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Abstract The modification of montmorillonite with 
metallic species affects directly its crystalline structure, 
texture, porosity, and surface. The interaction of the 
metallic molecules with the clay matrix, derived from 
the modification pathway and the characteristics of the 
adsorbate, modifies the physicochemical properties of 
montmorillonite, enabling the creation of materials with 
varied characteristics to be used both as catalysts and 
adsorbents. Small amounts of metallic species can confer 
various structural and physicochemical characteristics on 

the same montmorillonite matrix, depending on the metal 
incorporated. The objective of the present study was to 
create an acid-base catalyst based on montmorillonite 
K10 (K10 Mnt), modified with Ti, Ce, and Ni, for the 
catalytic esterification of acetic acid and penta-1-ol. K10-
Mnt was modified using particles of Ti and of Ti modi-
fied with Ce and Ni. The effect of the inclusion of Ti and 
modified Ti species on the transformation of the physico-
chemical properties of the K10 Mnt and their contribu-
tions to the catalytic esterification syntheses were inves-
tigated. Samples were characterized by scanning electron 
microscopy coupled to an energy-dispersive X-ray spec-
troscopy system (SEM-EDS), powder X-ray diffraction 
(XRD), Fourier-transform infrared spectroscopy (FTIR), 
physisorption of  N2 at 77 K (BET and BJH), and ther-
mogravimetric analysis (TGA-DTGA). Finally, the origi-
nal and modified K10 Mnt samples were tested for their 
catalytic esterification of acetic acid and penta-1-ol in the 
liquid phase.

Keywords Esterification · Montmorillonite K10 · 
Sol-gel · Titanium · Titanium-cerium · Titanium-
nickel

Introduction

Esterification is an important process in the chemical 
industry as esters are used in perfumes, cosmetics, fla-
vorings, additives, emulsifiers, plasticizers, polymer 
precursors, intermediates, and agents in fine chemicals 
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and drugs (Hamerski et al., 2020; Khan et al., 2021). 
This process is performed typically with the reaction 
of carboxylic acid and alcohol, homogeneously cata-
lyzed by Brønsted acid centers in strong mineral acids, 
but this has several operational and environmental 
drawbacks deriving from the toxic and corrosive envi-
ronment of acids, as well as the difficulty of separating 
the products from the homogeneous catalysis system.

Studies, therefore, have been undertaken (Sara-
vanan et al., 2016; Vijayakumar et al., 2012) to change 
to a non-toxic, non-corrosive, heterogeneous catalytic 
process in which the catalyst can be recovered eas-
ily from the reaction media in an environmentally 
friendly manner. For this purpose, a wide variety of 
solid acid catalysts have been used, e.g. graphene (Roy 
et al., 2021), modified metal oxides (Nsir et al., 2017), 
zeolites (Alismaeel et  al., 2018), membranes (Zhang 
et  al., 2020), and clay minerals (Tekale & Yadav, 
2021). The clay minerals, such as Mnt, have been used 
as catalytic or adsorbent materials either unmodified 
or as supports for other reactive phases or chemically 
active centers (Amaya et al., 2021; Barakan & Aghaz-
adeh, 2021; Chmielarz et al., 2018; Kashif et al., 2020; 
Khalil et al., 2015; Zhang et al., 2021a) because they 
have a unique combination of physicochemical and 
structural characteristics (Bahmanpour et  al., 2018; 
Parisi et al., 2019; Wen et al., 2019).

Acidic sites are located at the terminal O-H groups at 
the edges of the 2:1 Mnt layers and involve Si–O(H+), 
Al–O(H+), Fe–O(H+), or Mg–O(H+). Structural hydrox-
yls at the interfacial plane between the tetrahedral and 
octahedral sheets may also act as Brønsted acid sites 
(Bailey et  al., 2015). The water present in the inter-
layer can be polarized and display significant potential 
for donating protons. Likewise, the undersaturated  Al3+ 
at the edges of the octahedral sheets can act as elec-
tron acceptor or Lewis acid sites (Huang et al., 2021). 
This coexistence of two types of acid sites makes Mnt 
an ideal material for use as a heterogeneous catalyst in 
esterification and other acid-catalyzed processes. The 
surface and/or the matrix of Mnt may also be modi-
fied to enhance its capability as a catalyst. The fact that 
charged species can be removed from the interlamellar 
space means that space is a dynamic system that can 
be exploited to increase the surface area, change the 
porosity, and provide new active centers for adsorption 
and/or catalysis (Wang et al., 2018). A wide variety of 
inorganic species has been used for the modification/
pillaring of Mnt, such as Cr (Georgescu et  al., 2018), 

Al (Cardona et al., 2021), Ti (Butman et al., 2020), Fe 
(Khankhasaeva & Badmaeva, 2020), Zr (Rathinam 
et al., 2021), La (Silva et al., 2021), Ce (Lai et al., 2021), 
Ni (Asgari et al., 2021), Cu (Yang et al., 2020), and oth-
ers. Ti species incorporated on the surface or within the 
interlayer space of the Mnt can lead to greater interlayer 
spacing, significant thermal and hydrothermal stability, 
larger pore sizes, larger specific surface area, and greater 
acidity than found with other modified/pillared materi-
als (Jin et al., 2019; Romero et al., 2006; Zhang et al., 
2021b). In the case of Ti-modified Mnt, a variety of 
other metals can be added to enhance further the cata-
lytic performance. Of particular interest in the present 
study was the incorporation of Ce and Ni species, which 
promotes oxidation-reduction catalysis, photocatalysis, 
and surface acidity (Natsir et  al., 2021; Zhong et  al., 
2015). These species are particularly useful in modulat-
ing the relative contributions of Lewis and Brønsted acid 
centers leading to weak acid behavior that sometimes 
benefits the various catalytic processes (Bernardon et al., 
2020; Zhang et al., 2017).

The present study, therefore, aimed to determine the 
catalytic capacity of K10 Mnt modified with Ti, com-
bined with the addition of Ce and Ni, toward the esteri-
fication of acetic acid and penta-1-ol, and to relate the 
physicochemical properties to the catalytic performance.

Materials and Methods

Ti/K10-Based Catalyst Synthesis

The clay mineral used was the commercially available 
montmorillonite K10 (Fluka Inc., Munich, Germany), 
with a chemical composition of  SiO2 (73%),  Al2O3 
(14%),  Fe2O3 (2.6%), CaO (0.3%), MgO (1.1%),  Na2O 
(0.6%), and  K2O (1.9%). The precursor of the Ti source 
was titanium(IV) isopropoxide (Sigma-Aldrich Inc., 
St. Louis, Missouri, USA). Cerium(IV) dioxide  (CeO2, 
Merck Inc., Darmstadt, Germany) and nickel(II) chloride 
 (NiCl2, Analit Inc., Mexico City, Mexico) were used as 
sources of Ce and Ni, respectively. The K10 was acti-
vated initially by an acid treatment: K10 was dispersed 
using 6 M hydrochloric acid, maintaining a relationship 
of 8 mg of K10 per 1 mL of hydrochloric solution. After 
that, the mixture was stirred constantly and vigorously 
for 24 h at 25°C, recovering the solid by centrifugation 
(1.88 xg), and washing with deionized water at least 
three times. Finally, the solid was dried at 70°C for 24 h.
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Titanium and titanium combined with Ce and Ni 
species were obtained using a process similar to sol-
gel: The Ti-based particle suspensions were prepared 
by adding titanium(IV) isopropoxide dropwise to an 
aqueous solution of 0.1 M HCl and stirring vigorously 
until a gel was formed that contained metallic species 
in the form of titanium oxide and titanium oxide with 
Ce and Ni species that can modify the K10 using the 
procedure described below.

Once the activated K10 was totally dried, it was 
modified with the metallic species: Each suspension 
of Ti, Ce/Ti, and Ni/Ti was sonicated for 1 h. At the 
same time, K10-activated powder was suspended in 
water and stirred for 1 h under room conditions. Based 
on the chemical formula for K10, the Si content was 34 
wt.%. Enough of the Ti alkoxide was added to the K10 
to obtain a Ti/Si weight ratio of 1.02. In the synthesis 
of Ti modified by Ce and Ni, the amounts of  CeO2 and 
 NiCl2 required were deposited in the alkoxide/HCl sus-
pension to obtain weight ratios for Ce/Ti and Ni/Ti of 
0.02 in both cases. Subsequently, each suspension of 
Ti, Ce/Ti, and Ni/Ti was mixed with the K10-activated 
suspension with vigorous stirring for 3 h. The resulting 
materials were separated by centrifugation (1.88 xg) 
and washed with deionized water at least three times 
and dried at 70°C for 24 h. Finally, the K10 modi-
fied with metallic species were heated at 200°C for 4 
h. Four samples were obtained and studied: K10-acti-
vated (K10), K10 modified by the inclusion of Ti spe-
cies (Ti/K10), K10 modified with Ti species and sub-
sequently with Ce (Ce-Ti/K10), and K10 modified with 
Ti species and subsequently with Ni (Ni-Ti/K10).

SEM-EDS

The SEM images were collected using a JEOL JSM 
6010/LA analytical scanning electron microscope 
coupled to a Quantax EDS detector device (Bruker 
Inc., Billerica, Massachusetts, USA). The sample was 
mounted on an electrically insulating material and 
then inserted into the high vacuum system before per-
forming the SEM-EDS analysis.

Powder X-ray Diffraction

An Inel-Equinox diffractometer (Inel Inc., Artenay, 
France) operated at 25°C, equipped with CuKα radia-
tion (1.54 Å), was used. Samples were prepared as 
random powders by hand grinding using a mortar and 

pestle until a homogeneous sample was obtained. The 
samples were packed from behind into metal holders 
with the help of a glass slide, and the entire uncovered 
surface was exposed to the incident X-rays. The XRD 
patterns were obtained over the range 2–80°2θ at 5°/
min scanning velocity, 30 kV voltage, and at a current 
of 30 mA. Bragg´s equation (nλ = 2dsinθ) was used 
to calculate the interlamellar spaces or d spacings.

FTIR Spectroscopy

The FTIR spectra were collected using a Bruker FTIR 
Spectrometer Tensor 27 series instrument (Bruker Inc., 
Markham, Canada). The samples were heated at 80°C 
for 1 h prior to spectrum acquisition. Using the KBr 
pellet method, with typical grinding of a mixture of 
solid and salt in a ratio of 1/100 by weight and pressing, 
the spectra were acquired in the 4000–400  cm–1 range.

Physisorption of  N2 at 77 K

A Micromeritics ASAP-2010 instrument (Micromer-
itics Inc., Norcross, Georgia, USA) was used for 
physisorption of  N2. The BET equation and BJH 
(Barrett-Joyner-Halenda) method were used to cal-
culate the BET surface area and pore-size distribu-
tion, respectively. A vacuum pressure of 500 μm Hg 
at 200°C was applied to all samples, with the aim of 
eliminating residual  N2 gas molecules from their sur-
faces and pores.

TGA-DTA

A Thermal Analyzer SDT-2960 (TA Instruments Inc., 
New Castle, Delaware, USA) under an airflow with a 
heating rate of 10°C/min was used.

Esterification of Acetic Acid and Penta-1-ol

A stirred-batch reflux system equipped with a Dean-
Stark trap to collect water was used to carry out the 
catalytic process. A ratio of 1:1 v/v of penta-1-ol 
and toluene was placed in a 50 mL round-bottomed 
flask. After the mixture stabilized on reaching 90°C, 
a molar ratio of acetic acid containing penta-1-ol of 
0.2:1 and 0.1 g/10 mL of the reaction mixture of each 
catalyst were added to the system under vigorous and 
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constant stirring. The conversion was quantified by 
an acid-base volumetric titration technique using 0.1 
M normal KOH and phenolphthalein as an indicator 
(Li et al., 2020; Rangel-Rivera et al., 2018).

Results

SEM-EDS

The SEM images (Fig.  1) showed the particle mor-
phologies of each sample. The sample labeled K10 
has a flaky morphology. For K10 modified with Ti 
species (Ti/K10), compact aggregates were seen with-
out significant alteration with respect to the structure 
of the original clay. In EDS semiquantitative analy-
sis of elements, for K10 modified by Ti with species 
of Ce and Ni, these metallic materials apparently 
were dispersed homogeneously on the surface of the 
clay. Semi-quantitative analysis (Table  1) showed 

the variation in the relative percentages of elements 
depending on the metallic species used as a modifier.

Powder XRD

The XRD patterns contained peaks characteristic of 
montmorillonite (Fig. 2). For K10, the XRD pattern 
showed a wide diffraction band between 3 and 8°2θ 
with a maximum centered at ~5.2°2θ, corresponding 
to a d001 for K10 of 1.68 nm. When K10 was modi-
fied with Ti species, the formation of crystalline 
phases typical of Ti was not observed. No anatase 
(25.3, 38, 47.6, and 54.8°2θ) or rutile signals (21, 
27, 32, and 43°2θ) were noted. Nevertheless, the 
range 2–14°2θ (Fig. 3) showed a broad peak, asso-
ciated with a basal or interlamellar space of d001 
of (4–8°2θ, 2.21–1.10 nm). A broad peak between 
3.5 and 7°2θ (2.52 and 1.26 nm, respectively) was 
observed for each clay sample. The wide peak was 
centered at ~5.5°2θ (1.61 nm).

Fig. 1  SEM images of the clay samples
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FTIR Spectroscopy

The FTIR spectra showed bands typical of mont-
morillonite (Fig.  4). Peaks between 3700 and 3000 
 cm–1 were associated with hydroxyl group vibra-
tions and the band at 3620  cm–1 is characteristic of 
smectites with a large quantity of Al species occupy-
ing the octahedral sheets. Likewise, the Si–O stretch-
ing vibration modes induce a strong absorption band 
in the spectral range 1100–1000  cm–1 (Fig.  5). On 
the other hand, the bands at 525 and 480  cm–1 are 

associated with Si–O–Al of octahedral-aluminum 
ions and Si–O–Si of bending vibrations, respectively, 
which do not undergo alterations in all cases.

Physisorption of  N2 at 77 K

Nitrogen adsorption on K10 at 77 K (Fig. 6) showed a 
well defined type IV isotherm with an inflection point 
that started at a P/P0 value of ~0.4; as values approached 
1.0, the tendency was for the material to continue 
adsorbing, as indicated by an asymptotic graph at that 

Table 1  Semi-quantitative analysis (wt.%) of chemical elements by EDS

N.D. Not detected by EDS

Sample/
Element

Si Al Fe K Mg Ti Ce Ni

K10 69.6 11.4 13.2 3.9 1.9 N.D. N.D. N.D.
Ti/K10 66.1 8.7 8.9 2.7 N.D. 13.6 N.D. N.D.
Ce-Ti/K10 66.9 9.1 8.3 2.0 0.1 13.4 0.2 N.D.
Ni-Ti/K10 67.1 9.8 8.1 0.9 N.D. 13.8 N.D. 0.3

Fig. 2  Powder XRD of the clay samples. A = anatase  (TiO2), R = rutile  (TiO2)
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value, suggesting that larger mesopores may accom-
pany slit-shaped pores. The same characteristics were 
observed in the isotherms of Ti/K10-based samples, and 
a type H2 (IUPAC) hysteresis-loop was observed in all 
samples, with some differences in the surface charac-
teristics (Table  2). The BJH adsorption and desorption 
distribution curves for all samples are shown in Fig. 7; a 
well-defined peak was observed at 34 Å while a second, 
less well defined one occurred at 48 Å for K10. The same 
peaks were present in the curves of Ti/K10-based sam-
ples. Note that a second peak was very wide and poorly 
defined for Ce-Ti/K10 and Ni-Ti/K10, but was better 
defined in Ti/K10 centered at ~45 Å, due to the morphol-
ogy of the pores, as well as their dimensions being differ-
ent both at their entrance and within the matrix.

TGA-DTGA 

The TGA profiles (Fig.  8) for K10 showed mass 
losses in several defined stages as the temperature 
increased: 30–100°C (2.3 wt.%), 100–400°C (1.8 
wt.%), and 400–800°C (2.2 wt.%), with a total mass 
loss of 6.3 wt.%. Mass losses from Ti/K10 for the 

same temperature stages were: 30–100°C (2.3 wt.%), 
100–400°C (1.8 wt.%), and 400–800°C (1.9 wt.%), 
for a total weight loss of 6.0%. For Ce-Ti/K10, the 
weight losses were: 2.9 wt.% at 30–100°C, 3.1 wt.% 
at 100–400°C, and 2.1% at 400–800°C, resulting in a 
total weight loss of 8.1%. For Ni-Ti/K10, the values 
were: 2.4 wt.% (30–100°C), 1.7 wt.% (100–400°C), 
and 1.8 wt.% (400–800°C), with a total weight loss of 
5.9%. The DTGA analysis (Fig. 8) for K10 showed an 
inflection point at 434°C, while for Ti/K10 the max-
ima were centered at 425 and 526°C. For Ce-Ti/K10, 
the corresponding values were 425 and 521°C, and 
for Ni-Ti/K10 they were 425 and 528°C; the DTGA 
profiles were very similar to each other in the Ti/K10 
samples. All solids with Ti/K10 as the support pre-
sented similar weight losses related to endothermic 
peaks due to the loss of adsorbed water (100–200°C) 
and dehydroxylation (600–750°C) (Tan, 1998).

Esterification of Acetic Acid and Penta-1-ol

The use of clay minerals as heterogeneous catalysts in 
the esterification of acetic acid and penta-1-ol (Fig. 9) 

Fig. 3  Powder XRD of the clay samples in the range 2–14°2θ
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indicated that for K10 the first and second hours of 
reaction showed little activity; this increased after 3 h 
until reaching 80% of conversion after 7 h of reaction. 
During the first hour of reaction, the Ti/K10 catalyst 
gave 76% conversion; Ce-Ti/K10, 75.0%; and Ni-Ti/
K10, 60.0%. After 3 h of reaction, the maximum con-
version for both Ti/K10 and Ce-Ti/K10 was 86.0%. 
For Ni-Ti/K10 the greatest conversion rate, achieved 
after 8 h of reaction, was 83.0%. The blank experi-
ment (no catalyst) gave ~15.0% of conversion by auto-
catalytic reaction and the rate of conversion was con-
stant thoughout the 8 h of reaction.

Discussion

SEM-EDS

The morphology of the K10 sample was flaky in aggre-
gates, a typical and common structure of clays in lamel-
lar arrangements. When K10 was modified with Ti, 
a heterostructure of the clay was observed, with the 
appearance of small aggregations on the lamellar sur-
face. The flaky particles of the original K10 changed 

to a more spongy morphology as the Ti particles were 
dispersed on the surface, but without creating a ‘house-
of-cards’ type structure; thus the clay layers conglomer-
ated together to create a structure similar to that created 
by stacking playing cards on top of each other, in the 
shape of a pyramid. In the Ce-Ti- and Ni-Ti-modified 
K10 samples, the same behavior as for Ti/K10 was 
observed, but a more organized structure was noted 
than for with Ti/K10, i.e. a loose flaky aggregate but 
without forming a ‘house-of-cards’ structure, in agree-
ment with results described by Belver et al. (2015). The 
EDS spectroscopy data indicated that the incorporation 
of Ti species was homogeneous, as well as the detection 
of other elements, especially in the decrease of percent-
age of Al and Fe. The homogeneous distribution of the 
Ti, Ce-Ti, and Ni-Ti species on the surface of the K10 
layers was confirmed by these data.

Powder XRD

The XRD pattern of K10 showed a well defined peak 
associated with the d001 basal spacing, indicating the 
swelling of the lamellar structure after the HCl acid treat-
ment, with the subsequent increase in the basal spacing 

Fig. 4  FTIR spectra of clay samples
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into flakes dispersed heterogeneously (Rangel-Porras 
et  al., 2014; Rangel-Rivera et  al., 2014). The absence 
of peaks assigned to Ti in the XRD patterns of the Ti/
K10-based samples indicated a very small amount of Ti, 
or the presence of non-crystalline Ti particles, or even 
the absence of Ti particles; the same effect was observed 
during modification by Ce-Ti and Ni-Ti species. In pre-
vious reports (Rangel-Rivera et al., 2014) the K10-acti-
vated clay showed a broad peak centered at 4.9°2θ (1.8 
nm), which is similar to the broad peak observed in the 
present study at ~5.5°2θ (1.61 nm), both of which indi-
cate layer stacking disorder. These interlamellar spaces 
are greater than those reported in the literature for 
 TiO2-pillared montmorillonites (Binitha & Sugunan, 
2006; Liu et al., 2009), leading to the conclusion that the 
clay minerals studied were not pillared by Ti species, but 
were only surface modified by Ti, Ce-Ti, and Ni-Ti spe-
cies, even delaminating K10 to a certain degree.

FTIR Spectroscopy

Focusing on the –OH stretching region of Ti/K10, 
the band with a maximum at 3430  cm–1 corresponds 
to water molecules fixed to the surface by hydrogen 

bonds, resulting in overlapping symmetric-asym-
metric stretching vibrations. The peak at 3615  cm–1 
was associated with the structural hydroxyl groups 
of K10, which suggested that the inclusion of Ni-Ti 
and Ce-Ti in K10 modified the chemical environ-
ment of the hydroxyl groups in the K10 structure 
into a more homogeneously process than Ti spe-
cies alone. The shape of the Si–O band is an indi-
cator of montmorillonite intercalation (Cole, 2008; 
Maier et  al., 2021); nevertheless, no variation was 
observed in the region between 900 and 850  cm–1, 
indicating a similar chemical structure of the cati-
ons between samples. A slight change in shape, 
more defined and elongated, was noted in the Ni-Ti/
K10 sample but not in the others, indicating that the 
interlayer space environment may have been altered. 
The unmodified bands, thus, at 1090, 525, and 480 
 cm–1 suggested that the incorporation of inorganic 
species in K10 does not modify substantially either 
the structure or the chemical environment of the 
interlamellar space, but the modification affects 
the surface of the material. These data corrobo-
rate the information obtained by SEM and XRD, 
thus reaffirming the hypothesis of modification by 

Fig. 5  FTIR spectra of the clay samples in the range 1100–1000  cm–1
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dispersion-deposition but not by pillar or by the for-
mation of a ‘house-of-cards’ structure.

Physisorption of  N2 at 77 K

A type IV curve is common in layered materials with 
the presence of mesopores and explains the tendency 
to follow the adsorption process at relative pres-
sures (P/P0) >1.0, relating to pore expansion (Gregg 
& Sing, 1995). Desorption hysteresis is an indicator 
of the shape of the pores and their capillary adsorp-
tion, indicating that this material with mesopores and 
H2 hysteresis is related to solids containing aggre-
gates of particles in the form of parallel plates, with 
straight, cylindrical pores, which gives rise to pores in 
the form of slits, although in this case it is the greater 
heterogeneity of the pores that made up these clays. 
Furthermore, the presence of micropores was possible 
due to low adsorption at low relative pressures (P/P0 
< 0.03). In the BJH patterns, K10 showed the typical 
pore distribution of a layered material, and the trend 
was similar for all the Ti/K10-based samples that were 
analyzed, which indicated that the shape of the aggre-
gates was practically identical among them. Following 
Xia and collaborators, the mesopores located at 30 Å 

correspond to pores inside the internal layers of the 
clay, and the pores >40 Å are assigned to mesopores 
outside the internal layers (Xia et al., 2009). The BJH 
pattern of K10 showed an incipient peak at 44 Å, 
which was undetectable in Ti/K10 samples. Deposi-
tion of the Ce and Ni species did not alter the structure 
or geometry of the pores of the original material. Ti/
K10, as well as the formation of Ti species on the K10 
surface, induced the presence of mesopores exclusively 
in internal layers of the structure. The differences in 
desorption hysteresis indicated the formation of these 
mesopores, where the presence of micropores made 
only a moderate contribution to the surface area. This 
type of architectural arrangement at the nanoscale is 

Fig. 6  N2 adsorption-desorption isotherms at 77 K for the clay samples

Table 2  Surface area and porosity of clay samples

Sample BET surface 
area
(m2/g)

Pore volume
(cm3/g)

Pore size
(Å)

K10 240 0.31 57.2
Ti/K10 213 0.37 69.2
Ce-Ti/K10 240 0.26 42.7
Ni-Ti/K10 98 0.27 28.7
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typical of exfoliated specimens or specimens in which 
the layers are disordered, losing their characteristic 
interlayer space while the metallic particles adhere 
to the surfaces of the lamellae (Serwicka, 2021). The 
incorporation of Ti species does not produce pillaring 
or delamination of the K10; likewise, modification with 

Ce or Ni species does not produce these effects. In the 
present case, the incorporation of Ni and Ce species in 
the modified K10 with Ti prompted a decrease in pore 
size and BET surface area, as some Ce-Ti and Ni-Ti 
particles remained on the surfaces and edges of the 
layers. The greater increase in BET surface area of the 

Fig. 7  BJH pore-size distribution of clay samples

Fig. 8  a TGA and b DTGA analyses of the clay samples
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Ce-Ti/K10 than that of Ti/K10 is an effect of the crys-
tal sizes of the Ti species tending to shrink in the pres-
ence of Ce species, so the BET surface area increased. 
On the other hand, the presence of Ni species modified 
the pathways of incorporation of Ti species on the K10 
matrix, occupying a minor BET surface area. Finally, 
two pathways of incorporation are proposed here: (1) 
the dispersion of species of Ti, Ce-Ti, and Ni-Ti which 
form, exclusively, the internal mesoporous structure 
arrangement; and (2) non-hydrolyzed species forming 
agglomerates which lead to micropores through the 
aggregation of metallic nanoparticle-clay layers, block-
ing the presence of mesopores outside the internal lay-
ers. These assertions are supported by SEM, XRD, and 
FTIR characterizations where the morphology of the 
materials, the absence of pillaring or ‘house-of-cards’ 
type structures, and the non-delamination of K10 after 
the inclusion of metallic species are all noted (Fig. 10).

TGA-DTGA 

When the samples were heated, the first stage was 
the elimination of all physically adsorbed water; the 
second stage, the removal of interlayer water and 

initiation of dehydroxylation of the K10. The third 
weight-loss stage, >400°C, was due to K10 dehydrox-
ylation but also to the carbonization of the organic 
compounds from the organic systems of Ti species 
formed during the intercalation of Ti in the clay by a 
sol-gel process in all samples (Bineesh et al., 2011), 
which were the result of the hydrolysis (TiOH), 
alcoxolation-oxolation (Ti-O-Ti), and olation (Ti-
OH-Ti) processes, respectively. On the other hand, a 
variety of compounds such as Ti{OCH(CH3)2}3OH, 
Ti{OCH(CH3)2}2(OH)OH, Ti{OCH(CH3)2}2(OH)2, 
or Ti{OCH(CH3)2}(OH)3 are derived from the afore-
mentioned processes and present in the sol-gel matrix 
[Wright & Sommerdijk, 2001]. One study reported 
that the latter could include the decomposition of two 
types of organic compounds, one adsorbed on the sur-
face of Ti/K10 (>400°C) and the second intercalated 
in the interlamellar space (>600°C), both remnants 
of the intercalation process of Ti species via sol-gel 
(Kaneko et al., 2001). During the present study, how-
ever, no evidence of intercalation within the interla-
mellar space was obtained and, thus, the two types 
apparently were not present. Nevertheless, when the 
Ti/K10 was modified by Ce and Ni species, some 

Fig. 9  Conversion of acetic acid and penta-1-ol during the esterification reaction using the clay samples
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slight differences were observed in the TGA profiles 
of Ti/K10 and Ni-Ti/K10, but Ce-Ti/K10 showed the 
greatest mass loss of all Ti/K10-based samples.

Due to Ce-Ti/K10 having the largest surface 
area of all samples, the incorporation of Ce into Ti/
K10 may have exposed the metal, which could then 
become hydrated and account for the slight increase 
in adsorbed water content observed by TGA (Fig. 5).

Esterification of Acetic Acid and Penta-1-ol

The catalysis of esterification using K10 and Ti/
K10-based catalysts was carried out with the aim of 
determining the effect of the inclusion of modified 
Ce and Ni species on Ti-modified K10. The esteri-
fication process is known to be a typical condensa-
tion reaction that is acid catalyzed. Note that mont-
morillonite (K10 included) is a system of colloidal 
particles which are very stable and highly swelling, 

leading to its ability to exfoliate into monolayers 
(Nicolosi et al., 2013). The phenomenon of delami-
nation or exfoliation has attracted research into their 
use in heterogeneous catalysis (Roth et  al. 2020; 
Shawky et  al., 2019; Yi et  al., 2021), and has been 
especially focused in organic synthesis reactions 
in the liquid phase. The recovery of the catalyst in 
these cases is relatively simple, either by deposition 
of the K10 colloids or by mechanical means such as 
centrifugation (Chellapandi & Madhumitha, 2022). 
Once the material is washed, settled, and dried, it can 
be used again, giving rise to an economic and eco-
friendly catalyst (Mahanta et  al., 2017). The differ-
ences in the catalytic activity are due to changes in 
the total acidity of the K10 and Ti/K10-based cata-
lysts. On the other hand, the esterification reaction 
is promoted with the presence of a Brønsted acid 
catalyst, which is responsible for providing protons 
 (H+) to the reaction medium. Protons interact with 

Fig. 10  a Schematic representation of the structure of the clay samples, b esterification process of the clay samples
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one or both reactants, starting with the catalytic pro-
cess. K10 showed a lower catalytic performance in 
the first 3 h of the reaction, reaching its maximum 
after 6 h. Using the Ti/K10 and Ce-Ti/K10 cata-
lysts offered the best performances. This behavior is 
related to their greater BET surface area and ability 
to retain water molecules. The water molecules will 
be able to disperse in a greater proportion, as well 
as be retained in the metallic centers. This arrange-
ment results in the dissociation of protons on a larger 
scale. Furthermore, it highlights the behavior of 
Ni-Ti/K10 which reached its maximum activity 5 h 
later than the other two catalysts. This phenomenon 
may be due to the tendency of nickel species to form 
agglomerates in inorganic matrices (Iwanschitz et al., 
2011; Lee & Kim, 2021), which was observed in the 
decrease of surface characteristics such as BET sur-
face area, pore size, and pore volume. When they are 
agglomerated after the incorporation process, the Ni 
particles reduce the textural properties in order of 
porosity and BET surface area, as well as the num-
ber of metallic centers where the Brønsted acid sites 
are in the Ti/K10 catalyst. The result of this behavior 
is an active acid material for esterification processes, 
but with a delayed catalytic activity relative to the 
other materials used as catalysts (Fig.  9). Finally, 
K10 required a longer time to obtain appreciable 
yields because its acid centers are not as strong or as 
dispersed as those of the modified materials, despite 
having greater mesoporosity. Comparing K10 and 
Ti/K10-based materials with other types of heteroge-
neous and homogeneous catalysts (Table 3) used for 

the conversion of pentyl acetate, the Ti/K10-based 
catalysts, except for Ni-Ti/K10, offer shorter reaction 
times and lower temperatures than most of the cata-
lysts presented. In addition, the use of this type of 
catalyst is advantageous in terms of easy separation, 
environmental compatibility, and practical manipula-
tion of catalytic process parameters.

Conclusions

The inclusion of Ti, Ce-Ti, and Ni-Ti species on K10 
montmorillonite did not affect its crystalline structure 
inasmuch as the crystalline phases corresponding to 
the modified metallic species were not present. Nev-
ertheless, the chemical environment of the catalyst 
changed depending on modifiers, such that Ti/K10 
and Ce-Ti/K10 had surface hydration levels greater 
than that for Ni-Ti/K10, which generated a greater 
availability of active acid centers. The incorporation 
of metallic species did not provoke the formation of 
structures described in the literature such as pillars or 
the “house-of-cards” structure; nonetheless, the pres-
ence of two types of mesopores in K10 was affected 
by the incorporation of the metallic species, creating 
only internal mesopores, affecting the bimodal struc-
ture in terms of mesoporosity that was perceptible 
in K10. Specifically, the incorporation of Ce species 
caused an increase in the surface area, while modifi-
cation with Ni species had the opposite effect. This 
behavior led to a greater amount of organic matter and 
water in Ce-Ti/K10 so that the incorporation of Ti and 

Table 3  Comparison of various catalysts in the synthesis of pentyl acetate

Catalyst Temperature 
(°C)

Conversion (%) Time
(h)

Reference

Montmorillonite K10 90 78.0 5 Rangel-Rivera et al. (2018)
Montmorillonite K10 modiffied with Zr 90 88.0 4 Rangel-Rivera et al. (2018)
Zeolite ZSM-5 130 43.0 4 Gao et al. (2020)
IL/MIL-101(Cr) 80 82.4 1 Hassan et al. (2017)
Ziconium sulfophenyl phosphonate 50 74.0 14 Curini et al. (2000)
Acid modiffied attapulgite 117 89.67 3 Pushpaletha & Lalithambika (2011)
Cerium polyoxometalate 25 97.0 15 Mirkhani et al. (2004)
Graphite oxide 90 80.0 2 Mirza-Aghayan et al. (2014)
Ti/K10 90 84.0 3 This study
Ce-Ti/K10 90 86.0 3 This study
Ni-Ti/K10 90 83.0 8 This study
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Ti modified with Ce species produced a greater dis-
persion of the reagents and increased the availability/
accessibility of active acid centers. Finally, the inclu-
sion of Ce species produced a structure with a larger 
porosity that induced a larger BET surface area than 
its counterparts, while the Ni-modified species led to 
the formation of agglomerated particles that decreased 
the BET surface area of the original material. These 
characteristics were decisive in the catalytic activity 
of the catalysts, such that Ni-Ti/K10 showed the least 
conversion over the longest reaction time.
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