrease in CA value after post-synthetic sulfo-
nation was less noticeable (Table 1). Based on the above, we claim that
the cross-linking density of the polymer matrix affected not only the
efficiency of the -SOsH anchoring but also the localization of these
active species. In the case of the material characterized by the lowest
cross-linking density (sHCP1), a significant part of all sulfonic acid
species was localized inside the pores of the polymer. For this reason,
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Scheme 2. Possible mechanism for the esterification of acetic acid with n-butanol on the surface of the sHCP1 catalyst established on the basis of experimental data.

changes in the CA value of this HCP1 after the post-synthetic sulfonation
were negligible (please note that CA is a surface sensitive technique). We
also found that the higher cross-linking density of the polymer matrix
hindered efficient sulfonation of the polymers inside the pores and
promoted more efficient anchoring of -SOsH species on the external
surface. In the polymer characterized by the highest-cross-linking den-
sity (sHCP3), the largest part of —-SOsH species was localized on the
external surface, resulting in a clearly noticeable decrease in CA value
after the post-synthetic sulfonation. For this reason, sHCP3 had the
highest hydrophilicity of the polymer surface. Thus, CA measurements
confirmed that the highest reactivity of sulfonic acid species anchored
on the surface of sHCP3 resulted from the highest hydrophilicity of this
material, which facilitated the chemisorption of n-butanol on the
external surface of the catalyst. Furthermore, CA measurements clearly
indicated that the localization of the active sites on the external surface
of the polymers and their availability for the reagents are another
important factors that promote the high reactivity of the -SO3H species
in esterification.

The hypothesis about important role of the hydrophilicity of the
polymer surface in controlling its reactivity in esterification was also
confirmed by analyzing TOF values calculated for various alcohols of
different relative polarities over sHCP3 (Table 2). Note that the results
related to esterification of methanol with acetic acid have not been taken
into account because of the totally different reaction temperature. The
lowest TOF was observed for the esterification of acetic acid with
cyclohexanol, which is the most hydrophobic reagent (Table 2 and
Table S3) and its adsorption on sHCP3 should be the lowest due to the
highest hydrophilicity of this polymer matrix. In agreement with our
hypothesis related to the role of the hydrophilicity of the polymer sur-
face, much higher TOFs were observed for the reactions with the use of
benzyl alcohol and n-butanol that have comparable relative polarity but
significantly higher than that characteristic of cyclohexanol (Table 2 and
Table S3). The highest TOF was reported for n-BuOH alcohol, as n-
butanol is more reactive in esterification with AcH than benzyl alcohol

mainly due to the higher bulkiness of BnOH, which may reduce its
nucleophilicity (Khan et al., 2021). As far as reactivity of the -SOsH
species on sHCPs is concerned, it is important to underline that relative
TOF values calculated for sHCP1, sHCP2 and sHCP3 were clearly
affected by the nature and properties of the investigated alcohols
(Table S4). The least pronounced differences in the reactivity of the
—SO3H species in the sulfonated polymers were observed for the reaction
with the use of the most hydrophilic reagent (methanol). In the case of n-
butanol, cyclohexanol, and benzyl alcohol, which are known for their
lower relative polarity, the differences in relative TOF values were
significantly more pronounced (Table S4). In the case of all alcohols
used in this work, the highest relative TOF was observed for the most
hydrophilic polymer (sHCP3). This further confirms the important role
of the polymer hydrophilicity in controlling the reactivity of sulfonic
acid species anchored on HCPs in the esterification reaction, and in-
dicates that the highest reactivity of sulfonic acid species in sHCP3 did
not result only from the lowest strength of the acid sites in this material.
However, the strength of the acid sites and hydrophilicity of the poly-
mers are not the sole factors affecting the reactivity of sulfonic acid
species. For example, Amberlyst-15, which has a much higher sulfur
loading than the HCPs-based materials used in this work, was far less
active both in terms of AcH conversion and reactivity of a single -SO3H
site. This originated most probably from the relatively low surface area
of this commercial catalyst, and indicates that high surface area of the
polymeric support, ensuring high availability of the active sites to the
reagents, also plays an important role in controlling the reactivity of
sulfonic acid species anchored on organic polymers.

As far as the reactivity of HCP-based materials in esterification is
concerned, it is important to underline that the highest acetic acid
conversion was observed for the sHCP1 characterized by the lowest
cross-linking density and the highest -SO3H loading. This clearly shows
that the highly efficient HCP-based catalyst dedicated to esterification
should exhibit a suitable compromise between the hydrophilicity of the
polymer surface as well as localization and loading of sulfonic acid
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species in the catalyst.
4. Conclusions

In this study, a series of sulfonated polymers based on HCPs was
applied in the esterification of acetic acid with different structure alco-
hols (methanol, n-butanol, cyclohexanol, and benzyl alcohol). It was
found that the localization and loading of sulfonic acid species had a
significant impact on the hydrophilicity of the polymer surface and the
reactivity of the sulfonated catalysts in esterification. Both these pa-
rameters are strongly affected by the cross-linking of the polymer ma-
trix. The highest reactivity of sulfonic acid species, expressed as TOF,
was observed for the catalyst supported on the polymer characterized by
the highest cross-linking density that facilitated more efficient post-
synthetic sulfonation of the polymer matrix on its external surface.
This resulted in higher hydrophilicity of the catalyst surface in the
neighbourhood of sulfonic acid species and enabled more efficient
esterification of acetic acid via the Langmuir-Hinshelwood mechanism,
in which the rate determining step was the chemisorption of the alcohol.
Sulfonic acid species anchored on HCP3 were found to be approximately
7 times more reactive in esterification of acetic acid with n-butanol than
those of Amberlyst-15 (TOF = 11.36 vs. 1.57 h™!, respectively). As far as
the reactivity of the sulfonic acid species is concerned, it is important to
underline that the most suitable compromise between the hydrophilicity
of the polymer surface and sulfur loading, allowing the highest acetic
acid conversion, was observed for the polymer characterized by the
lowest cross-linking density (sHCP1). This sulfonated catalyst exhibited
approximately two times higher acetic acid conversion in n-butanol
esterification than Amberlyst-15 (53.6 vs. 27.5 % of AcH conversion)
despite of significantly lower loading of the —-SO3H groups in the former
catalyst (2.22 vs. 4.66 mmol/g, respectively).

The results obtained in this study provide deep insight into the fac-
tors affecting the reactivity of sulfonic acid species anchored on hyper-
cross-linked polymers in esterification of acetic acid with different
structure alcohols. It is expected that this fundamental knowledge may
play an important role in the development of novel and more effective
solid acid catalysts based on HCPs for the synthesis of organic esters of
high industrial significance.
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