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Abstract
Residual oils and fats are promising renewable sources for the production of liquid fuels and the synthesis of various chemi-
cals with significant life cycle and large-scale economic advantages over other biomass sources. Thus, oleic acid esterification 
was investigated on zeolites type FAU and sulfuric acid by kinetic, spectroscopic assessments and theoretical calculations 
using a hybrid ONIOM scheme. In the catalytic tests, the solid catalyst with the highest Si/Al (H-Y-80) ratio showed the 
highest catalytic activity for esterification (92% conversion) as compared to H-Y-5.2 (66% conversion), Na-Y (15% conver-
sion) and homogeneous acid catalysis (89% conversion). The catalytic activity between different acid catalysts is discussed. 
It was observed that the acidity of the active sites and the hydrophobicity resulting from the Si/Al molar ratio influence the 
esterification conversion. Theoretical calcultations predicts that the voluminous confined space of the FAU zeolite perfectly 
accommodates the oleic acid molecule in the adsorption step (Eads = − 25.5 kJ mol−1) and the van der Waals interactions of 
the zeolite walls with the aliphatic chain help to accommodate the bulky molecule between the supercages. Experimental and 
theoretical results confirm that H-Y-80 zeolite applied in the esterification reaction can be an efficient catalyst in processes 
involving conversion of unsaturated fatty acids.

Keywords Green chemistry · Oleic acid adsorption · Solid acid catalyst · Density functional theory · Confinement effects

1 Introduction

Lignocellulosic biomass, starches, vegetable oils and animal 
fats are very promising renewable sources for the produc-
tion of liquid and chemical fuels with significant life cycle 
and advantages of economies of scale over other biomass 
sources, however the structural nature of these molecules 
determines the routes transformation needed to value and 
convert carbon content into products of industrial interest 
[1]. Changes in the global challenges of energy, carbon 
(raw materials) and the environment (pollution control) are 
demanding innovative solutions in which material science 
and catalytic technology will play a crucial role in address-
ing key issues involving green chemistry [2].

Carboxylic acids esterification is a very used reaction for 
the chemical industry, mainly in the biofuels production, 
but it is highly dependent on the use of mineral and inor-
ganic compounds (e.g.,  H2SO4, HCl, HI and others), which 
require expensive and energy intensive water treatments [3, 
4]. In the green chemistry scenario, the development of non-
corrosive and recoverable acidic solid catalysts used in the 
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esterification reaction efficiently is therefore highly desirable 
for improving the process by bypassing the generation of 
large amounts of typically produced wastes [5, 6].

A wide range of acid and basic heterogeneous catalysts 
for free fatty acids (FFA) esterification and triacylglyceride 
(TAG) transesterification have been recently developed and 
extensively reviewed by different researchers [6–10]. How-
ever zeolites stand out in catalytic processes based on their 
strong and tunable acidity, microporous dimension allow-
ing control of molecular traffic and high reaction surface 
areas, its robustness and high thermal stability, leading to 
easy regeneration at high temperatures, and finally nature 
adjustable so that match the need for chemical transforma-
tion [11–13].

Zeolite acidity has been the subject of intense debate on 
the different mechanisms that guide the esterification reac-
tion. Many studies [4, 14, 15] indicate that the reaction of 
esterification in acidic zeolites occurs preferentially by the 
Eley–Rideal mechanism favoring initially the adsorption of 
the acid on the surface of the catalyst, other studies suggest 
that the mechanism of Langmuir–Hinshelwood is preferred. 
Bedard et al. [16], demonstrated that between the differ-
ent stages of the reaction, the presence of an intermediate 
formed by acetic acid and ethanol could be found in different 
types of zeolites. Recently, from the molecular viewpoint, it 
was evaluated the adsorption and coadsorption steps of ace-
tic acid and MeOH on the H-Beta zeolite and was observed 
that the adsorption complex involving the sharing of the 
proton by both reactants in a single step is extremely strong 
when compared to the adsorption by a single molecule [17].

Various studies involving protonated zeolites show that 
besides the discussion about the adsorption mechanism, the 
structural topology of different zeolites makes it impossible 
to apply for the esterification of bulky reagents due to the 
shape-selectivity that controls the diffusion process in the 
micropores [18–21]. However, different research groups in 
order to determine the effect of different acidic zeolites on 
the esterification [14, 15, 22–28] using reaction temperatures 
in the range of 60–130 °C with low carboxylic acid:alcohol 
molar ratios (1:1–1:9), have shown that acid strength, chan-
nel structure and hydrophobicity can beneficially influ-
ence the formation of products. These results presented in 
the literature contrast with some studies that suggest that 
microporous materials are suitable for esterification reac-
tions of bulky acids as in the case of oleic acid (OAc) which 
can be considered as a biomass conversion model, because 
it is present in several raw materials derived from biomass.

Among the different zeolite framework topologies, 
Faujasite (FAU type zeolite) has large pores diameter 
(0.74–0.8 nm) [29, 30] that can be used to accommodate 
bulky fatty acids between its large supercages. Corma et al. 
[31] investigated the esterification of phenols in hierarchical 
H-Y and observed that adjusting the Si/Al ratio, the solid 

acid catalyst activate the reaction very similar to  H2SO4, 
similar results were presented by Kirumakki [14, 15]. How-
ever, it should be noted that esterification reactions at tem-
peratures of 60–70 °C result in the formation of water, which 
alters the reaction equilibrium for less product formation, so 
it is necessary to carry out the esterification reaction near 
150 °C, removing water from the reaction medium by evapo-
ration [32].

Doley et al., [28, 33] obtained good conversions in the 
esterification of OAc on H-Y prepared from kaolin, under 
mild conditions. Similar results were also presented recently 
[27] for the esterification of palmitic acid on H-Y, suggest-
ing that the pore size and hydrophobicity/hydrophilicity bal-
ance, rather than acid site properties are critical for efficient 
esterification of bulky fatty acids. However, experimental 
and theoretical studies involving unsaturated fatty acids and 
their relationship with pore and cavity sizes in the crystalline 
structures of zeolites are necessary in order to obtain valua-
ble information on the role of the confinement effect and the 
catalytic activity in chemical reactions involving processes 
of conversion of biomass. Thus, in this work was reported 
a study on the esterification of oleic acid on different FAU-
type zeolites and compare it with the homogeneous acid 
catalysis, theoretical calculations are used as a support to 
relate the size of the limiting reactant to the catalyst structure 
explaining the adsorption of OAc into the pores and cavities.

2  Experimental

FAU zeolites ( NH+

4
− Y , Si/Altot = 80, 780 m2 g−1; NH+

4
− Y , 

Si/Altot = 5.2, 660 m2 g−1) were purchased from Zeolytes 
International. Zeolite materials were calcined at 550 °C for 
3 h under  N2 flow in a multi-purpose unit, yields the H-Y-80 
and H-Y-5.2 zeolites used in the reaction. The Na-Y zeolite 
(Si/Altot = 2.6, 789 m2 g−1) was obtained from FCC S. A. 
(Fábrica Carioca de Catalisadores S. A.). It was subjected 
to calcination at 550 °C for 3 h. Sulfuric Acid  (H2SO4,) was 
used as the homogeneous catalyst for comparison of yields 
with the FAU type heterogeneous catalysts.

The chemical characterization of these materials was 
accomplished by ATR, using a PerkinElmer Spectrum 
100 Spectrometer. The spectra were acquired in the range 
of 4000–600 cm−1, averaging 128 scans, at a resolution of 
2 cm−1.

Temperature-programmed desorption of ammonia 
 (NH3-TPD) was performed in a Quantachrome Instruments 
Chembet-3000. First, about 200 mg of the sample was ther-
mally treated at 300 °C in a vacuum, using a  N2 stream, for 
1 h. Next,  NH3 was adsorbed at 100 °C for 30 min using a 
stream mixture of 5%  NH3 in  N2. Next, an  N2 purge stream 
was used for 2 h, to remove all the physically adsorbed  NH3. 
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 NH3 was chemically desorbed by increasing the temperature 
at a rate of 10 °C min−1 from 100 to 600 °C.

TGA-DTA analysis was carried out in a PerkinElmer STA 
6000 Thermo-Analyzer, 20 mg of catalyst was packed in a 
platinum crucible. The samples were stabilized at 100 °C 
by 5 min and then heated to 750 °C at a heating rate of 
10 °C min−1, in a flow of 20 mL min−1 of  N2.

Reactions were carried out in a glass stirred reactor con-
nected to a condenser. All experiments were conducted at 
the same conditions of a 1:3 molar ratio of OAc to MeOH, 
10 wt% catalyst, 100 °C and 800 rpm. The non-catalytic 
reaction was tested in the same conditions. The reaction time 
was 5 h, starting after the temperature reached the set point 
and the agitation commenced. During the reaction, samples 
were extracted at 0, 15, 30, 60, 90, 120, 150, 180, 240, and 
300 min. Also, a non-catalytic reaction was performed to 
verify the contribution of non-catalytic esterification to the 
ethyl ester yield. Samples (50 μL) of the reaction medium 
were collected and diluted with 1 mL of hexane in a vial for 
further gas chromatograph with a flame ionization detector 
(GC-FID, Shimadzu GC 2010 Plus).

3  Theoretical Methods

The catalyst cluster was obtained using crystallographic 
information [30]. The unit cell of the cluster was extended 
and trimmed using the Zeobuilder software [34]. The struc-
ture of the FAU-type aluminosilicate was modeled from 
a cluster large enough to accommodate an OAc molecule 
inside the cavity and relate their topological characteristics 
to the size of the reagent (Fig. 1).

Hydrogen atoms were added in bonds cut to stabilize 
the structure and avoid dangling bonds, at a bond length 

of 1.47 Å along the terminal Si–O groups. The Brønsted 
acid site was introduced into the model by replacing a Si 
atom by Al in the O1H position [30]. The resulting cluster 
model has a total of 642 atoms with an overall composition 
of  AlH137O314Si190. The H-Y structure was optimized using 
the ONIOM scheme developed by Morokuma and coworkers 
[35, 36], at M06-2X/6-31G (d): PM6 level. This methodol-
ogy was used in our previous work [37].

The model is defined as 11T/200T, being 11T (T = Si or 
Al atom) the high layer that represents the active site and 
the neighboring atoms that are relaxed during the optimi-
zation, while the remaining atoms of the 200 T model in 
the lower layer are fixed at their respective crystallographic 
positions. The optimization calculation was performed using 
the Gaussian 09 program package [38]. The stationary points 
were characterized by calculating the Hessian matrix and 
analyzing the normal vibrational modes.

4  Results and Discussion

4.1  Catalyst Characterization

Figure 2 shows the ATR spectroscopy analysis of zeolites 
H-Y-80, H-Y-5.2 and Na-Y, which are in agreement with the 
literature [39]. The spectrum shows six bands signal at 3413, 
1637, 1186, 978, 823, 709 cm−1. Vibration bands at 709, 
823 and 978 cm−1, corresponding to the formation structure 
of the catalysts. According to Salman et al., [40] system-
atic changes in spectra shapes are observed with increasing 
temperature over the bending, symmetrical and asymmetric 
stretching vibrations of the  TO4 units between 700–900 and 
900–1200 cm−1.

Fig. 1  Large cluster view of the 
H-FAU zeolite structure. The 
ball-and stick highlighted part 
refers to the 11-membered  TO4 
ring including the Brønsted 
acidic site adopted as the model 
for the high-level (M06-2X) cal-
culations for the hybrid ONIOM 
M06-2X/6-31G (d):PM6. Color 
key: H in white, Si in gray, O in 
red and Al in pink
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Bands at 978 and 1180 cm−1 are characteristic in alumi-
nosilicates, as these bands have a correlation with asym-
metric stretches O–T–O, and the vibrations found in these 
regions are linear with the alumina framework. Zhao et al. 
[41], demonstrated that the 1050 and 706 cm−1 bands rep-
resent the asymmetric and symmetrical stretch vibrations 
corresponding to the internal structure of  TO4, while the 
bands at 1170 and 788 cm−1 represent the asymmetric and 
symmetrical stretching vibrations corresponding to the 
external structure of  TO4. The difference of the intensity in 
the O–T–O region for H-Y-80 and H-Y-5.2 refers to the Si/
Al ratio.

For all FAU aluminosilicates, the presence of adsorbed 
water was verified by the bands at 1637 cm−1 (axial defor-
mation of δOH) and 3413 cm−1 (vOH stretching). However, 
it was observed that Na-Y zeolite had a higher intensity in 
these bands due to the presence of  Na+ ions in the catalyst 
structure. In fact, it has been shown that water adsorbs rela-
tively strongly over the Na-Y surface [42].

Characterization of the thermal stability in the activation 
of H-Y-80, H-Y-5.2 and Na-Y zeolites was performed by 
TGA-dTG, and the thermogravimetric profile was analyzed 
(Fig. 3), showing that all solid catalysts have similar thermal 
stability over TGA curve, but with different mass losses.

Two processes of mass loss were more accurately iden-
tified by dTG: (i) the first process refers to the desorption 
of water molecules adsorbed on the surface of the catalytic 
solids between 100 and 350 °C. (ii) the second process 
occurs at over a wide temperature range (400–670 °C), being 
related to simultaneous desorption processes of  NH3,  Na+, 
 NH4

+ and hydroxylation, similar results for aluminosilicates 
are identified by other authors [17, 42].

However, H-Y-80 zeolite maintains adsorbed water at 
higher temperatures when compared to H-Y-5.2 and Na-Y, 
having higher thermal stability due to high Si/Al ratio, 
which results in more distant active sites distributed along 
the surface of the catalyst and in turn this effect contributes 
to stronger adsorption on the active sites. Na-Y and H-Y-5.2 
zeolites are more hydrophilic materials, due to the greater 
presence of Al in the structure [43].

Acid properties of the H-Y-80, H-Y-5.2 and Na-Y zeolites 
were evaluated by  NH3-TPD, as shown in Fig. 4, since the 
Si/Al ratio considerably change the amount of acid sites on 
the catalyst [23, 29, 44]. DTG desorption peaks observed 
at 165–194 °C were attributed to weak acid sites or ammo-
nia physically adsorbed on Si–OH sites (external silanol 
groups), while strong acid sites were identified between 302 
and 327 °C.

The H-Y-80 and H-Y-5.2 zeolites presented a similar TPD 
profile, in which two peaks referring to the weak and strong 
acid sites of each material can be identified. However, H-Y-
80 has stronger acid sites identified by the intensity of the 
band at 327 °C (strong sites) with high intensity when com-
pared to H-Y-5.2 that has a higher intensity in the band of 
194 °C (weak sites). This indicates that the acidic sites in the 
pore interior are in a higher amount in H-Y-80 favoring the 
greater catalytic activity inside the pores and cavities. In the 

Fig. 2  IR spectra of H-Y zeolites samples after evacuation at 50 °C, 
in the region 4000–600 cm−1

Fig. 3  TGA a and dTG b curves 
of H-Y zeolites. Conditions:  N2 
flow of 20 mL min−1; Tempera-
ture range from 100 to 750 °C 
with a heating rate of 10 °C 
 min−1
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case of the Na-Y zeolite, no strong sites were observed, how-
ever the band centered at 165 °C shows an acidity behavior 
similar to the first peak of zeolite H-Y-5.2, the absence of 
strong acidity in zeolite H-Y was demonstrated by Mistry 
et al. [45] in a catalyst with lower catalytic activity and 
higher Si/Al molar ratio.

5  Catalytic Evaluation

Figure 5 shows the conversion of OAc to methyl oleate on 
H-Y-80, H-Y-5.2, Na-Y and  H2SO4, as a comparison, a non-
catalyst reaction was performed to observe the self-catalytic 
effect of OAc and MeOH.

Among the solid catalysts (H-Y-80, H-Y-5.2 and Na-Y), 
the higher catalytic activity was observed by H-Y-80 zeolite 
with a conversion of 92% of methyl esters after 180 min of 
reaction. Similar results are observed by Prinsen et al. [27] 
in the esterification of palmitic acid (straight chain) on H-Y-
60. However, the OAc used in this work is more voluminous 
and unsaturated which results in a larger diffusion process 
inside the pores. Catalytic results between the solid (H-Y-
80, H-Y-5.2 and Na-Y) and homogeneous  (H2SO4) catalysts 

show that the hydrophobicity effect of materials with high 
Si/Al ratio is interesting for the esterification process. Our 
results (Fig. 5) indicate that conversions above 180 min for 
H-Y-80 are stable, whereas the deactivation of  H2SO4 is 
clearly observed over time.

For zeolite H-Y-5.2, full conversion of 66% was observed 
after 180 min of reaction. Comparison of the protonated 
zeolites (H-Y-80 and H-Y-5.2) clearly shows a significant 
difference after the time of 60 min, on the reaction rate of 
both catalysts. It was observed that H-Y-5.2 had a higher 
amount of weak acid sites (Si–OH) when compared to H-Y-
80 and that the Brønsted acid sites were in a lower amount 
(Fig. 4). This result indicates that the reaction on H-Y-5.2 
is affected by the high density of acid sites that results in 
greater adsorption of AOc, i.e., the main interaction between 
AOc is given by the hydrogen bond between the carbonyl 
group and the Brønsted acid site, however, because it has 
a higher amount of catalytic sites the adsorption can also 
occur by the hydroxyl group and on the unsaturation (dou-
ble bonds) causing steric and diffusion problems inside the 
pores. In addition, the presence of water formed as the prod-
uct of the esterification reaction favors the less conversion to 
methyl oleate, due to the preferential adsorption of the water 

Fig. 4  Experimental and deconvolution of  NH3-TPD peaks of H-FAU zeolites. Conditions: Temperature range from 100 to 550 °C

Fig. 5  Esterification of oleic acid on different catalysts. Conditions: MeOH/OAc molar ratio 3:1, 10 wt% catalyst, 100 °C
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on the acid sites. Similar results are reported in the literature 
[23, 28] for Si/Al3 molar ratio materials. It is also interest-
ing to higligth that not all active sites can be accessed in 
FAU aluminosilicates [29], the accessibility of OAc to sites 
depends on spatial ordering and the environment in which 
are the active sites. Theoretical results (as discussed in detail 
in Sect. 3.3) predict the favorable accessibility for reactions 
involving OAc within FAU zeolites.

The conversion over Na-Y zeolite was lower when com-
pared to H-Y-80, H-Y-5.2, that is only 15% of methyl oleate 
was obtained. It was observed that the catalytic activity is 
very similar to the non-catalytic reaction (Blank), showing 
that for the esterification of OAc on Na-Y (Si/Al = 2.6) is not 
active. This shows that only the accessibility of the reagent 
(AOc) to the interior of the pores and cavities is not the 
main factor to explain the catalytic process. The  NH3-TPD 
showed that this catalyst (Na-Y) did not present strong acid 
sites (Brønsted acid sites) only weak sites (Si–OH groups) in 
high concentration. The Brønsted acid sites in the conversion 
of FFA act on the carbonyl group promoting the adsorption 
and later the nucleophilic attack of the methanol molecule 
[15–17, 27], resulting in the formation of water and methyl 
ester. For Na-Y this reaction step does not occur due to the 
absence of strong acid sites.

Reaction rate for  H2SO4 was more than H-Y-5.2 and Na-Y 
heterogeneous catalysts, showing a conversion of 89% OAc 
to methyl esters. But, H-Y-80 shows a higher conversion 
(92% vs. 89%). The better catalytic activity of  H2SO4 has 
been reported previously in the esterification of acetic acid 
being attributed to the higher density of acid sites per gram 
of catalyst [4]. However, as the reaction progresses the cata-
lytic activity of  H2SO4 decreases gradually (approximately 
5%). Possibly this effect can be related to the chemical equi-
librium of the reaction, since the products formed in 60 min 
of reaction  (H2O and methyl ester) dislocate the equilib-
rium for the formation of reagents due to the hydrolysis. 
According to the literature [4, 46, 47], water production by 
the esterification impacts in the conversion of the product 
due to the decrease in the activity of the catalytic protons 
caused by the preferential solvation by the water presence 
in the reaction medium [46]. Autocatalysis process is not 
affected by the formation of water because the solvation of 
OAc in the liquid medium is low because it is considered a 
weak acid.

In order to understand the catalytic effects on the conver-
sion of OAc on H-Y-80, H-Y-5.2 and Na-Y, it was analyzed 
the surface of the catalysts by ATR spectroscopy after 5 h 
of reaction, as shown in Fig. 6.

Low catalytic activity of Na-Y is evidenced by the pres-
ence of adsorbed water, characterized by the wide range 
between 3680-3095 cm−1 (vOH stretching) and 1643 cm−1 
(axial deformation of δOH). It was observed that H-Y-80 
and H-Y-5.2 did not showed bands related to water adsorbed 

in the hydroxyl region, but the H-Y-5.2 zeolite presented 
on the surface adsorbed methyl groups (C–H), confirmed 
by the presence of bands at 2924–2856  cm−1 and two 
bands at 1587 and 1461 cm−1 (bending region). According 
to Vieira et al., [24] the presence of C–H groups (organic 
residues) adsorbed on the surface of aluminosilicates inhib-
its the catalytic activity. However, in H-Y-80 zeolite with 
higher Si/Al ratio, no water bands or adsorbed organic mol-
ecules were observed, only the presence of the Si–OH band 
at 3743 cm−1, similar to the other catalysts (H-Y-5.2 and 
Na-Y). For all zeolites the 1300–600 cm−1 region was not 
discussed. According to Flaningen and Khatami regions 
below 1300 cm−1 indicate characteristics of subunits that 
form the FAU type zeolite structure [48].

6  Computational Results

Adsorption of acetic acid as a model molecule of FFA 
adsorbed on the Brønsted acid site showed that it is ener-
getically favorable when it is compared to the MeOH adsorp-
tion, in a limiting step for the esterification reaction on the 
H-BEA zeolite [17]. In this context, the adsorption of OAc 
within the H-FAU cluster was investigated, as shown in 
Fig. 7.

High yield obtained experimentally for the esterifica-
tion of OAc on H-Y-80 can be explained in greater details 
by the model of the electronic structure. It is observed that 
the FFA can be accommodated perfectly within the H-FAU 
zeolite, reaching the active site (Fig. 7). The molecular vol-
ume and the characteristic diameter for OAc were obtained 
according to the methodology presented by Herrmann and 
Iglesias [49]. The OAc volume derived from the theoretical 
results, and the molecular diameter is 18 nm3 and 0.7 nm 
respectively (Fig. 7a). Size of the AOc has a significant 

Fig. 6  IR spectra of FAU zeolite samples after 5  h of esterification 
with OAc and MeOH in the region of 4000–600 cm−1
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consequence within the cavity of zeolite H-FAU, because 
the confined environment surrounding the organic mol-
ecule distorts the increase of the van der Waals interactions 
between the catalyst framework and the organic molecule 
[50]. The OAc is stabilized by van der Walls interactions 
and is accommodated between the two large supercages that 
constitute the characteristic of the pores of the FAU structure 
(molecular dimensions of 1.2–1.3 nm that are bound by win-
dows of approximately 0.74–0.8 nm of diameter composed 
of rings of 12 linked tetrahedral) [29, 30].

OAc adsorbed complex on the active site results in an 
adsorption energy of − 25.5 kJ mol−1, similar values can 
be found for adsorption of acetic acid in H-ZSM-5 [51, 52] 
and in H-Beta [17]. No experimental value is found for the 
adsorption of oleic acid.

The main geometrical parameters and vibrational fre-
quencies are presented in Table 1, before and after the 
adsorption of OAc.

According to Table 1, the bond distance  O1-HZ increases 
from 9.7 to 10.1 nm as well as the angle Al-O1-HZ which 
increases 4°. The interaction between  HZ···  OB shows a dis-
tance of 15.8 nm, and the vOHZ vibrational frequency, dis-
places at a shorter wavelength from 3608 to 2833 cm−1. This 
indicates a strong adsorption suggesting that the next step of 
the reaction would be the protonation of the fatty acid and 
consequently the formation of a chemisorbed intermediate.

For the OAc the C=O distance increases 0.2 nm in the 
adsorption, and the frequency vC=O displaces 94 cm−1 
at the shorter wavelength, however the hydroxyl group 
(vOHB) is identified at 3388 cm−1 being oriented to other 

Fig. 7  Interactions between oleic acid and H-FAU zeolite cluster. a Estimation of the size of the oleic acid by DFT. b Oleic acid adsorbed com-
plex in the H-FAU zeolite. Atom colorings are as follows: H in white, Si in gray, O in red and Al in pink

Table 1  Optimized geometrical 
parameters and harmonic 
vibrational frequencies for 
OAc and H-Y before and after 
physisorption on the Brønsted 
acid site calculated at ONIOM 
(M062X/6-31G (d):PM6) level

ν stretching
*All frequencies are corrected by a factor of 0.947 [53]

Distances (nm) Angles (º) Frequency  (cm−1)*

O1–Hz Hz⋯OA CA=OA OHb⋯Oz Al-O1-HZ vOHZ vC=O vOHB

OAc – – 12.0 – – – 1807 3562
H-FAU 9.7 – – – 112 3608 – –
Ads(OAc) 10.1 15.8 12.2 18.7 116 2833 1713 3388
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 Oz (oxygen atoms of the zeolite framework), indicating 
the formation of a weak H-bond between O and  HB⋯OZ, 
with a distance of 18.7 nm. The aliphatic chain presents 
an interesting effect as the intensity of the vCH2 and vCH3 
frequencies in the region of 3007–2885 cm−1 decreases 
drastically indicating the stabilization of the large mol-
ecule due to several weak interactions inside the confined 
environments.

Summing up, the theoretical model predicts an indirect 
correlation between the pore diameter of the zeolite and the 
oleic acid molecule, that is, the voluminous confined space 
of the FAU zeolite perfectly accommodates the oleic acid 
molecule in the adsorption step. Despite being a bulky mol-
ecule, the fatty acid may have effective access to the inside 
the pores and the cavity of the zeolite in order to react on the 
active site within the channel.

7  Conclusion

In this work the catalytic activity of different FAU zeolites 
and  H2SO4 in the esterification reaction of oleic acid was 
investigated through kinetic experiments and DFT calcula-
tions at the ONIOM (M062X/6-31G (d):PM6) level.

Results indicate that the catalytic activity of the different 
FAU zeolites is directly related to the distribution of the acid 
sites given by the Si/Al molar ratio within the pores and cavi-
ties. The effect of hydrophobicity on protonated zeolites with 
high Si/Al ratio (H-Y-80) showed to be beneficial for the 
esterification of OAc, resulting in high conversions of 92% 
methyl esters. On the other hand, it was observed by ATR 
spectroscopy that in the zeolites with low Si/Al ratio after 
300 min of reaction the methyl groups (2924–2856 cm−1) 
and water (3680–3095 and 1643 cm−1) were adsorbed on the 
surface. This reflected the smaller conversions for H-Y-5.2 
(66% conversion) and Na-Y (15% conversion). The reaction 
rate of  H2SO4 was higher when compared to the acid zeo-
lites, but the presence of water for more than 60 min resulted 
in the hydrolysis reaction and, consequently, the activity of 
the homogeneous acid catalyst decreased.

Detailed analysis of the theoretical results shows that 
the voluminous confined space of the FAU zeolite per-
fectly accommodates the OAc molecule in the adsorption 
step (Eads= − 25.5 kJ mol−1) and the van der Waals interac-
tions of the zeolite walls with the aliphatic chain help to 
accommodate the bulky molecule between the supercages 
with enough spaces. This should allow forming voluminous 
transition states that will give rise to the reaction.

Finally, experimental and theoretical results confirm that 
H-Y-80 zeolite applied in the esterification reaction can be 
an efficient catalyst in processes involving conversion of 
unsaturated fatty acids.
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