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The kinetics of acetic acid esterification with methanol using a propylsulfonic acid-functionalized SBA-15
catalyst were investigated. To determine whether a different mechanism was applicable for heteroge-
neous or homogeneous catalyzed esterification, propane sulfonic acid was also examined as this homo-
geneous acid has the same structure as the functional groups tethered onto SBA-15. In isothermal
experiments at 323 K, the apparent reaction orders using the heterogeneous catalyst were determined
to be 0.72 for methanol and 0.87 for acetic acid. Reactant adsorption studies showed that pre-adsorption
of acetic acid hindered the reaction rate, while pre-adsorption of methanol or acetic acid with methanol
increased the reaction rate, indicating that acetic acid adsorbs more strongly than methanol over the het-
erogeneous acid catalyst. The experimental results demonstrated that acetic acid esterification with
methanol followed a dual-site Langmuir–Hinshelwood type reaction mechanism, which required both
the adsorption of acetic acid and methanol over propylsulfonic acid-functionalized SBA-15. In contrast,
esterification reaction with the homogeneous catalyst followed an Eley–Rideal mechanism. The kinetic
data were successfully fit with a model in which the surface reaction was the rate-limiting step.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Esters of carboxylic acids are important in a variety of products,
ranging from perfumes to biofuels. The latter is of particular signif-
icance due to the rising price of crude oil and environmental con-
cerns. Several synthetic routes are available for producing organic
esters, most of which have been briefly reviewed by Yadav and
Mehta [1]. The most-used methodology for ester synthesis is the
direct esterification of carboxylic acids with alcohols, which is con-
ventionally conducted in the liquid phase, using batch reactors and
strong liquid mineral acids, such as H2SO4, HCl, and HI, as the cat-
alyst. However, this processing approach requires additional cata-
lyst neutralization and separation steps with the catalyst being
disposed as salts, which generally increases processing costs. Alter-
natively, solid catalysts can be easily separated from reaction prod-
ucts and can be, in most cases, used for multiple reaction cycles. In
addition, solid catalysts can be more easily used in continuous pro-
cessing operations, further improving the economics of ester man-
ufacture. For these reasons, there is significant interest in
developing solid acid catalysts for esterification applications.

The kinetic model and reaction mechanism for carboxylic acids
esterification over homogeneous acids have been well documented
in which a protonated carboxylic acid is attacked by a nucleophilic
ll rights reserved.

).
alcohol molecule, yielding an ester and water [2]. Using solid acid
catalysts containing primarily Brønsted acid sites, one might ex-
pect to have similar esterification behavior with an analogous
mechanism to that in the homogeneous system mediating the
molecular transformation [3]. However, results in the literature
concerning the fundamental aspects of solid acid-catalyzed esteri-
fication reactions are ambiguous at best. Mainly, two mechanisms
for esterification on heterogeneous acid catalysts have been pro-
posed: a single-site mechanism (Eley–Rideal type, E–R) [4–8] and
a dual-site mechanism (Langmuir–Hinshelwood type, L–H)
[3,9,10]. Esterification work done in the Goodwin group demon-
strated that the esterification of acetic acid with short-chain alco-
hols (methanol and ethanol) over silica-supported Nafion (SAC-13),
which contained only Brønsted acid sites, proceeded via a single-
site mechanism, whether in the gas phase for the temperature
range of 90–140 �C [6] or in the condensed phase for temperatures
of 660 �C [4] primarily based on results from pyridine poisoning
experiments. Also, an E–R kinetic model was found to yield better
results with 15% less error in fitting the experimental reaction re-
sults for the esterification of hexanoic acid with 1-octanol using
zeolite BEA and SAC-13 [7]. In contrast, Teo and Saha [9] and Lee
et al. [10] found that a dual-site model better fit the behavior of
acid resin catalysts used in the esterification of acetic acid with
amyl alcohol using kinetic correlations of experimental data. Using
transient and steady-state experiments, isotopic labeling experi-
ments and temperature-programmed desorption (TPD), Koster

http://dx.doi.org/10.1016/j.jcat.2011.01.008
mailto:bshanks@iastate.edu
http://dx.doi.org/10.1016/j.jcat.2011.01.008
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


S. Miao, B.H. Shanks / Journal of Catalysis 279 (2011) 136–143 137
et al. [3] suggested that the gas-phase reaction of acetic acid with
ethanol on MCM-41 was performed through a dual-site mecha-
nism in which both acetic acid and ethanol must be adsorbed on
the surface for the reaction to occur. However, Chu et al. [11] re-
ported that alcohol structure had a profound effect on the mecha-
nism of the gas-phase esterification of acetic acid changing from a
dual-site mechanism for ethanol to a single-site mechanism for n-
butanol.

In this study, a heterogeneous acid catalyst, propylsulfonic acid-
functionalized mesoporous silica, was prepared by a co-condensa-
tion method and employed as the catalyst for the kinetics study of
esterification of acetic acid. This reaction system has potentially
important application in the upgrading of fast pyrolysis-derived
bio-oil for fuel applications [12,13]. Mesoporous silica materials–
supported organic acid is an attractive heterogeneous acid catalyst
due to its high surface area, good control of the acid moieties, no
significant Lewis acidic sites and good stability without swelling
in organic solvents. The focus of the present study was to provide
fundamental insight into the similarities and differences existing
between heterogeneous and homogeneous Brønsted acid catalysts
in the esterification reaction. Propane sulfonic acid was chosen as
the homogeneous acid catalyst for comparison since it bears the
same structure as the grafted functional groups in the above heter-
ogeneous catalyst.
2. Experimental

2.1. Chemicals and synthesis

SBA-15-functionalized organosulfonic acid materials were syn-
thesized by one-pot co-condensation method as described previ-
ously [14–16]. Tetraethoxysilane (TEOS) (98%, Aldrich) was used
as the silica precursor, and (3-mercaptopropyl)trimethoxysilane
(MPTMS) (85%, Acros) was used without further purification as
the organosulfonic acid source. Pluronic P123 (BASF Co., USA),
which is a tri-block copolymer of polyethylene oxide–polypropyl-
ene oxide–polyethylene oxide, was used as obtained to tailor the
textural properties of the mesoporous materials. In a typical one-
step synthesis, 4 g of Pluronic P123 was dissolved in 125 g of
1.9 M HCl at room temperature with continuous stirring. The solu-
tion was subsequently heated to 313 K before adding TEOS. As
usual, TEOS was pre-hydrolyzed for approximately 45 min prior
to the addition of the MPTMS-H2O2 solution. The molar composi-
tion of the resulting mixture was 0.0369 TEOS, 0.0062 MPTMS,
and 0.0554 H2O2. It was continuously stirred for 24 h at 313 K
and thereafter aged for 24 h at 373 K under static conditions. The
product was collected and subjected to ethanol refluxing for three
cycles for the extraction of the template. The final product was vac-
uum dried at 373 K for 6 h.
2.2. Sample characterization

Nitrogen adsorption–desorption isotherms were measured at li-
quid nitrogen temperature with a Micromeritics ASAP 2020 sys-
tem. Prior to measurement, all samples were degassed at 373 K
for 6 h. The specific surface areas were evaluated using the Bru-
nauer–Emmett–Teller (BET) method and pore size distribution
curves were calculated using the desorption branch of the iso-
therms and the Barrett–Joyner–Halenda (BJH) method. The content
of organic material present in the solids was determined by ele-
mental analysis performed on a Perkin-Elmer Series II 2400 CHNS
analyzer. The decomposition temperature of the organic composi-
tion in the modified mesoporous materials was determined by
thermogravimetric analysis (TGA) with a Perkin-Elmer TGA7
instrument, with heating from 323 to 973 K at a ramp of 10 K/
min under flowing air. The ion capacities of the sulfonic acid
groups in the functionalized mesoporous silica were quantified
using 2 M NaCl (aq) as the ion-exchange agent. Approximately
0.05 g of the sample was added to 30 ml of the salt solution and al-
lowed to equilibrate for 18 h. Thereafter, it was titrated by drop-
wise addition of 0.005 M NaOH (aq) [15].

2.3. Catalytic reactions

The kinetic measurement of esterification of acetic acid with
methanol was carried out in a stirred batch reactor, which was
placed in a thermostatic bath with a magnetic stirrer. The tempera-
ture in the reactor was maintained within ±0.2 K. The reactor was
charged with a measured amount of reagents (acetic acid 3 M, meth-
anol 6 M, as well as the solvent 1,4-dioxane to balance the total vol-
ume to 50 ml). When the mixture was heated to the desired reaction
temperature, the first sample was taken as the zero point for every
run, after which an exact amount of catalyst was added to initiate
the reaction. In all cases, a microscale syringe was used for sampling
at definite time intervals. Stirring speed of 600 rpm was applied to
rule out mass transfer limitation as previously reported [12]. Kinetic
measurement was performed at low acetic acid conversion (<10%).
Pyridine adsorption experiments were carried out by immersing a
known amount of catalyst in 1,4-dioxane containing a known
amount of pyridine overnight. The reaction started by heating the
above mixture to the desired temperature and charging the pre-
heated acetic acid and methanol. The pre-adsorption experiments
were performed by premixing the catalyst with one of the reactants
or both and solvent at ambient temperature overnight followed by
heating to the desired temperature and charging the preheated other
one. For the pre-adsorption of catalyst with both acetic acid and
methanol, small amounts of acetic acid and methanol (0.5 g acetic
acid and 0.5 g methanol) were used with 1,4-dioxane to premix with
catalyst overnight and the remaining were charged to start the reac-
tion. An Agilent GC 7890A gas chromatograph equipped with a HP-5
column (0.32 mm � 30 m � 0.25 lm) and a FID detector was used
for sample analysis. The concentrations of all species except water
were directly quantified. The overall mass balance was more than
98%.

2.4. Computational method

Computational modeling was used to examine whether the
adsorption behavior observed experimentally was consistent with
molecular energetic. A simple representation of the catalyst sur-
face was used in which the central Si atom was bound to the teth-
ered organosulfonic acid and three O atoms, which were also
bonded to a second Si atom. These terminal Si atoms were satu-
rated with hydrogen atoms at a Si–H distance of 1.46 Å in the cal-
culations. The (SiH4)3 groups were held fixed, while the other
atoms were allowed to relax during the structure optimization.
None of the atoms in the adsorbed acetic acid, methanol, and water
molecules were constrained in the optimization of the adsorption
complexes. The calculations, which included structure optimiza-
tion and single-point energies, employed the hybrid density func-
tional B3LYP method with standard DZVP2 basis sets. All of the
calculations were performed using the Gaussian03 program
package.
3. Results and discussion

The propylsulfonic acid-functionalized SBA-15 materials used
in the study were analyzed for their textural properties. The N2

adsorption–desorption isotherms of the samples had type IV hys-
teresis loops with sharp adsorption and desorption curves, as seen
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Fig. 2. TGA and DTG profiles of the propylsulfonic acid-functionalized SBA-15.

Table 1
Initial reaction rate data for the determination of apparent reaction orders of acetic
acid and methanol in SO3H-SBA-15-catalyzed esterification at 323 K.

CA,0 (M) CM,0 (M) r0 (M/min) � 103

2 2 4.94
2 4 8.96
2 6 12.4
2 14 20.0
4 2 9.24
5 2 11.2
6 2 12.8
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in Fig. 1, which were consistent with mesoporous materials tai-
lored by nonionic templates [17,18]. The BET surface area of
620 m2/g was also in the range reported in the literature for these
types of mesoporous materials [15,17]. The sulfur content of the
sulfonic acid-functionalized SBA-15 materials was determined to
be 1.29 mmol/g by elemental analysis, which was consistent with
the amount added during the synthesis. The carbon/sulfur molar
ratio was 3.5, which was a little higher than the theoretical value
of 3, indicating that the template was not completely removed
by extraction with ethanol reflux. The number of accessible
organosulfonic acid groups in the mesoporous silica was quantita-
tively determined to be 1.07 meq/g by acid–base titration in good
agreement with the elemental analysis for the sulfur. As shown in
Fig. 2, the TGA analysis of the sample further confirmed that the
thiol groups had been successfully oxidized to sulfonic acid groups
as demonstrated by the weight loss peak at about 723 K. The com-
bined characterization results confirmed the successful incorpora-
tion of the organosulfonic acid groups into the surface of SBA-15
while maintaining the mesoporous structure of the support and
the accessibility of the acidic sites.

An important goal of this study was to determine whether there
was a mechanistic difference between a homogeneous catalyst and
its supported analog. The homogeneous acid-catalyzed esterifica-
tion reaction is known to follow second-order kinetics, which are
first order with respect to each reactant. The calculation of kinetic
parameters for heterogeneous acid catalysts can be complicated
due to complex catalyst surface–adsorbate interactions. As is typ-
ically done, the reaction orders were determined by varying the
concentration of one reactant while fixing that of the other at
2.0 M and measuring initial reaction rates at 323 K. Table 1 sum-
marizes the measured initial rates. The concentration of both acetic
acid and methanol had positive effects on the reaction rate with
increasing reactant concentration. By using power law approxima-
tion fitting, the apparent reaction orders were determined to be
0.72 for methanol and 0.87 for acetic acid, with a correlation coef-
ficient of 0.99–1.00. The results are somewhat different than the
values reported by Goodwin et al. [4], which is possibly the result
of different acid catalysts being employed.

Since the functional groups grafted on SBA-15 were propylsulf-
onic acid groups, propane sulfonic acid, which bears the same struc-
ture as the functional groups grafted on SBA-15, was examined for
comparison. Fig. 3 compares the intrinsic per site activity (turnover
number, TON) for acetic acid esterification over propane sulfonic
acid and SO3H-SBA-15. The insert in Fig. 3 shows the initial reaction
rate (below 10% conversion of the limiting reagent) over the two cat-
alysts, which demonstrated a higher per site reaction rate with pro-
pane sulfonic acid than with SO3H-SBA-15, indicating a lower
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Fig. 1. N2 adsorption–desorption isotherm and pore size
intrinsic activity for SO3H-SBA-15 than propane sulfonic acid. As
the organosulfonic acid sites within the mesoporous silica structure
should be readily accessible to the reactants, the lower intrinsic
activity shown by the heterogeneous catalyst may be due to the
interaction of the strong Brønsted acidic sites with the silanol groups
of the silica support, resulting in decreased activity for the organo-
sulfonic acid group [19]. As discussed in our previous contribution
[12], the amount of silanols on the propylsulfonic acid-functional-
ized SBA-15 was estimated to be significant relative to the number
of organosulfonic acid groups. Alternatively, the more restricted
conformation of the adsorbed intermediate onto the functionalized
SBA-15 compared with those in the case of the homogeneous cata-
lyst might result in the lower measured intrinsic activity of SO3H-
SBA-15. The discrepancy in intrinsic activity between heteroge-
neous catalysts and their homogeneous analogs has been reported
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Fig. 3. Comparison of acetic acid esterification activity over propane sulfonic acid
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for a number of reaction systems [20–22]. This difference has com-
monly been ascribed to both of the factors discussed above.

The apparent activation energies were determined for the two
catalyst systems by performing reactions at 303, 313, 323, and
333 K. Since mass transfer limitation would not be an issue with
the homogeneous propane sulfonic acid catalyst, comparison with
the apparent activation energy for the heterogeneous SO3H-SBA-
15 provided further insight into whether mass transfer limitations
play a role in the reactivity difference between the two catalyst sys-
tems. The results from the reaction temperature studies are shown
in Fig. 4 with the apparent activation energies calculated, assuming
a rate law that was first order in acetic acid concentration and zero
order in methanol, since excess methanol was used. The apparent
activation energy over propane sulfonic acid was found to be
36.4 kJ/mol, which was somewhat lower than that found for SO3H-
SBA-15 (42.6 kJ/mol). These results suggested that the SO3H-SBA-
15 catalyst was not limited by mass transfer or internal diffusion,
which was not surprising given that the material had a median pore
diameter of about 8 nm and the low reaction rates that were used.

To investigate the effect of reactant adsorption on reactivity, the
heterogeneous catalyst was studied by premixing it with metha-
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Fig. 4. Comparison of acetic acid esterification activity over propane sulfonic acid
and SO3H-SBA-15 at different temperatures (CA,0 = 3 M, CM,0 = 6 M); j: propane
sulfonic acid; d: SO3H-SBA-15.
nol, acetic acid or both methanol and acetic acid for 10 h at ambi-
ent temperature. After the reaction system reached the reaction
temperature, the preheated remaining reactant was introduced.
The conversion versus time data for these experiments are shown
in Fig. 5. The result of the standard reaction protocol (heating the
mixture of all the reactants to the desired temperature and then
charging the catalyst) is also included in the figure for reference.
The results showed that the reaction rate increased when premix-
ing the catalyst with methanol or the mixture of methanol and ace-
tic acid compared with the standard reaction protocol. The effect
was particularly dramatic when the catalyst was premixed with
both methanol and acetic acid. In contrast, the catalytic activity
was dramatically decreased when the catalyst was premixed with
acetic acid only. These results suggested that the esterification
reaction over SO3H-SBA-15 does not follow the single-site mecha-
nism recently proposed for other solid acid catalysts [4,23,24]. The
catalytic result that would be expected based on the above single-
site mechanism would yield promotion of the catalytic reaction
due to premixing with acetic acid. The results as shown in Fig. 5
suggested that the chemisorption of both acetic acid and methanol
is essential for the catalytic reaction. It was also apparent from
these results that the adsorption of acetic acid was stronger than
that of methanol as the pre-adsorption of methanol did not inhibit
the reaction as was the case with the pre-adsorption of acetic acid.
This result was in disagreement with other reported results that
proposed stronger adsorption of the alcohol than the acid [9,25].

In order to better compare with the analogous homogeneous
acid catalyst, the same experiments were performed using propane
sulfonic acid with the results shown in Fig. 6. As can be seen, the
results were markedly different than that seen with SO3H-SBA-
15 as no difference in activity was observed with any of the pre-
mixing modes. This comparison suggested that the reaction mech-
anism over the homogeneous catalyst was different from that over
the supported acid catalyst. Given the previous results in the liter-
ature, it appears the reaction with propane sulfonic acid followed
the same mechanism as that with sulfuric acid and SAC-13, i.e.,
in which the acidic site on the catalyst promoted the protonation
of the carbonyl oxygen on the carboxylic group in acetic acid,
thereby activating nucleophilic attack by methanol to form a tetra-
hedral intermediate [2,4,24].

Additional experiments were performed to explore the kinetic
pathways for the two catalytic systems. In these experiments, ace-
tic acid esterification with methanol was performed over propane
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sulfonic acid and SO3H-SBA-15 with varying amounts of acidic
sites. The experimental protocol used for these experiments was
the same as that used by the Goodwin lab where the varying
amounts of acidic sites were obtained by poisoning the same
amount of catalyst with different amounts of pyridine [4]. The ini-
tial reaction rates were measured and then plotted as a function of
the mmoles of acidic sites in the reaction system (Fig. 7). It is clear
from these results that the initial reaction rates were linearly cor-
related with the number of acidic sites over propane sulfonic acid,
while with SO3H-SBA-15, the relationship between the initial reac-
tion rates and the number of acidic sites was second order. This re-
sult further supported that the reaction with propane sulfonic acid
followed a single-site mechanism, but that a dual-site mechanism
applied for esterification with the SO3H-SBA-15 catalyst.

In the kinetic behavior description of heterogeneously catalyzed
esterification reactions, three different models have been applied:
the quasi-homogeneous model (Q-H), the Eley–Rideal model (E–
R) and the Langmuir–Hinselwood model (L–H) [26]. The Q-H mod-
el assumes complete swelling of the polymeric catalyst in contact
with polar solvents, leading to improved access of the reactants to
the active sites. This model is not applicable here since the catalytic
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material is not polymeric and does not swell in the solvent. The E–
R and L–H mechanisms assume the catalytic surface reaction con-
trols the overall process. The E–R model has been applied if in the
rate-limiting step, surface reaction takes place between an ad-
sorbed species and a non-adsorbed reactant from the bulk liquid
phase. On the other hand, the L–H model is applicable whenever
the rate-determining step is the surface reaction between adsorbed
molecules.

In determining a suitable model, one statistical approach is to
evaluate the least sum of squares for the competing models. For
the current work, reaction rates were calculated by the differential
method as discussed by Cunill et al. [27] and Subramanian et al.
[28]. Conversion data were fit as a function of time through a
fifth-degree polynomial, whose slope allowed calculation of the
reaction rate. In the case of the heterogeneously catalyzed esterifi-
cation reaction, Eq. (1),

�rA ¼
nA;0

V
dXA

dt

� �
ð1Þ

was applied, where �rA is the reaction rate of acetic acid, V is the
volume of the reaction mixture, nA,0 is the initial number of moles
of acetic acid, XA is the conversion of acetic acid, and t is the reaction
time.

The nonideality of all the liquid components was taken into
consideration by using their respective activities [9,25,26]. The
UNIFAC group contribution method was employed for the estima-
tion of activity coefficients [29]. The equilibrium constant was cal-
culated from the component concentrations at equilibrium
through Eq. (2),

Keq ¼
aMAaW

aAaM

� �
eq

¼ xMAxW

xAxM

� �
eq

cMAcW

cAcM

� �
eq

¼ KxKc ð2Þ

where Keq is the reaction equilibrium constant, a is the component
activity, x is the component mole fraction, and c is the component
activity coefficient. The subscripts A, M, MA, and W denote acetic
acid, methanol, methyl acetate, and water, respectively.

The estimation of the parameters for the different models was
performed by minimizing the sum of residual squares (SRS) be-
tween the experimental and calculated reaction rates (Eq. (3))
through the simplex algorithm [9,25].

SRS ¼
X

samples

ðrexp � rcalcÞ2 ð3Þ

In Eq. (3), SRS is the minimum sum of residual squares resulting
from the fitting procedure and r is the reaction rate. The subscripts
exp and calc denote experimental and calculated values,
respectively.

The improved Euler’s numerical method was applied to inte-
grate the equations describing the kinetic model with the previ-
ously determined parameters. Experimental results were then
compared with those of the model prediction through the values
of the mean relative deviation (MRD) between experimental and
calculated conversions (Eq. (4)).

MRD ¼ 1
n

X
allsamples

XA;cal � XA;exp

XA;exp

����
����

 !
� 100 ð4Þ

The rate equation resulting from the E–R model is expressed by
Eq. (5),

rA ¼
Af � exp �E0

RT

� �
aAaM � aMAaW

Keq

� �
1þ KAaA þ KMaM þ KMAaMA þ KWaW

ð5Þ

whereas the rate equation resulting from application of the L–H
model is given by Eq. (6),



0 100 200 300 400 500 600 700 800
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

C
on

ce
nt

ra
tio

n 
(M

)

Time (min)

Fig. 8. Comparison between the experimental and L–H model calculated concen-
tration profiles (feed mole ratio alcohol to acid 2:1, T = 323 K; stirring
speed = 600 rpm); j: acetic acid; d: methanol; N: methyl acetate; —: L–H model.

Fig. 9. Geometries of acetic acid (a) and methanol (b) adsorbed on SO3H-SBA-15 as
optimized by B3LYP/DZVP2.

S. Miao, B.H. Shanks / Journal of Catalysis 279 (2011) 136–143 141
rA ¼
Af � exp �E0

RT

� �
aAaM � aMAaW

Keq

� �
ð1þ KAaA þ KMaM þ KMAaMA þ KWaWÞ2

ð6Þ

In Eqs. (5) and (6), Af is the Arrhenius pre-exponential factor for the
forward reaction, E0 is the apparent activation energy of the reac-
tion, Keq is the reaction equilibrium constant, R is the gas constant,
and T is the reaction temperature. Parameters KA, KM, KMA and KW

are the adsorption equilibrium constants for acetic acid, methanol,
methyl acetate, and water, respectively.

The adsorption equilibrium constant for each component can be
defined as the ratio of the adsorption rate constant to the desorp-
tion rate constant.

Ki ¼
ka;i

kd;i
; i ¼ A;M;MA; and W ð7Þ

Table 2 compares the parameters for the E–R and L–H kinetic
models found from fitting the experimental data. Also shown in
the table are sum of residual squares resulting from the minimiza-
tion process and the mean relative deviation between experimen-
tal and calculated acetic acid conversions. Both of the models fit
the experimental data with very small errors. The apparent activa-
tion energies obtained for the two models were very similar and
close to the value of 42.6 kJ/mol obtained experimentally. The va-
lue of the activation energy supported the supposition that the
overall process was controlled by the surface reaction. Using the
SRS and MRD values, the L–H model gave a better correlation be-
tween the experimental results and the model for the reaction sys-
tem. Fig. 8 shows a comparison between the L–H model and the
experimental kinetic data. Additionally, the acetic acid adsorption
equilibrium constant was found to be higher than that of metha-
nol, which was in agreement with the experimental observations
described earlier.

To independently examine the adsorption of acetic acid and
methanol molecules onto the acidic sites of tethered propylsulfonic
acid groups and whether acetic acid could be expected to adsorb
more strongly than methanol, the adsorption energies of acetic
acid and methanol onto the acidic sites were calculated using the
DFT method. Shown in Fig. 9 are the optimized structures found
for acetic acid and methanol adsorbing on the model Si-tethered
propylsulfonic acid complexes using the B3LYP/DZVP2 level. It is
important to note that these structures only considered the inter-
action of adsorbing molecule with the simplified surface model as
well as in the absence of the condensed phase. However, these
structures could be expected to provide some relative energetic
information concerning the adsorption of the reactant molecules.
The adsorption energy of acetic acid for the structure in Fig. 9
was computed to be about 142 kJ/mol, while that of methanol
was 59 kJ/mol. The results for this simplified system indicated that
both acetic acid and methanol could adsorb on the propylsulfonic
acid groups and that the adsorption of acetic acid was stronger
than that of methanol. These results were in complete qualitative
agreement with adsorption behavior found from the experimental
and kinetic modeling results. The adsorption energy of a water
molecule on the propylsulfonic acid group was calculated to be
about 57 kJ/mol, which was almost the same as that of methanol.
Therefore, acetic acid, methanol, and water all would be expected
to adsorb competitively with methanol and water having similar
Table 2
Comparison of E–R and L–H model parameters found from fitting the experimental data.

Model Af (mol L�1 min�1) E0 (kJ/mol) KA

E–R 1.210 � 106 45.61 5.11
L–H 1.481 � 106 42.32 5.15
adsorption energies, which was consistent with the L–H model
that was derived from the experimental data.

The experimental and modeling results supported that esterifi-
cation of acetic acid with methanol over propylsulfonic acid-func-
tionalized SBA-15 followed a dual-site mechanism in which an
adsorbed and protonated acetic acid molecule reacts with an ad-
sorbed and non-protonated methanol molecule (Scheme 1). This
result differed from some previous reports in which a single-site
mechanism was found for heterogeneous acid catalysts [4,23,24].
In the single-site mechanism, a non-adsorbed methanol molecule
reacts with an adsorbed acetic acid molecule, while both reactant
molecules are required to be adsorbed in the dual-site mechanism.
The adsorption of methanol molecules over acidic catalysts has
been reported in the literature for the esterification reaction and
KM KMA KW SRS MRD (%)

0 0 3.41 1.42 � 10�8 0.896
1.64 0.15 3.23 3.62 � 10�9 0.678
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Scheme 1. Possible reaction mechanism for the acetic acid esterification with methanol over propylsulfonic acid-functionalized SBA-15.
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other acid-catalyzed reactions [25,30,31]. The reaction mechanism
appears to depend on the type of heterogeneous catalyst since the
methodology used in this study was similar to that used by Liu
et al., but with a different catalyst [4]. The active sites on the cat-
alysts were similar, but the supports were different, which could
modify the adsorption of methanol.
4. Conclusion

This work focused on the investigation of the reaction mecha-
nism of acetic acid esterification with methanol over a propylsulf-
onic acid-functionalized SBA-15 catalyst, which was prepared
using the co-condensation method. To investigate the difference
between heterogeneous and homogeneous catalyzed esterification,
a homogeneous catalyst, propane sulfonic acid, was used for the
reaction as it had the same structure as the functional groups
grafted on the silica. For the heterogeneous catalyzed system, the
apparent reaction orders were determined to be 0.72 for methanol
and 0.87 for acetic acid, with a correlation coefficient of 0.99–1.00.
Pre-adsorption experiments showed that pre-adsorption of acetic
acid hindered the reaction rate, while pre-adsorption of methanol
or acetic acid with methanol increased the reaction rate, which
indicated that acetic acid adsorbs more strongly than methanol
over the heterogeneous acid catalyst. However, it was found that
the esterification of acetic acid with methanol over the functional-
ized SBA-15 catalyst followed a L–H reaction mechanism, which
required adsorption of both acetic acid and methanol. While over
the homogeneous catalyst, esterification followed the E–R mecha-
nism. The kinetic data for the heterogeneous catalyst system were
successfully fit using a L–H model with the surface reaction as the
rate-limiting step.
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