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Abstract

To investigate the similarities and differences between heterogeneous and homogeneous catalyzed esterification, the kinetics of acetic acid
esterification with methanol were investigated using a commercial Nafion/silica nanocomposite catalyst (SAC-13) and H SOy, respectively.
Reactions were carried out in an isothermal well-mixed batch reactor at 60 °C. Organic base titration, TGA, and elemental sulfur analysis were
carried out to estimate the acid site density of SAC-13, permitting the assessment of its catalytic performance for esterification on a per site
basis. It was found that SAC-13 has comparable site activity for acetic acid esterification as HySO4. SAC-13 and H»SOy4 also exhibited similar
reaction inhibition due to the presence of water. The similar response to the presence of water and the results of pyridine poisoning experiments
suggest that esterification with these catalysts occurs through a common reaction mechanism. Consistent with the hypothesized homogeneous-type
reaction mechanism, reaction on SAC-13 appears to involve single-site catalysis with a probable rate-controlling Eley-Rideal surface reaction.
A mechanistically derived kinetic model successfully predicts the esterification rate of SAC-13 as reaction progresses. The dissimilarities between
homogeneous and heterogeneous acid-catalyzed esterification are also discussed.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction carbonyl group of the carboxylic acid [2,3]. This mechanistic
route first involves protonation of the carboxylic acid, which
activates it for reaction with nonprotonated methanol to yield
a tetrahedral intermediate that, by decomposition, produces the
products of reaction, ester and water.

On solid acid catalysts with mainly Brgnsted acid sites,
one might expect a similar esterification behavior with a
homogeneous-like mechanism mediating the molecular trans-
formation [4]. However, thus far, there appears to be no con-
sensus about the reaction mechanism occurring on different (al-
though similar) solid acid catalysts. In particular, the literature
contains many contradictory reports about whether esterifica-
tion occurs via a single-site (Eley-Rideal [E-R]) or a dual-site
mechanism. For instance, using kinetic correlations of exper-
imental data, Teo and Saha [5] and Lee et al. [6] found that
a dual-site model better fit the behavior of acid resin catalysts
used in the esterification of acetic acid with amyl alcohol. In
contrast, for the esterification of hexanoic acid with 1-octanol
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Organic esters are important fine chemicals used widely in
the manufacturing of flavors, pharmaceuticals, plasticizers, and
polymerization monomers. They are also used as emulsifiers
in the food and cosmetic industries. Several synthetic routes
are available for obtaining organic esters, most of which have
been briefly reviewed by Yadav and Mehta [1]. The most-used
methodology for ester synthesis is direct esterification of car-
boxylic acids with alcohols in the presence of acid catalysts.

Strong liquid mineral acids, such as H»SO4, HCI, and HI,
are effective for the esterification of carboxylic acids. These ho-
mogeneous acid catalysts and others have been the subjects of
extensive studies. For instance, it has been well documented
that when using this type of catalyst, the slow step of the reac-
tion is the nucleophilic attack of the alcohol on the protonated
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reaction results [7]. Altiokka and Citak [8] proposed an E-R
mechanism involving the reaction of isobutanol adsorbed on
the acid sites of an Amberlyst catalyst with free acetic acid from
the bulk solution as the primary route for esterification. How-
ever, just the opposite picture was proposed by Lilja et al. [9],
who suggested the rate-determining reaction step to be the nu-
cleophilic attack by liquid alcohol on the adsorbed carboxylic
acid on the Brgnsted acid sites of Amberlyst-15.

The focus of the present study was to provide a fun-
damental insight into the similarities and differences exist-
ing between heterogeneous and homogeneous Brgnsted acid-
catalyzed esterification. Here esterification on a solid acid cata-
lyst, SAC-13 (Nafion resin supported on a porous silica matrix),
was compared with esterification in the presence of HySOj4. The
resin/silica composite is strongly acidic, with highly accessi-
ble sites and sufficient robustness to withstand reasonably high
temperatures (~200°C) and attrition stress [10]. When only
protons are available as active acid sites similar to HSOy4, one
might expect SAC-13 to exhibit catalytic behavior resembling
that of the homogeneous catalyst. Thus, the similarity between
these two catalysts provides a good way to examine the ef-
fect of the heterogeneous catalyst surface on catalyst activity
and mechanistic pathway. Determination of reaction kinetic pa-
rameters together with the derivation of an analytical kinetic
model able to satisfactorily explain our experimental observa-
tions led to some important insights. The derived kinetic model
was also able to account for the apparent contradictory reports
from other authors on esterification catalyzed by solid acids.

2. Experimental

Methanol (MeOH, 99.9 wt%, Acros Organics), acetic acid
(Hac, 99.7 wt%, Aldrich), and tetrahydrofuran (THF, 99.9 wt%,
Aldrich) were used without further purification. Concentrated
sulfuric acid was purchased from Fisher Scientific, and SAC-13
was obtained from Aldrich. SAC-13 was dehydrated at 80 °C
under vacuum and stored in a desiccator until use.

Thermogravimetric analysis was conducted using a Perkin—
Elmer Pyris 1 instrument to determine the Nafion loading on the
composite catalyst. Under a nitrogen atmosphere, the tempera-
ture was first stabilized at 25 °C for 30 min and then ramped
to 700 °C at a rate of 10 °C/min. The fraction of Nafion in the
composite was calculated based on the weight loss observed
in the range 280-500 °C, corresponding to the decomposition
window for Nafion-H domains [10]. Elemental sulfur analysis
of SAC-13 was performed by Galbraith Laboratories. Pyridine
adsorption experiments were carried out by saturating SAC-13
in a solution containing a known concentration of pyridine in
THF. Gas chromatography was used to quantify the amount
of pyridine adsorbed on the catalyst, calculated from the dif-
ference in pyridine concentration in solution before and after
SAC-13 saturation.

Reactions were carried out in an isothermal well-stirred
batch reactor as described previously [11]. In brief, before the
reaction, reagent mixtures (methanol and acetic acid in a 2:1
molar ratio, as well as the solvent THF) were heated to the de-
sired temperature while being continuously stirred. Once the

desired temperature was reached, the esterification reaction was
started by charging the catalyst.

For the pure resin catalyst (Nafion), swelling of the poly-
mer network in polar solvent is known to occur. However, for
SAC-13 (Nafion/silica), only negligible swelling has been re-
ported [12] due to the high dispersion of the polymeric domain
on the high-surface area SiO,. However, even slight catalyst
swelling could affect catalytic activity because during swelling,
additional acid sites can be exposed, falsifying kinetic mea-
surements. To assess whether swelling played a role in catalyst
activity, SAC-13 was presoaked in polar MeOH overnight be-
fore the reaction, and esterification was then initiated by charg-
ing the acetic acid and THF, which are known to have much
less capability to swell the polymeric resin in SAC-13 than
methanol [13]. Under these conditions, identical reaction pro-
files were obtained as in experiments using the catalyst charged
last. This confirms that catalyst swelling due to methanol had a
negligible effect on the reaction rate.

A SAC-13 loading of 1.09 g/45 ml in its pellet form (1 mm),
as provided by the vendor, and a stirring rate of 1133 rpm were
used in all reaction experiments. Diffusional limitations were
ruled out by varying the particle size and stirring rate between
0.10-1 mm and 850-1700 rpm, respectively. No change in reac-
tion rate was detected when using particles smaller than 1 mm
or stirring speeds above 850 rpm. A microscale syringe was
used for sampling at definite time intervals. Sample analysis
using a Hewlett—Packard 6890 gas chromatograph followed the
same procedure as used in previous work [11].

Plots of acetic acid conversion (X ) versus reaction time
(t) were linear at conversions <10% for both liquid and solid
acid catalysts (Fig. 1). Despite the fact that second-order kinet-
ics are well documented for HySOy, this linearity observation
is expected due to the use of a high substrate-to-catalyst ra-
tio (>1200) [14]. In this way, the concentration of protonated
complex changed only negligibly at low conversion (<10%).
Thus, values for initial reaction rates were calculated as r =
Ca.0(dXa/dt), where Cp o is the initial concentration of the
carboxylic acid and X4 is the conversion of the carboxylic acid.
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Fig. 1. Initial reaction period for esterification of acetic acid with methanol at
60 °C using (V) HySO4 (0.011 g/45 ml) and (@) SAC-13 (1.09 g/45 ml).
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In addition, despite the catalytic activity of acetic acid itself
[11,15], the autocatalysis could be ignored under the present
experimental conditions because of its negligible contribution
to the overall reaction rate.

3. Results
3.1. Acid site density characterization

The maximum expected acid site density of SAC-13 can
be estimated by TGA or sulfur element analysis [10,16], be-
cause each sulfonic acid group constitutes a potential acid site.
TGA analysis (not shown) yielded an average of 14.5 wt%
Nafion loading on the silica matrix, corresponding to an acid
site density of 0.129 mmol/g. This agrees well with the value of
0.131 mmol/g determined from elemental sulfur analysis car-
ried out by the Galbraith Laboratory using ICP. Liquid-phase
pyridine adsorption experiments can also be used for surface
acid site density determination (Table 1). Nevertheless, organic
base adsorption on the silanol groups of silica matrix must
be excluded. Pyridine adsorption experiments with sodium-
exchanged SAC-13 (NaO-SO,/Si05), obtained using aqueous
NaCl solution as the ion-exchange reagent, showed that approx-
imately 10% of the pyridine could be adsorbed on the silica
matrix (Table 1). After adjustment, the acid site density of SAC-
13 obtained from pyridine adsorption was about 0.129 mmol/g,
conforming to the values calculated by TGA and elemental sul-
fur analysis.

3.2. Catalytic activity of H>SO4 and SAC-13

Fig. 2 compares the reactivity of acetic acid esterification at
60 °C catalyzed by sulfuric acid and SAC-13, respectively. On
a per weight basis, the homogeneous acid catalyst was more ac-
tive than the heterogeneous catalyst. Using a very small amount
of H,SO4 (0.011 g/45 ml), acetic acid conversion reached 82%

Table 1
Pyridine adsorption on SAC-13 and Nat-SAC-13

Catalyst Solvent T Acid site density
(mmol/g)?

SAC-13 THF RT (25°C) 0.143

SAC-13 THF 50°C 0.145

Na™-SAC-13 THF RT 0.016

4 Experimental error: +5%.

after 11 h of reaction time at 60°C with 2x stoichiometric
methanol. On the other hand, a hundredfold greater amount of
SAC-13 (1.09 g/45 ml) was required to yield a similar reac-
tion profile with 75% transformation of acetic acid after 11 h.
The better catalytic activity of HySO4 can be attributed to its
greater density of acid sites per gram. Calculation of turnover
frequencies (TOFs) provides a comprehensive way to make cat-
alyst comparisons on a per site basis. Using the acid site density
of 0.13 mmol/g for SAC-13 and assuming 1 mol H*/1 mol
H»S04 by neglecting dissociation of the weak acid HSO,, ini-
tial TOF values were calculated; these are given in Table 2. On
a per site basis, the catalytic activity of HySO4 was greater than
that of SAC-13 by only a factor of 3.

3.3. Effect of reactant composition on SAC-13 catalysis

Homogeneous acid-catalyzed esterification follows second-
order kinetics, first-order with respect to each reagent [15,17].
The calculation of kinetic parameters for heterogeneous acid
catalysts is complicated because of the complex catalyst sur-
face-adsorbate interactions. As is typically done, apparent ki-
netic parameters, such as reaction orders, were determined by
varying the concentration of one reactant while fixing that of
the other at 2.0 M and measuring initial kinetics at 60 °C. The
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Fig. 2. Conversion vs time for acetic acid esterification catalyzed by (¥) H,SO4
(2.5mM) and (@) SAC-13 (1.09 g/45ml) at 60 °C (CA,0 =3 M, C\0=6M,
symbols represent the experimental data; dashed line represents the model pre-
diction for SAC-13 catalysis).

Table 2
Initial kinetic parameter comparison for HySOy4 and SAC-13 catalyzed acetic acid esterification with MeOH at 60 °C (Cp 0 =3 M, Cp0 = 6 M)?
Cw.o (M)A H,S0,4 SAC-13b
TOF® (min~1) Ey (K)) (Eah — Ea ) (KI) TOFY (min—1) Ea (K) (Eah — Ea ) (KJ)

0 22.76 52.7 11.1 7.28 51.8 10.4
2.85 3.07 63.8 1.66 62.2

2 Ca,0, CMm,0, and Cyy o represent the initial concentrations of acetic acid, methanol, and water, respectively.

b Experimental error £6%.

¢ 1 mol Ht /1 mol HySOy is assumed.

4 The elemental analysis value for sulfur content of 0.131 mmol/g was used.

e

The subscripts h and 1 represent high initial water concentration (Cyw o = 2.85 M) and low initial water concentration (Cy o = 0 M), respectively.
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Table 3

Initial reaction rate data for the determination of apparent reaction orders of
methanol and acetic acid in SAC-13 (1.09 g/45 ml) catalyzed esterification at
60°C

Ca.0 (M) Cm.o (M) ro® (M/min) x 103
2 2 8.05

2 4 13.3

2 6 17.0

2 14 25.6

4 2 13.9

5 2 15.7

6 2 184

4 Experimental error +£6%.

results are given in Table 3. The concentrations of both alco-
hol and carboxylic acid had positive affects on the reaction rate
with increasing reactant concentration. Using a power law ap-
proximation, the apparent reaction orders were determined to
be 0.59 for methanol and 0.74 for acetic acid, with a correlation
coefficient of 0.99-1.00.

3.4. Water sensitivity

In our previous work, the esterification byproduct water was
found to significantly inhibit H,SO4 catalysis [11]. The re-
sistance of solid catalysts to water poisoning is an important
characteristic in determining their applicability for commercial
esterification processes. The effect of water on acid-catalyzed
esterification was studied using initial reaction kinetics (<10%
conversion of the limiting reactant) with varying amounts of
initially added water. This permits a better determination of the
effect of water on the catalyst, because the rate is little affected
by the reverse reaction when only small amounts of the methyl
ester are present [11]. The concentrations of acetic acid and
methanol were fixed at 3.0 and 6.0 M, respectively. Water ad-
dition experiments used THF (as a solvent), to keep the total
reaction volume constant.

Fig. 3 shows acetic acid conversion on SAC-13 versus time
at 60 °C for experiments using different initial concentrations
of water (Cw o). The catalytic activity was significantly inhib-
ited with increasing water concentration in the reaction mixture.
After 1 h of reaction, a reaction mixture with 2.85 M initial wa-
ter concentration had a conversion about 60% lower than that
with no initial water added. Chen et al. [18] have shown that
when esterification is carried out using Nafion-H in the pres-
ence of an initial water concentration of 4.3 M, the conversion
of acrylic acid after 4 h decreases from 60% without the addi-
tion of water to 30.6% at 80 °C. Hence, the response to water
observed here for SAC-13 is consistent with what has been
reported for the parent resin. Nevertheless, both SAC-13 and
Nafion appear to be more resistant to water deactivation than
other solid acids, such as SOZ‘/ZrOz and Amberlyst-15 [18].

In particular, SOi_/ZrOZ is well known to suffer from serious
leaching in media containing water [15,19].

In Fig. 4, the water sensitivities of SAC-13 and H,SO4 are
compared using initial reaction rates. Here, activity ratios were
used to put the results for the two catalysts on the same scale.
Cw, the concentration of water, includes both the amount added
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Fig. 3. Water sensitivity of acetic acid esterification catalyzed by SAC-13 at
60°C.
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Fig. 4. Water sensitivity of acetic acid esterification with methanol at 60 °C
(Ca,0=3M, Cp,0=6M) on (@) SAC-13 compared to that on (¥) HySOy4.

initially and the average amount formed during the initial reac-
tion period [11]. Fig. 4 reveals that the heterogeneous catalyst
SAC-13 and the homogeneous catalyst HySO4 exhibit very sim-
ilar responses to water deactivation. Using the Arrhenius rela-
tionship, apparent activation energies were determined at initial
water concentrations of 0 and 2.85 M for both catalysts (Fig. 5).
Results are given in Table 2. The liquid and solid acid cata-
lysts showed almost identical apparent reaction energy barriers
at each Cw o, with greater values at the higher initial water con-
centration.

4. Discussion

Thanks to the strong electron-withdrawing «-CF,-polymer
moiety, the Nafion resin is known to have a similar acid strength
to HoSOy4, as estimated by Hammett Hy values (—Hy ~
12) [10]. Taking into account the almost unrestricted site ac-
cessibility of the highly-dispersed nano-Nafion domains on the
porous silica matrix in SAC-13, the smaller intrinsic activity
shown by the heterogeneous catalyst may be due to the in-
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Fig. 5. Arrhenius plots for acetic acid esterification at different initial water con-
centrations using (@, O) HSOy4 and (V, V) SAC-13 (T = 40-60°C, Cy.0/
Ca0=2).

teraction of the polymer with the silanol groups of the silica
support, resulting in decreased activity of the sulfonic acid
group [20]. Alternatively, the lower observed site activity of
SAC-13 might be due to the more restricted conformation of in-
termediate complexes adsorbed on the solid surface compared
with those moving freely in solution. A reduction in the num-
ber of available energy levels of the transition state could give
rise to a lower pre-exponential factor (or activation entropy in
terms of “transition state theory”) [21]. Nevertheless, the ap-
parent activation energy determined for the heterogeneous acid
catalyzed esterification is essentially identical to that for homo-
geneous catalysis (Fig. 5, Table 2), pointing to the possibility
of the same rate-limiting step involved in SAC-13- and H,SO4-
catalyzed esterification.

One more similarity between HySO4- and SAC-13-catalyzed
esterification of acetic acid with methanol is the positive depen-
dency of reaction rate on the concentrations of both reagents
(Table 3). Our experimental data agree with those obtained by
Altiokka and Citak [8] for the esterification of acetic acid and
isobutanol catalyzed by Amberlite resins at 60 °C. In contrast,
Nijhuis et al. [7] reported that the SAC-13-catalyzed esterifica-
tion of hexanoic acid in cumene at 150 °C decreased with in-
creasing concentration of n-octanol. Studies in our group of the
gas-phase esterification of acetic acid with methanol catalyzed
by SAC-13 at 100-120°C have also shown a negative reac-
tion order for methanol [22]. These seemingly contradictory
results, however, can be understood assuming a mechanistic
pathway operating in a way similar to the accepted homoge-
neous mechanism for esterification. We discuss this in more
detail later.

The effect of water on activity allows for a means to com-
pare the similarities and differences between homogeneous and
heterogeneous catalysis mechanisms. The solid and liquid acid
catalysts had the same water deactivation profile (Fig. 4), sug-
gesting that water deactivates the active sites of the solid and
liquid catalysts in probably the same way, and that the mecha-
nistic route involved in SAC-13 esterification catalysis resem-
bles that of HySO4.

One might expect water deactivation of SAC-13 and of
H,SO4 to be similar, because both have Brgnsted-type acid
sites for catalysis. Even though silica contains silanol groups,
their contribution to acid catalysis should be negligible because
of their low acid strength [23]. We have found, for instance,
that sodium-exchanged SAC-13 presents no activity for HAc
esterification at 60 °C. Using pure silica, Samantaray and Parida
[24] found negligible activity for the esterification of acetic acid
with butanol, as did Wang et al. [25] for transesterification of
dimethyl oxalate with phenol and Mbaraka et al. for esterifi-
cation of palmitic acid with methanol [26]. Consequently, the
—CF,-SO3H group in SAC-13 must be fully responsible for the
catalytic activity. It, like HO-SO3H (H>SOj4), would be sus-
ceptible to solvation and proton transfer [27]. The common
nature of the acid sites of both catalysts constitutes probably the
most important basis for the similar water sensitivities of SAC-
13 and HSO4. Although the Brgnsted acid sites are anchored
to a solid surface in SAC-13, in condensed media containing
polar molecules, these sites can still be solvated, giving rise
to hydrogen-bonded clusters of polar molecules around them
with proton-transfer ability [28]. In fact, the IR spectrum of hy-
drated Nafion-H has been reported to resemble that of an aque-
ous solution of concentrated H,SO4 [29]. Hybrid inorganic—
organic silicas with immobilized sulfonic groups have also
been found to behave in water essentially like homogeneous-
phase p-toluenesulfonic acid (p-TsOH) [30]. In our previous
study of the esterification of acetic acid with methanol cat-
alyzed by H,SOy4, water deactivated the catalyst by decreasing
its acid strength [11]. It was suggested that the deactivating
effect of water was due to the preference for water solvation
of the protons over methanol solvation. The driving force be-
hind this behavior was probably water’s better ability to form
hydrogen-bonding networks that can delocalize “free” protons
in solution [11]. Similar reports of loss of acid strength with the
addition of water have been made for Nafion-H. Buzzoni et al.
[29] reported a higher red shift for O-H stretching frequencies
of Nafion-H contacted with water than for methanol-contacted
Nafion-H, indicating a lower acidic character for the water-
solvated resin. Using acid-base calorimetric titration, Koujout
and Brown [30] demonstrated how the acid strengths of sulfonic
acid silicas and p-TsOH (p-toluenesulfonic acid) were influ-
enced by their chemical surroundings. These authors were able
to show a clear trend of decreasing acid strength as the solvent
varied from cyclobenzene to acetonitrile to water.

Despite all evidence pointing to water having a similar
inhibiting effect on esterification for SAC-13 as it does for
H>S04, SAC-13 did exhibit slightly less deactivation by water
than H>SO4 at high water concentrations (Fig. 4). This ob-
servation supports the view of Nusterer et al. [31] that water
solvation of solid acid sites is sterically hindered by the support
matrix compared with solvation of free protons in the liquid
phase. In addition, thermochemical comparisons of homoge-
neous p-TsOH and heterogeneous acid resin (Dowex S0W-X8)
by Arnett et al. [13] showed that the liquid acid underwent
a more significant decay in the heat of ionization of pyridine
(—A H;) with increasing water concentration than the solid acid
resin (Table VII and Fig. 3 in [13]). A loss of 13.6 kcal/mol
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in —A H; was determined for the former as the water/acid ratio
increased from O to 10.3, whereas a loss of only 8.7 kcal/mol
was found for the latter as the water/acid ratio increased from
0 to 11.4 [13]. However, this large difference in —A H; may
not properly reflect the actual difference in acid strength vari-
ation due to water solvation for solid and liquid acid catalysts.
Given the significant swelling effect of water on Dowex S0W-
X8, which could expose a greater number of acid sites, the
loss of acid strength may be compensated for in part. For in-
stance, acetic acid esterification catalyzed by SAC-13 shows
only a slightly lower increase in the energy barrier in the pres-
ence of water than does that catalyzed by HySOq4, 10.4 versus
11.1 kJ/mol (Fig. 5, Table 2). It should be noted, however,
that the apparent activation energy determined in this work for
H,SOy4 catalysis with THF as the solvent is about 7 kJ/mol
greater than that reported in previous work [11] in which no
solvent was used. This difference suggests that changes in the
polarity of the media due to the solvent THF (vs only methanol)
may affect the reaction. Nonetheless, this effect is minor com-
pared to that of water, given the large quantity of solvent used.

To explore whether the molecular pathway for esterification
on SAC-13 resembles that of HySO4 (which is single site), a se-
ries of pyridine poisoning experiments were conducted to deter-
mine whether the reaction followed a single-site or a dual-site
mechanism. Before each run, the catalyst was first immersed
in a mixture of methanol-THF containing a known amount
of pyridine. This immersion lasted overnight to allow com-
plete equilibrated adsorption of the organic base on the acid
sites of the catalyst. Afterward, the reactor was heated to 50 °C
(methanol and THF form an azeotrope at 60 °C), and then pre-
heated HAc was charged into the reactor to initiate the reaction.
As shown in Fig. 6, the initial reaction rates decreased linearly
with increasing amounts of pyridine, suggesting that the hetero-
geneous reaction involves a single-site mechanism. Moreover,
if mono-molecular adsorption of pyridine per acid site is as-
sumed, the acid site density of SAC-13 can be estimated by
extrapolating to zero the esterification rate as a function of the
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Fig. 6. Pyridine poisoning of SAC-13 catalyzed esterification of acetic acid

with methanol at 50°C (Cp,0 =3 M, Cp,0 = 6 M, Cpy = concentration of
pyridine).

pyridine concentration. The acid site density calculated in this
way was 0.148 mmol/g after subtraction of the 10% adsorption
of pyridine on the silanol groups of the silica surface. Although
somewhat higher, this value agrees fairly well with the values
obtained earlier (0.129 mmol/g) from elemental sulfur analy-
sis and pyridine adsorption experiments, thus indicating that
the reaction has complete accessibility to SAC-13 acid sites.
The incomplete protonation of the organic base [14] may ac-
count for the slight overestimation. Nevertheless, the equilib-
rium constant for the protonation of pyridine is >2 x 10* as
estimated from reaction data (Fig. 6), following the method
given by Kogelbauer et al. [14] and using an acid site density of
0.131 mmol/g for SAC-13. Clearly, this large value indicates
a very strong acid-base interaction between surface sulfonic
acid groups and pyridine and thus an almost complete proto-
nation.

The existing strong correlations in observed esterification ki-
netics between SAC-13 and H,SO4 point to similar mechanistic
pathways. Thus, the evidence in terms of site activity, apparent
activation energy, water deactivation behavior, and single-site
mechanism strongly suggests that SAC-13-catalyzed esterifica-
tion likely proceeds via a mechanism analogous to the homoge-
neous catalyzed one,

M+sk—><_'M-s, (M.1)
A+S<k:’2A-S, M.2)
A.s+Mk<ﬁ3E.s+w, (M.3)
E.sk—iE+s, (M.4)
W+s<k:>5w-s, (M.5)

where M represents methanol, S is a vacant acid site on the cat-
alyst surface, A is acetic acid, E is methyl acetate, and W is
water. M-S, A-S,E-S, and W - S are molecules adsorbed on
the catalytic acid sites, respectively. In the above mechanism,
(M.2)-(M.4) in order depict the activation of carbonyl oxygen
of acetic acid, the nucleophilic attack of protonated acetic acid
by methanol forming ester and water, and the deprotonation
of methyl acetate. Because methanol is a strong nucleophile,
it also competes for the catalyst acid sites with acetic acid, as
does water once it is produced from reaction, as shown in (M.1)
and (M.5), respectively.

Let us first consider what occurs during the initial reac-
tion period when reverse hydrolysis is not important. Using
the pseudo-steady-state approximation for the protonated com-
plexes (M - S and A - S) and solving for Cx.s with the site
balance (p - Cc = Ca.s + Cm.s + Cs) gives the rate expres-
sion
. kok3 pCcCmCa

(k2 + k3Cw) (1 + KmOwM + 3955 Ca)

6]

where Cc, Cym, and Cp are the concentrations of catalyst,
methanol, and acetic acid, respectively; p denotes the site den-
sity of the catalyst; Ky represents the adsorption equilibrium
constant for methanol on the Brgnsted acid sites; k» and k_p
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are the acetic acid adsorption and desorption constants, respec-
tively; and k3 is the surface reaction constant.

If the surface reaction (k3) is favored over the adsorption
and desorption of the acid (kp and k_»), k3Cwm > k2, k>, then
Eq. (1) can be approximated by
e kapCcCa _ )

1+ KmCwm
If, on the other hand, the opposite is true with the adsorption and
desorption process being faster than surface reaction, k3Cy <
ko, k_>, then Eq. (1) reduces to
kok3pCcCmCa
r=-—r o 3)
_2( + KmCwum + = CA)
Defining Kp = ky/k_> as the adsorption equilibrium constant
of the carboxylic acid, we have
_ (Kakzp)CcCumCa kCcCmCa @
1+ KmCym+ KACa 1+ KMCy+ KACA'
where k is a lumped constant equivalent to Kak3p. Note that
although surface reaction, (M.3), occurs by an E-R mechanism,
Eq. (4) is not a typical E-R rate expression due to the competing
adsorption of methanol on acid sites.

From the standpoint of the two extreme situations give
above, inconsistencies among reports studying acid-catalyzed
esterifications using solid Brgnsted acid-catalysts can be ex-
plained by a shift in the terms dominating the reaction kinetic
behavior. If, for instance, as the temperature is raised, the ki-
netic behavior characterized by Eq. (4) evolves into behavior
characterized by Eq. (2), then one would expect that after a
certain point the reaction order of methanol would transit from
positive to negative. This may explain what has been reported
earlier for heterogeneous acid-catalyzed esterification at 100 °C
and above [7,22]. Under the conditions used in this study, how-
ever, the positive reaction order determined for methanol sug-
gests that Eq. (4) should apply.

Nonetheless, to further confirm our hypothesis (k3Cyv <
ko, k_3) for the reaction at 60 °C, experiments using catalyst
samples presaturated with HAc before initiating the reaction
by charging preheated methanol were carried out (results not
shown). The logic behind these experiments was that if the ad-
sorption/desorption of acetic acid was comparable to or slower
than the surface reaction, then an initial reaction rate differ-
ent from that obtained when the catalyst was added last (no
preadsorbed HAc) would be obtained given that acetic acid
was already adsorbed on the catalyst surface ready for attack
by methanol. In particular, in a parallel study of the gas-phase
esterification of HAc with methanol on SAC-13 at 100 °C, ex-
periments in our laboratory using the preadsorption of HAc
showed faster initial reaction rates, indicating that under these
conditions, the surface reaction of acetic acid was not the rate-
controlling step [22]. However, the results for liquid-phase es-
terification at 60 °C showed no improvement in the initial re-
action rates compared with experiments using the catalyst with
no preadsorbed carboxylic acid. Hence, rapid reagent adsorp-
tion/desorption equilibrium with surface reaction as the rate-
limiting step is likely the case under our reaction conditions, ap-
pearing to further confirm Eq. (4) as the suitable kinetic model.

Using Eq. (4) and initial reaction rate (ro) measured at var-
ious initial reactant compositions, a mathematical model was
developed to predict esterification rate as reaction progresses.
Equation (4) can be rearranged to give

1_ Ku 1+KACA,0< 1 > )
ro  kCcCayo kCcCa0 \Cmy0

or

1 Ka 1+KMCM,0( 1 ) ©)
ro kCcCmyo kCcCmo \Capo

According to Eq. (5), when Ca is fixed at 2.0 M, a plot
of 1/rp versus 1/Cym o yields a straight line with the ratio
slope/intercept equal to (1 + 2K4)/Kwm. Likewise, 2Ky +
1)/ K A can be determined from the plot of 1/rg versus 1/Cax o.
The plots based on Egs. (5) and (6) are shown in Figs. 7a and 7b,
respectively. In this way, K and K were calculated as 0.16
and 0.13 L/mol, respectively. The somewhat larger adsorption
equilibrium constant for methanol compared with acetic acid
is consistent with its lower apparent reaction order, indicating
more extensive methanol coverage of the acid sites.

As was determined earlier, water can seriously inhibit SAC-
13 catalysis (Fig. 5). Therefore, as water is continuously pro-
duced by the reaction, the adsorption term of water must be
included in the kinetic expression. For initial kinetics measure-
ments in the presence of added water, Eq. (4) should then be

ro— kCcCwm,0CA,0 )
1+ KmCwm0 + KaCa0 + KwCw
Rearranging this equation, we get
1 14+ KumCmo+ KaCao Kw
—= (Cw). (®)
ro kCcCm,0Ca0 kCcCwm,0Ca,0

Using the Ko and Ky values determined previously and fix-
ing Ca0 (3 M) and Cm,0 (6 M), the adsorption constant for
water was obtained from plots of 1/r versus Cw (Fig. 7c) as
3.11 L/mol.

Furthermore, an expression for k can be derived from Eq. (8)
as

= ro(1 + KmCwm,0 + KaCa 0 + KwCw)
CcCwm,0€CA0 '

€))

By inserting calculated adsorption constants into Eq. (9) and

using the initial kinetic data, the lumped reaction constant for

acetic acid was determined to be 1.50 x 10™* L2 /(g cat mol min).
Thus far, because the adsorption of solvent and ester are known

to be negligible [7,8], Eq. (7) can be expanded to include re-

verse reaction at high conversions,

dCx kCc
dt 14 KymCm+ KaCa + KwCw

(10)
where K. is the equilibrium constant for esterification (K. =
6.2 at 60 °C). For a molar ratio of Cn,0/Ca,0 = 1 and an initial
water addition of Cw,0/Ca,0 = u, Eq. (10) expressed in terms
of acetic acid conversion becomes
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Fig. 7. Determination of the adsorption constants for (a) methanol, (b) acetic
acid, and (c) water at 60 °C for SAC-13.
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Fig. 8. Comparison of experimental data with values predicted by Eq. (11) for
the esterification of acetic acid with methanol on SAC-13 under different reac-
tion conditions (symbols represent the experimental data; dashed lines represent
the model predictions).

Using numerical integration (Runga—Kutta), carboxylic acid
conversion at a given time can be predicted from Eq. (11). The
dotted line in Fig. 2 gives the prediction of reaction conversion
based on Eq. (11). Thus, Eq. (11) satisfactorily represents the
esterification of acetic acid with methanol on SAC-13.

As shown in Fig. 8, the mathematical model thus derived
successfully predicts reaction profiles for the esterification of
HAc using different reaction conditions from those used origi-
nally to calculate it (i.e., double loading of catalysts and higher
methanol/HAc molar ratio). In addition, Fig. 8 shows how the
model can accurately assess reaction profiles for esterification
in the presence of initial amounts of water, supporting the esti-
mated effect of water inhibition on SAC-13 catalysis.

5. Conclusion

The catalytic performance of the Nafion/silica nanocompos-
ite SAC-13 was evaluated for the esterification of acetic acid
with methanol and compared with that of HySO4. TOF values
calculated for SAC-13 showed that the activity of the resin is
comparable to that of H;SO4 on a per site basis. It was also de-
termined that most acid sites on the Nafion nanodomains were
available for reaction without the need for polymer swelling.
SAC-13 and H»SO4 showed similar reaction inhibition by wa-
ter, suggesting a common reaction mode on their Brgnsted acid
sites. A typical E-R-type heterogeneous reaction mechanism in-
volving a nucleophilic attack between adsorbed carboxylic acid
and unadsorbed alcohol as the rate-limiting step closely fits
the experimental data obtained under our reaction conditions.
A mathematical model was analytically derived, from which it
was possible to reproduce the kinetic profiles of acetic acid es-
terification under different experimental conditions.
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