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a b s t r a c t

The adsorption of acetic acid and methanol on H-Beta zeolite as a model of reaction of first step of the
esterification reaction has been investigated with TGA-IR coupled, ATR-FTIR spectroscopy together with
Density Functional Theory (DFT) calculations at M06e2X/6-31G(D) level. From the theoretical viewpoint,
different models of adsorption of acetic acid and methanol on the surface of H-Beta zeolite are studied.
TGA-IR experiments show that both reactants are molecularly adsorbed on H-Beta, beyond 200 �C for
methanol and 250 �C for acetic acid other species are also formed due to the surface reactivity being
strongly adsorbed on the catalyst. Results from ATR-FTIR spectroscopy and theoretical calculations reveal
that the predominant adsorption mode of acetic acid involves the ads_AA(C]O) complex where the
acetic acid is molecularly adsorbed by the carbonyl group on the Brønsted acid site of catalyst, and the
OH group is oriented to the Al-O-Si bridge. The mechanism of adsorption of both acetic acid and
methanol is also discussed at molecular level. The complexes where the acetic acid is adsorbed by the
carbonyl group are clearly the most stable one.

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

The high dependence of non-renewable energies in several
sectors, such as industry, transport and agriculture, generates
growing concerns regarding the petrochemical market and climate
change. In this context, biomass use for the production of modern
bioenergy and biomaterials has grown significantly in order to
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oppose the depletion of fossil resources and to reduce greenhouse
gas emissions [1].

Selective transformation of renewable biomass-derived feed-
stocks plays a key role in sustainable production of biofuels and fine
chemicals [2]. In this context, esterification of carboxylic acids
catalyzed by solid acid catalysts is a very important process in
organic synthesis [3] as well as in the fuel industry, resulting in a
promising alternative route for the use of free fatty acids (FFA) and
bio-oils in esterification reactions, as promising candidates to
replace petroleum fuels [4e7]. Different heterogeneous catalysts
have been tested in the esterification of carboxylic acids and alco-
hols, including zeolites [8e11]. On solid acid catalyst type of zeo-
lites, one might expect a similar esterification behavior to that of
homogeneous catalysis; however, little is known about the reaction
pathway.
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Zeolites are microporous aluminosilicate minerals that are
widely used in industry as solid acid/base catalysts, and they have a
network of cavities and channels of molecular dimensions. Zeolites
are framework silicates consisting of interlocking SiO4 and AlO4
tetrahedrons, where the presence of tetrahedral Al in their chem-
ical structure gives rise to very high acidic properties and consti-
tutes what is known as acidic zeolites. Because of their high
selectivity, reactivity and the presence of Brønsted acid sites (BAS),
acidic zeolites act as catalysts in a variety of industrial processes
[12].

Considering the diversity of zeolites available, only few acidic
zeolites (H-BEA, H-ZSM5, H-MOR, HY etc.) have been tested as
catalysts for esterification reactions of FFA to produce fatty acid
methyl esters (FAME) or conversion of biomass and its derivatives
from several different raw materials such as palm oil, soybean oil
[13], oleic acid [14e17], among others [8,10,18,19].

Some authors suggest that zeolites with micropores are not
suitable for production of FAME because micropores limit the
diffusion of large molecules or because the formation of the tran-
sition states only takes place in zeolites that present large cavities
[10,18,20]. Additionally, low reaction rate of esterification and low
selectivity to products have been attributed to strong acid sites on
H-ZSM-5 and H-FER zeolites, and strong adsorption properties of
reactants [21]. By contrast, others authors suggest that pore mouth
size and size of the cavity of the catalyst are not the main limiting
factors for the reaction because good yields are obtained for both H-
ZSM5 as well as H-MOR [13,14,16,22]. Other factors such as porosity
and surface hydrophobicity of the catalyst, steric effects, acid
strength, among others, have been reported to play a key role in the
process [21,23,24].

Although the mechanisms of esterification of acids catalyzed by
homogeneous catalysts are well established, the mechanisms of
esterification catalyzed by heterogeneous catalysts are still
debated, and specifically in acidic zeolites because of the
complexity of the system catalyst-reactants. Specifically on zeolites,
both Eley-Rideal (ER) and two-site mechanisms have been postu-
lated for esterification. Koster et al. reported that esterification of
acetic acid (AA) with ethanol over MCM-41 zeolite proceeds via a
protonated AA intermediate and follows a LangmuireHinshelwood
pathway [25]. In a related study, Kirumakki and co-workers also
studied esterification of acetic acid with alcohols using H-BEA, H-
FAU, and H-ZSM5 zeolites, and concluded that ester formation oc-
curs via an Eley-Rideal pathway by which an activated acetic acid
molecule reacts with alcohol in the bulk phase to form the corre-
sponding acetate [26]. Both mechanisms involved a first step of
acetic acid adsorption.

Recently, Bedard and co-workers [23] reviewed different
mechanisms found in the literature and from their research made a
new contribution to the topic. They studied the kinetics for AA
esterification with ethanol on H-zeolites using kinetic measure-
ments, and they proposed a mechanism that proceeds through a
surface acetic acid/ethanol co-adsorbed complex. Thus, this
mechanism involve two pathways of adsorption of the reactants on
the zeolite surface.

In acid-catalyzed reactions, adsorption is the first step that ini-
tiates the reaction, and specifically in esterification reactions on
zeolites, it has been suggested that both AA and alcohol adsorption
are involved in the rate-determining reaction step [23]. According
to these authors, the ability to discriminate the effects of zeolite
structure on the kinetics of acid catalyzed reactions occurring in
their constrained environments depends critically on dissecting
chemical reactions into their elementary steps [23]. As a result, an
elaborate understanding of adsorption mechanism of AA and
methanol (MeOH) inside zeolite is prerequisite in order to shed
light on the catalytic mechanism. Then, a thorough investigation of
adsorption complexes is necessary in order to provide a better
understanding of these acid catalyzed reactions that involve polar
compounds and zeolites. A detailed scheme tying together different
elementary steps of adsorption according to the different postu-
lated mechanisms in the literature: Langmuir-Hinshelwood [25],
Eley-Rideal [26], or a co-adsorbed complex [23] is shown in Scheme
1.

In an attempt to extend the knowledge about the course of these
chemical reactions and as a result of the complexity of the reaction
path, we found it interesting to study the elementary steps
(including adsorption processes) of this chemical reaction in order
to explain, at the molecular level, the complete mechanism and the
stability of adsorbed intermediates. In this context, computational
methods can be applied to gain new and useful molecular insights
into adsorption mechanisms [27]. Furthermore, generation of
fundamental knowledge at the molecular level is of paramount
importance [28]. In previous works, by drawing on Density Func-
tional Theory (DFT), we studied the adsorption of alkenes on acidic
zeolites [29] and the alkene protonation reaction over acidic zeo-
lites [30e32], thus providing a better understanding of the details
of the electron redistribution upon these physical and chemical
transformations.

In the present work, we study the adsorption of acetic acid and
methanol on H-Beta as a model of reaction of the first step of
esterification of FFA on H-zeolites. Understanding the adsorption
model of both reactants is helpful to predict the different reaction
pathways. We combined results from Thermogravimetric analysis
coupled with Infrared spectroscopy (TGA-IR), Attenuated Total
Reflectance-Fourier Transform Infrared (ATR-FTIR) spectroscopy,
and quantum chemical methods in order to obtain an under-
standing, at the molecular level, of the interaction between model
compounds of FFA with H-Beta zeolite. From the theoretical
viewpoint, we study different models of adsorption and co-
adsorption of AA and MeOH on the surface of H-Beta zeolite
following the mechanisms proposed by Bedard et al. [23]. To the
best of our knowledge, this is the first experimental and theoretical
study that provides a profound analysis of the adsorption process of
model compounds of FFA on H-Beta zeolite as the first step of solid
catalyzed esterification reaction.
2. Experimental (methods and calculation details)

2.1. Reagents

Zeolite Beta (CP814C, BEA, SiO2/Al2O3 ¼ 38) in its ammonium
form (NH4

þBeta) was obtained from Zeolyst International. The re-
agents MeOH (99% v/v) and AA (99% v/v), were purchased from
Sigma-Aldrich. All the reagents of analytical grade were used
without further purification.
2.2. Preparation and characterization of the zeolite catalyst

The zeolites sample was submitted to thermal decomposition
NH4

þ to NH3(g) and Hþ by a PerkinElmer STA 6000 Thermo-Analyzer
coupled with a PerkinElmer Infrared spectrometer by increasing
the temperature from room temperature to 500 �C for 4 h under N2
flow of 20 mL min�1 to obtain the protonated H-Beta. The textural
and chemical characterization of these materials was accomplished
by ATR-FTIR, using a PerkinElmer Spectrum 100 s Spectrometer.
FTIR was obtained by the KBr wafer technique. N2 adsorption and
desorption measurements were carried out at �196 �C, using a
Quantachrome Nova-1200 gas sorption analyzer. Prior to the
analysis, the sample was pretreated at 150 �C under vacuum for 3 h.
The surface area was estimated by the BET equation, using p/



Scheme 1. Combined overview of different elementary steps of adsorption involved on the esterification of AA by alcohols over H-zeolites according to different postulated
mechanisms in the literature: Langmuir-Hinshelwood [25], Eley-Rideal [26], or a co-adsorbed complex [23]. adsEtOH: first step of alcohol adsorption; adsAAOH: first step of acetic
acid adsorption by OH group; adsAA(OH)/Et(OH): co-adsorbed complex postulated by Bedard [23]; adsAA(C]O): first step of acetic acid adsorption by C]O group followed by
activation of acetic acid to form a surface acetyl and subsequent reaction with an alcohol [26].
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p0 � 0.3 [33]. These data have been reported in the supplementary
information section.

2.3. Isothermal process

The isothermal process of AA and MeOH over H-Beta was
studied by TGA-IR. A sample of 20 mg of catalyst was packed into a
platinum crucible and flushed at 500 �C for 1 h with N2 at a flow
rate of 20 mL min�1. After pretreatment, the temperature was
reduced to 50 �C and 100 mL of MeOH and AA were placed into a
platinum crucible. The AA and MeOH were added in excess to
ensure saturation of the entire acid site in the catalyst. After AA and
MeOH adsorption onto the catalyst, nitrogen carrier gas was
flushed over the bed at a rate of 20 mL min�1 from 50 to 100 �C for
1 h to remove excess adsorbed reagents. After the isothermal
process, the samples are stabilized at 50 �C and then heated to
665 �C at a heating rate of 10 �C min�1. The products desorbing
from the catalytic surface during the temperature ramp were
analyzed by IR. The transfer line was heated and maintained at an
internal temperature of 240 �C to avoid condensation or adsorption
of semi-volatile products during the thermal degradation process.
The IR spectrum was recorded every 9 s in the spectral range be-
tween 4000 and 650 cm�1 with a resolution factor of 2 cm�1. There
is an approximate 100 s delay between the TGA result and the
corresponding spectra.

2.4. In situ ATR-FTIR spectroscopy

Infrared spectroscopic study of AA and MeOH adsorption on H-
Beta was conducted in ATR-FTIR mode using a diamond crystal.
After the zeolite was pretreated at 500 �C in TGA-IR with N2 flow of
20 mL min�1 for 1 h, the temperature was reduced to 70 �C and a
blank spectrum of the zeolite surface was taken as reference. The
reagents were then adsorbed onto the surface for 50 min at 105 �C
for AA and at 55 �C for MeOH to remove the excess of adsorbed
reagents on the zeolite surface. After the thermal treatment, the
samples of adsorbed reagents on zeolite were heated to 150 �C for
AA and to 100 �C for MeOH for spectra collection. The spectra were
acquired in the range of 4000e600 cm�1 at a resolution of 2 cm�1.
2.5. Quantum chemical calculations

Coordinates of the BEA zeolite framework were obtained from
the International Zeolite Association online database [34]. The
zeolite catalyst has been modeled by a 52T (T ¼ Si and Al tetrahe-
dral sites) quantum cluster model, with an overall composition
H62O72Si51Al(OH). (see Fig. S1 of the supporting information). This
extended cluster include the cavity that emerged at the channels
intersection of the catalyst and, therefore local effects (interaction
of adsorbates with the Brønsted and Lewis acid sites) and nonlocal
effects (van der Waals interactions with the zeolite cavity or
confinement effects) are taken into account. The active site was
positioned at the intersection channel because these locations offer
maximal available space, result in minimal restrictions and has
been chosen as the active site for the study of several reactions
[35e38]. Similar 52T cluster model was used by Van der Myns-
brugge and co-workers for the study of benzene methylation by
methanol on H-Beta zeolite [37].

Initially, because the system is computationally demanding, we
used a combined theoretical model, namely ONIOM [M06e2X/6-
31G(D):PM6], in order to predict the geometries of various
adsorption structures (results not shown). To preserve the integrity
of the zeolite structure during the structure optimizations, only the
acid site region (AlOHSi2O9 or 3T) and the adsorbedmolecule in the
high-level layer were relaxedwhile the rest of the systemwas fixed.
The most stable structures were selected and re-optimized using
Density Functional Theory. During geometry optimization, all
atoms of the 52T zeolite cluster model were frozen in their opti-
mized position except for atoms located in the 3T region and the
reactantmolecules. TheM06e2X [39,40] density functional and the
6-31G(D) basis set were used in all calculations. Previous studies by
others authors showed that the density functional theory using the
M06e2X functional provided quite good results compared to
functionals without dispersion energy terms for study the
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interaction of organic molecules inside the zeolite pores, including
polar molecules [40e45].

All stationary points were characterized by calculating the
Hessian matrix and analyzing the vibrational normal modes.
Vibrational frequencies were scaled by the factor 0.947 [46]. From
each optimized geometry, vibrational modes were used to obtain
zero-point vibrational energies and finite temperature corrections
required to calculate enthalpies. All calculations were performed
with the Gaussian 09 software [47].

The adsorption (Eads) and co-adsorption energies (Eco-ads) for
stepwise process were calculated by:

Eads ¼ Eðadsorbed complexÞ �
�
EðzeoliteÞ þ Eðreactant1Þ

�
(1)

Eco�ads ¼ Eðcoadsorbed complexÞ �
�
Eðadsorbed complexÞ þ Eðreactant2Þ

�

(2)

where E(adsorbed complex) is the total energy of optimized adsorbed
complex, E(zeolite) the total energy of the H-Beta zeolite, E(reactant) the
total energy of the isolated reactant molecule (MeOH or AA) and
E(co-adsorbed complex) the total energy of optimized co-adsorbed
complex.

For concerted process, the adsorption energy was calculated via
Equation (3).

Eads ¼ Eðadsorbed complexÞ �
�
EðzeoliteÞ þ Eðreactant1Þ þ Eðreactant2Þ

�

(3)
3. Results and discussion

3.1. Characterization of catalysts

Activation of the H-Beta zeolite was performed by combined
TGA-IR, resulting in the identification of two mass loss processes
(see Fig. S2 of the supporting information). The first process iden-
tified by Derivative Thermogravimetric Analysis (DTG) is related to
the desorption of water molecules that are free or adsorbed on the
surface of the zeolite. It occurs between 50 and 250 �C, and similar
results were found by other authors for other zeolites [48,49]. A
new process relative to the thermal degradation of NH4

þ occurred
from 270 �C to 580 �C, as shown by IR in the analysis of desorbed
gases of the zeolite (Fig. S3 of the supporting information).

The spectra of the desorbed gases of the catalyst in the region of
1200e700 cm�1, as a function of the temperature variation
(50e665 �C), present two bands in the regions of 963 cm�1 and
929 cm�1, referring to the desorption of NH3 on the surface of the
catalyst, according to the previous study by Hippler and co-workers
[50]. This thermal process results in the formation of Brønsted acid
sites, since NH3molecules do not exhibit high adsorption affinity on
Lewis sites that are unable to form strong hydrogen bonds,
resulting in the formation of active sites on the zeolite, this effect is
in agreement with the results of other authors [51]. The surface
area found for the H-Beta zeolite was 571 m2 g�1, similar to pre-
vious findings in the literature [23]. The experimental IR-spectrum
of H-Beta is characterized by a band in the 3615e3600 cm�1 in-
terval corresponding to the isolated BAS, and another in the
3750e3740 cm�1 range associated with external silanol groups
[52,53]. The FTIR identified the presence of framework SieOHeAl
groups at 3640 cm�1, water at 3442 cm�1 and 1628 cm�1 (sup-
porting information, Fig. S5 and Table S2). ATR-FTIR identified the
presence of silanols groups at 3740 cm�1 (Fig. S6 of the supporting
information) according to results reported previously by Bordiga
et al. [52].
3.2. Acid acetic and methanol adsorption by using TGA-IR

The adsorption of AA and MeOH was previously studied on the
desorption isotherm as shown by the supportingmaterial Fig. S7. In
this process, 70% of mass of AA at 115 �C and of MeOH at 55 �C were
removed, in which both experiments were stabilized between 25
and 30 min. Removal of excess of AA and MeOH in the isotherm is
associated with molecules of both reactants that are adsorbed in
layers or do not interact with silane groups (≡Si-OH) or with
Brønsted acid sites of the H-Beta zeolite. The desorption process of
the adsorbedmolecules on the catalyst after the isothermal process
was monitored by TGA-IR. The thermogravimetric profile of the
desorption of AA and MeOH under inert atmosphere (N2) is shown
in Fig. 1. Then, the IR spectra of the desorbed gases from the catalyst
surface were also monitored, as shown in Fig. 2.

3.2.1. Thermogravimetric - evolved gas analysis for MeOH
The results concerning the TGA curve show mass loss that

ranges from 50 �C to 665 �C (Fig. 1a). The analysis of DTG for MeOH
desorption showed four interconnected processes. The first two
processes (identified by the convolution peaks at 95 �C and 142 �C)
occur between 50 and 206 �C and are relative to MeOH molecules
physisorbed on the surface of H-Beta. Other authors using ZSM-5
zeolite suggested that during the desorption/reaction process
most of the protonated methanol is desorbed without reacting
below 226e249 �C [54,55] similar behavior is observed in this
work.

The gases desorbed from the catalyst surface weremonitored by
IR, as shown in Fig. 2a. For the desorption of MeOH in the gas phase,
there were bands at 2972 cm�1 for the axial deformation of the C-H
bond and 1053 cm�1 for deformation of the C-O bond present in
MeOH molecules desorbed in the gas phase. Above 210 �C, no free
MeOH spectra were identified. However, the spectrum identified
that the band in the region of 2972 cm�1 extends to 300 �C,
referring to symmetrical and asymmetrical stretching Csp3-H [56]
that are related to a species desorbed from the surface of the
catalyst. The hypothesis for the interpretation of this effect is
centered on decomposition of hydrocarbon species (HC) resulting
from the reactivity of methyl groups covalently adsorbed on the
surface of the zeolite (Al-O-CH3) suggesting the presence of
dimethyl ether and HC species as was suggested by other authors
[57]. Mirth and Lercher, when investigating the surface chemistry
of methanol on H-ZSM-5, also suggested, the formation of dimethyl
ether and HC molecules that are produced by the reactivity of
methanol with methoxides [SiO(CH3)Al] [54]. The third and fourth
processes between 240 �C and 303 �C are attributed to the thermal
degradation of Al-O-CH3, resulting in the deactivation of the
catalyst.

3.2.2. Thermogravimetric - evolved gas analysis for AA
The results of the desorption of AA by TGA show a 10% mass loss

over a wide temperature range (50e565 �C), which starts above
100 �C. Based on the deconvolution of the DTG curves, four
different mass loss processes could be identified.

The first process at 175 �C refers to the desorption of AA mole-
cules that are physically adsorbed on ≡Si-OH groups and Brønsted
acid sites by hydrogen interactions, forming a desorption temper-
ature range that starts above 90 �C and extends to 250 �C. Similar
results were reported by other authors for H-ZSM-5 [58]. The
desorbed gases of the surface up to 250 �C confirmed the desorp-
tion of AA monomers monitored by the evolution of the bands at
1798 cm�1 and 1772 cm�1, relative to the axial deformation of C]O,
and 1179 cm�1, relative to the deformation of the C]O stretching.
Phung et al. for AA adsorbed on alumina catalyst showed that the
gas phase spectrum of AA is composed by the spectra of the



Fig. 1. Thermogravimetric Analysis (TGA), Derivative Thermogravimetric Analysis (DTG) and deconvolution of the DTG curves results for (a) adsorption of methanol on H-Beta (b)
adsorption of acetic acid on H-Beta. Conditions: N2 flow 20 mL min�1; Temperature range from 50 to 650 �C with a heating rate of 10� C min�1.

Fig. 2. IR spectra of desorbed gas phase of (a) methanol and (b) acetic acid adsorbed on H-Beta zeolite.
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monomeric species (C]O stretching mode at 1788 cm�1), and the
H-bonded dimer (C]O stretching at 1729 cm�1), the spectrum is
essentially not modified until 250 �C [59].

The second process at 270 �C is directly interconnected with the
reactivity of AA over BAS, because in this process the presence of
free AA is not identified by IR. The findings indicate that the for-
mation of a strongly adsorbed species possibly occurred on the acid
zeolite, and this species is degraded above 270 �C. Previous studies
by Kresnawahjuesa et al. on the desorption of AA in HZSM-5,
monitored by mass spectrometry and gas chromatography, iden-
tified the formation of products such as CO2 and acetone between
226 �C and 326 �C [58]. Thus, the effects found by TGA-IR indicate
that the first and second processes are interconnected and themass
loss of DTG above 270� refer to the thermal degradation of adsor-
bed AA onto the zeolite structure as an intermediate. The gradual
increase in temperature causes simultaneous reactions that result
in the formation of acetone, water, ethylene, methane and CO2 as
products desorbed on the zeolite surface [58,60].

The third process identified by DTG deconvolution at 390 �C
characterizes the desorption of a small amount of carbon resulting
from the formation of high molecular weight species on the cata-
lyst, thus initiating the fourth process, identified at 515 �C, inwhich
there occurs the oligomerization and condensation of high mo-
lecular weight HC species that are degraded on the surface of the
catalyst at high temperatures, deactivating the catalytic sites
because of coke formation on the catalyst.

The behavior of both reagents (AA and MeOH) adsorbed on H-
Betawere observed by deconvolution of the DTG curves (Fig.1). The
observations show that, in both desorptions and readsorption
process, the values of the deconvolution peak above 100 �C can be
affected by several factors as demonstrated by Gorte, informing
that in many cases, only qualitative features can be obtained [61].
The results from DTG suggest that the first molecules to be des-
orbed are interacting with ≡ Si-OH groups or with adsorbed mol-
ecules on BAS. Then, the desorbed molecules result from the
adsorbed molecules on the Brønsted sites inside the zeolite
resulting in stronger interactions (hydrogen bonding) in which
both the acidic strength of the BAS and the confinement effect of
the framework of catalyst favour a strong adsorbate-catalyst
interaction.



Fig. 3. ATR-FTIR spectra in the region of (a) 3800-2400 cm�1 and (b) 1900-1300 cm�1. Top panel: H-Beta zeolite (black solid line), adsorbed methanol (blue dotted line) and
adsorbed acetic acid (red dashed line) on H-Beta zeolite. Down panel: acetic acid and methanol. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Most stable structures found for the adsorption of acetic acid and methanol on
the Brønsted acid site of H-Beta zeolite: (a) Adsorbed methanol; (b) Adsorbed acetic
acid where ads_AA(C]O) involves the adsorption of the AA on the BAS by the carbonyl
group and ads_AA(OH) implied the adsorption of the AA on BAS by the hydroxyl group.
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3.3. In situ ATR-FTIR spectroscopy and quantum chemical
calculations

The ATR-FTIR spectra of MeOH and AA adsorption on H-Beta
zeolite are shown in Fig. 3. Fig. 4 shows the most stable structures
found for adsorbed MeOH and AA on H-Beta, and Table 1 reports
their corresponding energies. Table 2 summarized the most
important vibrational frequencies calculated at M06e2X/6-31G(D)
level for the isolated molecules and the adsorbed complexes.
Moreover, the same table also lists experimental and theoretical
frequencies of AA recently published by other authors [62] in order
to validate the methodology used in this work.

3.3.1. Methanol adsorption
Methanol adsorption inside zeolites is a research topic onwhich

several studies, both experimental and theoretical, have been re-
ported in the literature [27,53,63e71]. Our results are in general
accord with the majority of previously published data and will be
discussed only briefly.

The IR spectra of the gas phase alcohols is characterized by CeH
stretching (3065e2902 cm�1) and bending (1471e1422 cm�1), CH3
bending (1423e1345 cm�1) and OH stretching (3787e3747 cm�1)
vibrations [64]. In the liquid phase, a broad band between the
3800-3100 cm�1 interval with a wavenumber at 3250 cm�1 is
assigned to the hydrogen-bonded OH groups [72]. For methanol
adsorbed in zeolites (H-MOR, H-Y and H-ZSM5), there have been
reports of bands around 3000e2800 cm�1, corresponding to CH
stretching bands, around 1470e1380 cm�1 corresponding to CH
bending, and at 3230 cm�1 related to adsorbed methanol dimer
[66]. Additionally, a recently experimental and theoretical study of
ethanol adsorption on H-ZSM-5 showed that ethanol adsorbs at
low ethanol loading as a single monomer on BAS (characteristic
band at 3550 cm�1), and at higher ethanol loading as a predomi-
nant dimeric species (broad band around 3200 cm�1, low intensity)
[73].

Isolated methanol shows a strong band in the 3600e3100 cm�1

region centered at 3322 cm�1, indicating the presence of hydrogen-
bonded OH groups; also, the 2944 and 2832 cm�1 symmetrical and
asymmetrical bands related to the C-H stretching are observed in
the high wavenumber region (Fig. 3a). After the adsorption process,
CeH bands decreases and shifts toward higher wavenumbers
(around 2956 and 2847 cm�1) and, vOH band decreases drastically
in intensity. The last observation is associated with the (i) hydrogen



Table 1
Adsorption energies (Eads), adsorption energies corrected by ZPE (Eadsþzpe), adsorption enthalpies (DH�), and co-adsorption energies (Eco-ads), in (kJ mol�1) for adsorption of
methanol and acetic acid on H-Beta zeolite calculated at M06e2X/6-31G(d) level.

Adsorbed complex

Adsorption Co-adsorption

Eads Eadsþzpe DH�
ads Eco-ads Eco-adsþzpe DH�

co-ads

Stepwise
ads_MeOH �119.7 �125.9 �130.7 e e e

ads_AA(C]O) �128.2 �140.9 �143.7 e e e

ads_AA(OH) �83.0 �80.6 �79.6 e e e

ads_AA(OH)-coads_MeOH e e e �81.3 �81.0 �86.5
ads_AA(C]O)-coads_MeOH e e e �59.1 �58.0 �60.8
ads_ MeOH-coads_ A(C]O) e e e �93.4 �91.3 �90.2
ads_ MeOH-coads_ AA(OH) e e e �74.1 �72.5 �65.0

Concerted
ads_AA(C]O)/MeOH �190.0 �188.7 �194.6 e e e

ads_AA(OH)/MeOH �151.4 �150.3 �153.1 e e e

Table 2
Vibrational frequencies (cm�1) for H-Beta zeolite, acetic acid (AA), methanol (MeOH) and adsorbed complexesa calculated at M06e2X/6e31(G) level.b

AAc H-Beta AA ads_AA(C]O) ads_AA(OH) MeOH ads_MeOH

Exp. Calc. Calculated

v(OHz) e e 3562 e 1269 2777 e 1477
v(OH) 3564 3794 e 3578d 3070 3446 3636 3473
v(C]O) 1779 1805 e 1818 1758 1845 e e

v(C-O) 1259 1353 e 1185 1267 1156 1077 1061
vHCH2 s. 3051 3237 e 3051 3051 3056 3007 3057
vHCH2 a. 2996 3196 e 3018 3006 3008 2933 3029
vCH3 2944 3115 e 2946 2934 2940 2882 2944
dHCH2 s. 1434 1501 e 1425 1409 1417 1464 1448
dHCH2 a. 1439 1506 e 1425 1424 1414 1451 1451
dCH3 1379 1434 e 1305 1336 1357 1435 1477

a Ads_AA(C]O): adsorption of acetic acid on the BAS by C]O group; ads_AA(OH): adsorption of acetic acid on the BAS by OH group; ads_MeOH: adsorption of methanol.
b All frequencies were scaled by a factor of 0.947 [46].
c From Ref. [62].
d For acetic acid dimer, v(OH) ¼ 3136 cm�1 (doubly H-bonded structure).
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bonding interactions between adsorbed MeOH on BAS and mole-
cules of MeOH that have been desorbed, (ii) the strong adsorption
of MeOH on both BAS (Hz) and with a nearest-neighbor framework
oxygen bridge with respect to the acid proton (O2), leading to a
decrease in intensity of vOH after adsorption. Then, our results
show a physical adsorption of methanol on the surface of H-Beta
zeolite, but not proton transfer.

For methanol adsorption on H-ZSM5, Lee and Gorte reported an
experimental value of �115.5 kJ mol�1 [74], no experimental data
for methanol adsorption on H-Beta are founded in the literature.
The calculated adsorption energy (Eads) for MeOH adsorption on H-
Beta is �119.7 kJ mol�1 (See Table 1), which agrees with the
calculated energy reported by other authors at the B3LYP-D3 level
[37] and, is close to the experimental value reported for H-ZSM-5.
The above mentioned papers have described the presence of two
hydrogen-bonds: the first is medium to strong and the second is
much weaker.

For H-Beta, our theoretical calculations predict the vOHz
stretching band at 3562 cm�1 (Table 2). For gas phase MeOH, the IR
spectra shows the CeH stretching bands at 3007 cm�1 and
2993 cm�1 (symmetrical and asymmetrical respectively), CeH
bending bands at 1464 and 1451 cm�1, and OH stretching at
3636 cm�1. Upon methanol physisorption, the frequencies related
to vCH3, dHCH2 and dCH3 are not significantly affected by complex
formation. However, there was a slightly shift of vHCH2 towards
higher wavenumbers (shift from 2933 cm�1 to 3029 cm�1), because
of a hydrogen bonding with an oxygen atom (OZ) of the framework.
In addition, the vOH stretching mode is shifted to lower wave-
numbers (3473 cm�1) and the vOHZ one is shifted to 1477 cm�1
(Dv ¼ 2085 cm�1), showing a stronger adsorption in agreement
with other authors [52,64,69].

3.3.2. Acetic acid adsorption
For AA adsorption, two possibilities for the interaction of the AA

with the proton of the BAS (Hz) can be occur, that is, by interaction
of the carbonyl or the hydroxyl group of the AA with the BAS,
resulting in a different activation of the organic molecule. Both
possibilities have been investigated, and the most stable structures
found for adsorbed AA are shown in Fig. 4b.

It was found that the most stable structure for the adsorption of
the AA corresponds to the ads_AA(C]O) complex, where the main
interactions are HZ$$$OB (d ¼ 1.30 Å) and HA$$$O2 (d ¼ 1.67 Å). The
last one is related to the interaction between the hydroxyl group of
AA and the oxygen of the Al-O-Si bridge (O2) of the catalyst. The
first one can be characterized as a strong hydrogen bond and the
second as an H-bond of moderate strength according to geomet-
rical parameters [75]. In addition, the methyl group lies near the
intersection of both channels and its hydrogen atoms are oriented
to the closest oxygen atoms of the framework of the catalyst (Oz)
giving rise to possible H-Bond interactions.

For the ads_AA(OH) complex, the OH group of AA interacts with
both Brønsted acid site and O2, and the main interactions are
HZ$$$OA (d ¼ 1.59 Å), and HA$$$O2 (d ¼ 2.01 Å). In this case, the
carbonyl oxygen (OB) does not show a direct interaction with the
acid or basic site.

The adsorption enthalpy for the ads_AA(C]O) complex
(DH�

ads ¼ �143.7 kJ mol�1) is lower than that of the ads_AA(OH)
complex (DH�

ads ¼ �79.6 kJ mol�1) by 64 kJ mol�1. Other possible
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adsorbed complexes are found to be higher in energy (results not
shown). To the best of our knowledge, no data for adsorption en-
ergies of AA on H-Beta have been reported in the literature. In
addition, Table 1 shows minor differences between corrected
adsorption energies and adsorption enthalpies. The most stable
complex involves a structure where the C]O group is oriented to
the proton of the BAS and the OH group is oriented to the Al-O-Si
bridge, forming two hydrogen bonds; in addition, the hydrogens
of methyl group are oriented to the oxygen atoms of the zeolite
wall. Then, the main difference is related to the orientation of the
organic molecule in the cavity; as can be observed in the model
ads_AA(C]O), the carboxylic group is oriented in order to promote
stronger and more numerous adsorbate-catalyst interactions.

The ads_AA(C]O) complex is the most stable one probably
because AA is oriented in order to form two strong hydrogen bonds
between both oxygens (carbonyl and hydroxyl group) with the
zeolite; by contrast, the ads_AA(OH) complex does not show any
direct interaction between the carbonyl oxygen and the BAS or the
Al-O-Si bridge.

Vibrational Assignments: before we have analyzed different
adsorption configurations of AA, in the following we analyze the
vibrational features of these configurations. Vibrational assign-
ments of experimental infrared spectra have been made by
comparing themwith those previously reported in the literature for
the FAU zeolite [76] and also with the computed ones. The
assignment of experimental frequencies is based on the observed
frequency shifts and the intensity changes in the infrared spectra of
adsorbed species and, are confirmed by establishing a correlation
between observed and theoretically calculated frequencies. In
general, the frequencies of the experimental infrared spectra are
quite nicely predicted by the calculation. As can be observed in
Table 1, our calculated frequencies for isolated AA are in agreement
with the experimental values and previously reported frequencies
calculated at MP2/6e311þþG(2d,2p) level [62]. In addition, it is
interesting to emphasize that with ATR-FTIR spectroscopy, the
analysis is based on the probe molecule.

The ATR-FTIR spectrum of AA pure in the 1900e1300 cm�1 re-
gion shows a band centered at 1705 cm�1 and another one centered
at 1395 cm�1 (see Fig. 3b). The interpretation of the vibrational
spectrum of adsorbed acetic acid on H-Beta zeolite, in the region of
1900e1300 cm�1, is difficult because the spectrum reflects over-
lapping broad bands, hence the assignment of the observed bands
is not straightforward and, in such situations, computational
methods can be helpful.

Murphy and co-workers [76] studied the exchange of hydrogen
between AA and the Na cation of NaY, and found the vibrational
bands corresponding to the C]O stretchingmode (vC]O,1730 and
1707 cm�1), and CH3 bending modes [dCH3, 1430 cm�1 (asym-
metric) and 1385 cm�1 (symmetric)] of AA, indicating the presence
of molecularly adsorbed AA (formed before the hydrogen/Na ex-
change). Kresnawahjuesa et al., by using FTIR spectroscopy, showed
that AA forms a strong hydrogen-bonded complex with the
Brønsted sites of H-ZSM5 zeolite that is characterized by n(CeH)
stretching frequencies of 1740 and 1750 cm�1 [58]. However, none
of them reported a specific adsorptionmode. In order to answer the
critical question about the reaction mechanism and how the AA
molecules are preferably oriented on the active site of the catalyst,
an understanding of the adsorptionmode should be provided, since
the mode of adsorption of AA (either by OH or by C]O) will
determine different paths in the next step of the reaction. Bedard
et al. suggested in their proposed mechanism that the adsorption
mode of AA should be by the OH group (according to their Scheme
4) [23].

After adsorption, the shift toward higher wavenumbers at
1434 cm�1 in the bending CH3 region and the appearance of a new
band at 1479 cm�1 may be attributed to the interaction between
the hydrogens of the methyl group and the oxygen of the zeolite
lattice. Nevertheless, there were no significant differences when
comparing the shift of these calculated frequencies (dHCH2 a./s. or
dCH3) between both AA adsorbed complexes [ads_AA(C]O) and
ads_AA(OH)] and the free AA; thus, the analysis of these fre-
quencies in both experimental and theoretical spectra does not
indicate any evidence to discriminate between both adsorption
modes (Table 2). In addition, the vibrational properties of adsorbed
complexes are influenced by the interaction with the zeolite
framework which, in turn, depends on its position within the
zeolite.

Focusing the attention on the spectral region between 1800 and
1600 cm�1 (Fig. 3b), it can be seen that the vC]O band changes in
relative intensity (decreases), and two new bands centered at 1668
and 1616 cm�1 appear, thus indicating that the acetic acid is
molecularly adsorbed (but not protonated) and interactions be-
tween the carbonyl and the catalyst are presented (interactions that
perturb the electronic density of carbonyl oxygen and weaken the
double bond). However, one cannot distinguish which model pre-
vails between the two adsorption models.

Similarly, in both adsorption modes the changes in calculated
vC]O are similar (Table 2), but differences in DH�

ads are significant
(Table 1). As can be seen, theoretical results do not differentiate
adsorption mode only by analyzing the vC]O because it does not
change significantly [shifted 27 cm�1 toward higher wavenumbers
or shifted 60 cm�1 toward lower wavenumbers, for ads_AA(OH)
and ads_AA(C]O), respectively].

In the 4000e2400 cm�1 region (Fig. 3a), the isolated acetic acid
spectrum exhibits a band centered at 2625 cm�1 that is attributable
to C-H stretching and, another extremely broad band in the
3700e2700 cm�1 region (higher intensity at 3034 cm�1) which
upon adsorption appears as a new broad band centered at
3122 cm�1. In addition, the vOH band at 3740 cm�1 for isolated H-
Beta catalyst disappears after adsorption, showing that AA was
adsorbed not only on the Brønsted acid site, as well as on the
external silanol groups (weak interaction).

For isolated AA, the signal at 3034 cm�1 band (Fig. 3a) is
attributed to the acetic acid dimer due to the hydrogen-bonded
structure [v(OH) ¼ 3136 cm�1, Table 2]. After adsorption, an
evident spectral perturbation is observed. An interesting discussion
is showed by the analysis of the vOH stretching mode of AA from
theoretical calculations. For adsorbed complexes, significant dif-
ferences are observed when comparing the magnitudes of the
v(OH) in ads_AA(C]O) with ads_AA(OH). Results from theoretical
calculations predict that for ads_AA(C]O) the band due to OH
stretching mode of adsorbed acetic acid should be appear at
approximately 3070 cm�1, whereas if the adsorption mode is
ads_AA(OH) then, v(OH) should appear at 3446 cm�1 (See Table 2).
In addition, no significant differences should be observed onDv(C]
O).

Then, the broad band centered at 3122 cm�1 is assigned to the
OH stretching frequency in the ads_AA(C]O) complex according to
the calculated frequencies. This vibrational frequency is associated
with the OH stretching toward the Al-O-Si bridge, indicating that
the adsorption mode of AA is related to the adsorption of the
carbonyl group on the Brønsted acid site (See Fig. 4b). In summary,
these results suggest that the predominant adsorption mode in-
volves the ads_AA(C]O) complex.

3.3.3. Co-adsorption of acetic acid/methanol
Elementary steps of physical adsorption were considered in

order to obtain the adsorbed complex of acetic acid/methanol
postulated by Bedard [23]. We will restrict our discussion to the
possible routes for formation of this complex because it has been
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suggested that it is involved in the rate-determining reaction step
of the mechanism of Bedard. The formation of this adsorbed
complex on Brønsted acid site can originate from two separate
pathways (by a stepwise or a concerted process) that will give rise
to several different adsorption structures. The first option (stepwise
process) involves the adsorption of AA and co-adsorption of MeOH
where two different possibilities were analyzed; first, the adsorp-
tion of AA, where the adsorption on the BAS occurs by the hydroxyl
group or by the carbonyl group followed by co-adsorption ofMeOH.
Themost stable structures for this adsorptionmode are ads_AA(C]
O)-coads_MeOH and ads_AA(OH)-coads_MeOH. The second option
(stepwise process) involves first MeOH adsorption on Brønsted acid
site followed co-adsorption of AA (by C]O or OH group). In the
Fig. 5. Most stable structures found for adsorption of acetic acid/methanol complexes on H
adsorption of MeOH, [ads_AA(C]O)-coads_MeOH]; adsorption of the AA on BAS by hydroxy
on BAS and co-adsorption of AA by carbonyl group, [ads_MeOH-coads_AA(C]O)]; and ad
coads_AA(C]O)]. (b) Concerted process: adsorption of both AA by carbonyl group and MeO
MeOH on BAS, [ads_AA(OH)/MeOH].
third option, AA and MeOH adsorption on the BAS both occur
simultaneously in a single step, sharing the proton of the zeolite
(concerted process). We will only discuss in detail the most stable
species that are shown in Fig. 5, with their respective energies in
Table 1 and Fig. 6.

Stepwise process: in this case, the first molecule is adsorbed on
the BAS and the next step involves the co-adsorption of the second
molecule onto the adsorbed complex. It can be observed that
adsorption of ads_AA(C]O) in the first single step
(�143.7 kJ mol�1) is energetically preferred than ads_MeOH or
ads_AA(OH) adsorption (�130.7 and �79.6 kJ mol�1 respectively).
Then, the second step should involve co-adsorption of the second
adsorbate on the ads_AA(C]O) complex and, structures involving
-Beta zeolite. (a) Stepwise process: adsorption of AA on BAS by carbonyl group and co-
l group and co-adsorption of MeOH, [ads_AA(OH)-coads_MeOH]; adsorption of MeOH
sorption of MeOH on BAS and co-adsorption of AA by hydroxyl group, [ads_MeOH-
H on BAS, [ads_AA(C]O)/MeOH]; and adsorption of both AA by hydroxyl group and



Fig. 6. Enthalpy profile for the adsorption and co-adsorption of methanol and acetic
acid on H-Beta zeolite.

Scheme 2. Revised mechanism for the formation of the adsorbed complex of acetic
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co-adsorption on the ads_MeOH or ads_AA(OH) complexes should
be discarded according to energetic criteria (See Fig. 6).

As stated above, the most favorable complex involves the
adsorption of AA by the carbonyl group on the BAS
(HZ$$$OB ¼ 1.23 Å) followed by co-adsorption of MeOH
(HA$$$OM ¼ 1.43 Å), denoted as ads_AA(C]O)-coads_MeOH (the
total energy complex, DH�

adsþcoads ¼ �204.5 kJ mol�1). Computed
bond distances for the main interactions suggest strong hydrogen
bonding. In addition, ads_AA(OH)-coads_MeOH complex is found
about 38.1 kJ mol�1 higher in energy. In the last complex, AA binds
to the Brønsted site by forming two hydrogen bonds, HZ$$$OA and
HA$$$O2, with the bond distances of 1.55 Å and 1.90 Å respectively,
while the MeOH interacts with the methyl group of adsorbed AA by
a weak interaction (dC-H$$$OM ¼ 2.42 Å). It is interesting to point
out that this last complex higher in energy, corresponds to a
structure according to Scheme 4 of proposed mechanism in the
article published by Bedard and co-workers [23]. However, ac-
cording to our results is more favorable a co-adsorbed complex
where AA interacts with the BAS by the carbonyl group.

For the ads_MeOH-coads_AA(C]O) or ads_MeOH-
coads_AA(OH) complexes, the MeOH is first adsorbed on BAS, fol-
lowed by the AA co-adsorption. For ads_MeOH-coads_AA(C]O),
there is a strong adsorption of MeOH on BAS (dHz$$$OM ¼ 1.24 Å)
and the AA binds to the MeOH (dOB$$$HM ¼ 1.98 Å) without
interacting directly with the active site. For the ads_MeOH-
coads_AA(OH) complex the Hz$$$OM and HM$$$O2 distances lie in
1.45 Å and 2.23 Å respectively, and the HA$$$OM distance lies in the
1.94 Å value.

Concerted process: for adsorption of both AA andMeOH on BAS,
the results show that ads_AA(C]O)/MeOH is the most stable
complex, with a total enthalpy of �194.6 kJ mol�1. If we considered
the dimer AA/M-OH adsorbed complex of the postulated mecha-
nism of Bedard [23] where the adsorption of AA takes place through
the hydroxyl group, the ads_AA(OH)/MeOH complex is formed.
However, again we found that the ads_AA(C]O)/MeOH complex
that involves adsorption of both AA by carbonyl group and MeOH
on BAS is preferred by 41.5 kJ mol�1 (DH�

ads ¼ �194.6
vs �153.1 kJ mol�1).

Concerning the most stable structure, an interesting feature is
that the proton of Brønsted acid site (Hz) is shared between the two
adsorbed molecules and, MeOH also interacts with one of the
neighboring basic oxygen atom of the zeolite (O2); in addition,
there is a guest-guest interaction between AA and MeOH. For the
other complex, AA interacts by the hydroxyl group with the acid
and basic site of zeolite (similarly to the structure of the stepwise
adsorption mechanism; however, longer distances are observed)
and, the two adsorbed molecules share the Hz proton. A similar
feature was observed for the other complex, where the hydroxyl
groups of both AA and MeOH share the Hz proton of the zeolite.

Stepwise vs concerted: In addition to ads_AA(C]O)/coad-
s_MeOH co-adsorption complex, AA/MeOH dimer complexes may
also form at the Brønsted acid site. Hence, AA/MeOH dimer for-
mation may compete with the formation of co-adsorbed com-
plexes. It can be observed that adsorption of AA (by carbonyl group)
and MeOH in a single step (�194.6 kJ mol�1) is energetically
preferred than AA (�143.7 kJ mol�1) or MeOH (�130.7 kJ mol�1)
adsorption, and then the adsorption of both reactants in the
concerted way will be the energetically favored process (See Fig. 6).
Additionally, the ads_AA(C]O)-coads_MeOH co-adsorbed com-
plex is most stable than the ads_AA(C]O)/MeOH dimer complex
by about 9.9 kJ mol�1. However, it should be emphasized that the
interaction energy between differences are small.

Summing up, the results provide evidence that formation of the
AA/MeOH adsorbed complex on a Brønsted acid site can originate
from two separate pathways, giving rise to different adsorption
structures. In one pathway, the dimer adsorption complex is
formed by adsorbing one AA (by C]O or by OH group) or MeOH
molecule at a time on the adsorption site followed by the co-
adsorption of the second molecule in a stepwise process. In the
other pathway, the AA/MeOH adsorbed complex is formed by the
simultaneous adsorption of both AA and MeOH on a single
Brønsted acid site in a concerted process. Considering the most
stable structures from both pathways, there are no significant dif-
ferences when comparing the magnitudes of the energy between
ads_AA(C]O)-coads_MeOH and ads_AA(C]O)/MeOH adsorbed
complexes.

In any case, the above results do not change the general picture
commented above: the complexes where the AA is adsorbed by the
carbonyl group are clearly the most stable ones. Thus, the rate-
determining reaction step should involve these adsorbed com-
plexes where acetic acid interacts with the zeolite by carbonyl
group, and then the mechanism should involve the protonation of
acid/methanol.
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the carbonyl group of acetic acid or the methanol molecule or
otherwise methanol and AA(C]O) are adsorbed on a single acid
site and react in a single concerted step. The revisedmechanism for
the formation of the adsorbed complex of acetic acid/methanol is
shown in Scheme 2.

4. Conclusions

In this work, TGA-IR, ATR-FTIR and DFT calculations at M06e2X/
6-31G(D) level are used for studying the adsorption of acetic acid
and methanol on H-Beta zeolite as a model of reaction of the first
step of esterification of FFA on H-zeolites in order to gain a deeper
understanding of the adsorption mechanism of these chemical
reactions.

Experimental results by coupled TGA-IR indicate different
adsorption processes on H-Beta, which are simultaneous for both
reagents and identify the ideal molecular adsorption range be-
tween 50 �C and 206 �C forMeOH and between 90 �C and 250 �C for
AA. These results suggest that the first process observed on the DTG
curve for both thermogravimetric experiments is related to the
evolution of MeOH and AA bands monitored by IR. The evolved gas
analysis clearly demonstrate that there is evolution of these species
without any reaction at temperatures below 250 �C for AA and
206 �C for MeOH. The substrates are physisorbed on these tem-
perature ranges due to the strong hydrogen interactions between
them and the catalyst.

The adsorption of methanol on H-Beta is characterized by v(C-
H) stretching bands at 2956 cm�1 and 2847 cm�1 and by v(OH) that
decreases drastically in intensity after adsorption, showing a
physical adsorption. Spectroscopic analysis of acetic acid adsorp-
tion shows vibrational bands corresponding to vC]O and dCH3
modes, and another vibrational band centered at 3122 cm�1 in the
experimental spectrum. The last one is assigned to OH stretching
frequency in the ads_AA(C]O) complex, according to the calcu-
lated frequencies. This vibrational frequency is associated with the
OH stretching of the acetic acid toward the Al-O-Si bridge of the
zeolite, indicating that the adsorption mode of acetic acid is related
to the adsorption of the carbonyl group on the Brønsted acid site.
Thus, the predominant adsorption mode involves the ads_AA(C]
O) complex where the acetic acid is molecularly adsorbed by the
carbonyl group on the Brønsted acid site of catalyst, and the OH
group is oriented to the Al-O-Si bridge.

Additionally, DFT calculations are utilized to predict and identify
the adsorption pathways of both species, since it has been sug-
gested by other authors that both AA and alcohol are involved in
the rate-determining step for esterification reactions on zeolites.
From the theoretical viewpoint, different models of adsorption of
acetic acid and methanol on the surface of H-Beta zeolite were
studied. The results found in the present work show that there are
two possible adsorption pathways, namely the stepwise process
where only one molecule interacts strongly with the BAS followed
by weakly co-adsorption of the other molecule and, the concerted
process where both acetic acid and methanol molecules interact
with the acid site. Both adsorption pathways predict that the acetic
acid is adsorbed by the carbonyl group, and the most stable species
involved a dimer of acetic acid/methanol adsorbed on the Brønsted
acid site.
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