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Abstract

Catalytic performance of zirconyl hydrogen tellurate (ZrOHTe) and hafnium
hydrogen tellurate (HfHTe) was studied for the first time. A process of butyl acetate
synthesis was used as a test reaction. A number of physicochemical techniques
(XRD, SEM, TGA/DSC and XPS) was applied for catalyst characterization.
Using molecular electrostatic potential and net atomic charges, both the electronic
structure and the chemical reactivity of ZrOHTe and HfHTe were considered.
Kinetic (activation energy, pre-exponential factor) and thermodynamic (enthalpy,
entropy, Gibbs free energy barrier) parameters were calculated. A plausible reaction
mechanism for esterification was offered. Particles of a low crystallinity degree or
small-sized crystallites were found to form ZrOHTe and HfHTe. The fragments in
ZrOHTe/HfHTe are prismatic/layered in shape with an average size around 160 pm.
XPS exposed that HTeO, managed the surface phenomena for ZrOHTe and HfHTe.
A higher butyl acetate yield using ZrOHTe than HfHTe due to higher surface acidity
of the former was generated.
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Introduction

The esterification process is one of the most widely used methods in industrial
chemistry for obtaining valuable components for pharmaceutical, perfumery,
food and chemical industries [1-8]. For example, to enhance the hydrophilization
of ibuprofen, its direct esterification with sorbitol in the presence of porcine
pancreas lipase type II catalyst was investigated [2]. In another paper,
esterification reaction between sorbic acid and glycerol in a solvent-free system
were performed with an immobilized lipase B catalyst [6]. It was noted that
glycerol sorbate is a promising antimicrobial compound against Saccharomyces
cerevisie. Experimental and kinetic study on isobutyl acetate production catalyzed
by n-sulfopropyl-3-methylpyridinium trifluoromethanesulfonate ionic liquid
([HSO5-C,Pyr]*[CF;SO;]") was reported in a paper of Shi et al. [8]. Although
esterification is generally carried out as a reaction between a carboxylic acid and
alcohol, processes of alcoholysis and acidolysis for esters production are noticed
as well [9, 10].

Esterification is a highly reversible process and to shift the equilibrium
in the direction of the reaction products it is realized in the presence of acid
homogeneous or heterogeneous catalysts. Among these, strong protic acids are
widely applied as homogeneous catalysts due to their low cost, accessibility
and high reactivity [11]. However, along with the advantages of the mineral
acids, there are also significant technical disadvantages such as: (i) required
neutralization and washing from the product mixture, resulting in the formation
of waste water and (ii) high catalyst consumption. Indicated drawbacks forced
development of heterogeneous catalyst systems that can be easily separated
from the reaction mixture and completely regenerated [12]. For instance, a
heterogeneous catalyst based on silicotungstic acid has been synthesized for
methanol-acetic acid esterification [13]. The highest catalytic activity was
obtained as 84% with 20% catalyst at initial methanol-to-acetic acid ratio of 1:3,
80 °C for 27 h. In this regard, —-SO;H modified carbon/cellulose composite was
studied as an efficient heterogeneous catalyst for oleic acid methylation [14]. The
authors reported for ester yields of 84%, 88% and 94% in the presence of 5, 10
and 20 wt% catalyst.

Recently, zirconium- and hafnium-based composites have been reported as
promising heterogeneous catalytic systems for esterification [15-27]. Hence,
biodiesel production using 7%Sr/ZrO, catalyst has been investigated in a paper
of Asif and co-workers [15]. As a result, ester yield of 75% at initial molar
ratio=1:14, temperature 70 °C and catalyst loading 1% was obtained. Sulfated
zirconium oxide was applied as an efficient catalyst for methylation of lignin and
palmitic acid [16, 21]. Condensation of ethyl pyruvate into diethyl 2-methyl-4-
oxopent-2-enedioate and diethyl 2-methylene-4-oxopentanedioate (an itaconic
acid ester analogue) with selectivity of 80% and 60% conversion were evaluated
in the presence of Hf-containing BEA zeolites as catalysts [18].

Catalytic conversion of furfuryl alcohol and levulinic acid into alkyl
levulinates using sulfonic acid-functionalized Hf-based MOFs was analyzed by
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Gupta et al. [19]. Xerogel catalysts based on mesoporous zirconia doped with
telluric acid was investigated for acetic acid esterification with benzyl alcohol at
alcohol-to-acid ratio of 10:1, and reaction temperature 80 °C [22]. After 4 h of
reaction, ester yield of 30% was achieved. Speaking for benzyl alcohol, the latter
was used for 4-phenylbutyric acid esterification in the presence of Zr(Hf)Cl,,
Zr(Hf)Cl,(THF),, Zr(Hf)O,, ZrOCl,-8H,0, HfOCl,, Zr(OH),, Cp,HfCl, salts
as catalysts [23]. In this regard, ZrOCl,"8H,0O was applied as an efficient, cheap
and reusable catalyst for the esterification of acrylic acid with equimolar amounts
of alcohols [25]. In another paper, heterogeneous acetylation of glycerol in the
presence of Zr-modified hierarchical mordenite was represented [27].

Although a variety of papers focused on zirconium- and hafnium-based
composites as catalysts for esterification, the development of highly effective,
low-cost and stabile heterogeneous catalytic systemts is in progress. This matches
well with requirements such as: (i) direct esterification of carboxylic acids with
alcohols under solvent-free conditions, (ii) esters should be obtained in high yields
using equimolar amounts of reactants, (iii) esterification should proceed at low
temperature and (iv) the esters should be easy to isolate and purify.

Based on the literature review, the catalytic behavior of different type of
hafnium and zirconium acidic compounds, namely zirconyl hydrogen tellurate
(ZrO(HTeO,),"4H,0) and hafnium hydrogen tellurate (Hf(HTeO,),"8H,0) were
explored in this paper for the first time. It should be pointed out here that Zr- and
Hf-based hydrogen tellurates are noted previously, where reflux and precipitation
methods for synthesis were used [28, 29]. However, a completely different
preparation procedure for ZrO(HTeO,),"4H,0 and Hf(HTeO,), 8H,0 was applied
in this work—hydrothermal synthesis. Catalytic performance of the samples
obtained was studied in the reaction of butyl acetate synthesis.

Textural properties, thermal behavior and surface effects for ZrO(HTeO,),"4H,0
and Hf(HTeO,),-8H,0 samples were characterized in details via a number of
physicochemical techniques such as X-ray diffraction (XRD), scanning electron
microscopy (SEM), thermal gravimetric/differential scanning calorimetry (TGA/
DSC) and X-ray photoelectron spectroscopy (XPS). To evaluate the electronic
structure and chemical reactivity of the title compounds toward esterification,
molecular electrostatic potential (MEP) surface and net atomic charges (NPA)
were considered. In addition, essential kinetic (rate constant, activation energy,
pre-exponential factor) and thermodynamic (enthalpy, entropy, Gibbs free energy
barrier) parameters for butyl acetate synthesis were calculated. A plausible reaction
mechanism was offered as well.

The results represented in this paper are expected to be valuable for design of
new stable and active catalytic systems for acid-catalyzed processes.
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Experimental section
Synthesis of ZrO(HTeO,),'4H,0 and Hf(HTeO,),-8H,0

Preparation of ZrO(HTeO,),4H,O (abbreviated as ZrOHTe in this paper) was
conducted via hydrothermal synthesis at 250 °C for 5 days in a stainless steel
autoclave (50 ml), equipped with a polypropiolactone inner body. For that purpose,
equimolar amounts of zirconyl chloride (ZrOCl,8H,0, 0.80 g; 4.49 mmol) and
telluric acid (Te(OH)g, 1.03 g; 4.49 mmol) in aqueous medium (15 g; 833.33 mmol)
were used. After slow cooling to ambient temperature, a white solid phase was
resulted (see supporting material, Fig. S1). The latter was washed with ethyl alcohol
and dried at 80 °C overnight.

Synthesis of Hf(HTeO,),"8H,O (denoted as HfHTe in this work) followed the
above mentioned conditions, in general. However, 3 g (9.37 mmol) HfCl,, 4.3 g
(18.74 mmol) Te(OH), and 25 ml (1388.88 mmol) H,O were applied in that case.
HfHTe compound appeared as a yellow-colored crystalline phase (see supporting
material, Fig. S1).

Samples characterization

XRD analysis was performed by a Bruker D8 Advance diffractometer using Cu
K, (A=0.15406 nm) radiation and a PW 2200 Bragg-Brentano 6/20 goniometer.
Diffraction peaks are recorded in the 26 range from 10° to 90° with step size of
0.030 and step scan of 10.0s. Phase identification was carried out by comparison
with database cards.

SEM images were generated by means of SEMoscope IEMI11 instrument
(10-30 kV, maximum resolution 5 nm), equipped with EDS detector.

TGA/DSC profiles of ZrOHTe or HfHTe were evaluated by means of a thermal
gravimetric analyzer Setsys Evolution 2500 SETARAM. The experimental
conditions are as follows: heating rate—10 °C/min, temperature range 30—1000 °C,
argon flow—0.020 1/min, corundum pans. DSC measurements were carried at the
same experimental conditions.

X-ray photoelectron spectroscopy (XPS) measurements were conducted
utilizing the ESCALAB MKII electron spectrometer under a vacuum pressure of
5% 107 mbar, employing an Al K, X-ray source with an energy of 1486.6 eV. The
hemispherical analyzer utilized a pass energy of 20 eV and 6 mm slit widths. The
instrumental resolution, determined by the full width at half maximum (FWHM) of
the Ag3ds;, photoelectron peak, was 1 eV. The energy scale was adjusted using the
Te3ds;, peak maximum at 577.1 eV to correct for electrostatic charging effects.

The processing of the acquired spectra involved the subtraction of X-ray satellites
and a Shirley-type background [30]. Peak positions and areas were assessed through
symmetrical Gaussian—Lorentzian curve fitting. The accuracy of the binding energy
(BE) values was within+0.1 eV. To determine the relative concentrations of
different chemical species, the peak areas were normalized to their photoionization
cross-sections, as calculated by Scofield [31].
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Batch esterification

Butyl acetate synthesis was carried out at different reaction temperatures (60 °C,
70 °C, 80 °C) in the presence of ZrOHTe or HfHTe (0.42 g, 10 wt% with respect
to the acetic acid mass), using equimolar amounts of acetic acid (0.0646 mol,
4.2 g) and butyl alcohol (0.0646 mol, 4.8 g). Ester yield was analyzed by at fixed
intervals of time (10 min) using GC 7890A apparatus, equipped with FID detector
and a HP-INNOWAX capillary column). Helium at a flow rate of 0.0015 1/min
was used as a carrier gas. Both, the ster yield and the rate constant of esterification
were investigated as a function of the catalyst content (0.21 g-0.50 g, 5 wt%—12
wt% with respect to CH;COOH mass) in this work as well.

Kinetic and thermodynamic calculations

The studied reaction in this paper is interaction between equimolar amounts of
reactants and Eq. 1 was used to interpret the experimental kinetic data.
dC,
_T =k, C,Cy —k,CpCy (1

Here, C; (i = A, Y, B, Z) corresponds to the acetic acid concentration (mol/l)
(A), butanol (Y), butyl acetate (B) and water (Z) at given reaction time (t, min).
The forward and backward constants were abbreviated as k; and k,, respectively.

The equilibrium substrate conversion (X Ac) was determined as follows:

2
_k XAe
"k (i v \2 2
> (1-x,)

Here K. denotes the equilibrium constant. When the equilibrium constant at
different temperatures was estimated, enthalpy (AH;, kJ/mol) and entropy AS;,J/
mol/K) of butyl acetate production were calculated using Eq. 3.

AH AS,
ke=\"%7 )"\ & 3)

To value the forward rate constant, a nonlinear least-squares method was
applied, Eq. (4). SRS abbreviates the minimum of the sum of residual squares
between measured and predicted ester yields (x).

K¢

SRS = Z (Xmeasured - XprediCled)z 4)

samples

The activation energy (E,, kJ/mol) and pre-exponential factor (A, 1/mol/min)
were determined via the Arrhenius law:

@ Springer



2110 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2105-2131

Ink=InA — CA 5

nk=In RT (5)

Enthalpy (AH?, kJ/mol) and entropy (AS¥, J/mol/K) of activation for the title
reaction were calculated as follows:

k kg\ AS* AH”
() -n(’p oo 40
T n<h)+R RT ©

Here, kg is Bolzmann constant (1.38x 1072 J/K) and h is Planck constant
(6.63x 107 Js).

Theoretical section
Computational details

The quantum estimations were completed by means of Gaussian 16 software at
B3LYP/6-311+G(d,p) and LANL2DZ for Hf, Zr and Te [32-34]. The calculated
frequencies were adjusted by empiric scaling factor of 0.9679 [35]. No fanciful
upsides of the wave numbers for the ground states were noticed, which shows that
the optimized calculations are situated at the minimum points of the potential energy
surfaces. A fanciful recurrence for the change state structure showed that a seat point
was found. The programming Gauss View 6 was used for results illustration [36].

Molecular electrostatic potential surface

Electrophilic and nucleophilic reactivitys of ZrOHTe and HfHTe samples was
investigated via MEP surface [37]. On the other hand, the optimal conditions for
appropriate reactants orientation can be determined by MEP as well. In the field
of MEP surface analysis: (i) red color corresponds to areas of high electron density
(strong negative potential), (ii) light red-to-yellow color denotes regions of low
negative potential, (iif) green-to-white color abbreviates molecular electrostatic
potential close to zero, (iv) light blue color expresses low positive potential and (v)
dark blue colored areas are for significant positive potential (less evident electron
density).

Results and discussion
Phase identification and morphology
To investigate the composition of ZrOHTe and HfHTe samples, XRD analysis was

used (Fig. 1). For comparison, X-ray patterns of the raw materials (telluric acid,
zirconyl chloride and hafnium chloride) are also applied. Morphology of ZrOHTe
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Fig. 1 XRD profiles for telluric acid (TA), hafnium chloride (HfCl), zirconyl chloride (ZrOCl), HfHTe
and ZrOHTe samples

and HfHTe was investigated by means of SEM method (see supporting material,
Fig. S2).

The results exposed that the XRD profile of telluric acid contained distinct
peaks at diffraction angles (20) of 22.6°, 32.2° and 37.9° (ICSD 15-922-91). On
the other hand, the diffractogram of the ZrOCI sample is characterized by intense
peaks localized at 26=21.9°, 22.6°, 24.2°, 25.9°, 28.5° and 29.5° (ICSD 00-032-
1498). Analysis of the X-ray pattern of HfCl revealed 20=21.2°, 27.3°, 28.6°,
29.2°, 31.2°, 34.6°, 35.2° and 39.5° (ICSD 17-247-62). Broad diffraction peaks
positioned at 25.1°, 26.9°, 32.5°, 34.1° and 36.9° were found to be present in the
X-ray diffractogram of ZrOHTe sample. Obviously, the latter does not contain
peaks related to TA and ZrOClI, indicating the formation of a new phase. This was
confirmed by peaks at 25.1°, 34.1° and 36.9° due to hexavalent tellurium (Te®")
in the form of TeO,; phase (ICSD 00-043-1048). On the other hand, patterns
at 20=26.9° and 32.5° related to a phase of zirconium tellurate (ZrTe;Og, ICSD
00-015-0692) were noticed as well.

The XRD profile of HfHTe was found to follow that of ZrOHTe, containing
broad diffraction peaks at 20=25.1°, 27.3°, 29.2°, 34.6°, 37.1°, 39.5°, 44.6° and
47.1°. Among these, the peaks located at 25.1°, 34.2° and 37.1° are identical to the
patterns already established in the diffractogram of ZrOHTe and express a phase of
tellurium oxide (TeO;, ICSD 00-043-1048). The peaks at 20=27.3°, 29.2°, 39.5°,
44.6° and 47.1° characterize the hafnium tellurate phase (HfTe;O4, ICSD 01-070-
2441). It should be noted that peaks at 27.3°, 29.2°, 34.2° and 44.6° can be found
in both the diffractorgams of HfHTe and pure hafnium chloride. In other wods, the
presence of a low-crystalline hafnium chloride phase in the composition of HfHTe
sample should not be excluded.

@ Springer



2112 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2105-2131

A detailed analysis found that peaks assigned to phases of zirconyl
hydrogentellurate ~ (ZrO(HTeO,),"4H,0) and  hafnium  hydrogentellurate
(Hf(HTeO,), 8H,0) are not observed in the diffractograms of ZrOHTe and
HfHTe. Two possible reasons have been proposed to explain these effects. The
first was related to significantly small crystallites of ZrO(HTeO,),"4H,O and
Hf(HTeO,), 8H,0, which cannot be registred by XRD method. The second reason
implies ZrO(HTeO,),"4H,0 and Hf(HTeO,), 8H,0 particles of a low crystallinity
degree (highly amorphous state). The latter is supported to some extent by the
broad diffraction peaks, characterizing ZrOHTe and HfHTe samples. Similar results
were observed for amorphous XZrTe, sH and XZrTe, H [22]. The authors reported
for a broad diffraction peak between 20° and 30° which denotes XRD profiles of
XZrTe, sH and XZrTe, H.

To study the morphology of ZrOHTe and HfHTe, scanning electron microscopy
was used (Fig. 2). The results revealed that the synthesized hydrogen tellurates are
composed of particles with a dense structure. It was found that the fragments in
zirconyl hydrogen tellurate structure are prismatic in shape with an average size of
160 pm. Similar to ZrOHTe, an identical average size (157 pm) was found for the
particles constituting HfHTe. In contrast to zirconyl hydrogen tellurate, a layered
structure denotes the fragments in the HfHTe composition.

Thermal behavior

The thermal properties of ZrOHTe and HfHTe samples were studied in the
range from 30 °C to 1000 °C (Fig. 2). To investigate the thermal effects during
decomposition, differential scanning calorimetry was used. Detailed thermal

100 8
 HHTe —HfHTe
90 ——ZrOHTe 6 ——ZrOHTe
on
80 | § 4 °“ld°
B g
§ 70 F+ %“ 2
p= =
60 S0
s
50 -2
40 A L 1 1 1 1 1 L 1 _4 i 1 i 1 1 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000

Temperature, °C Temperature, °C

Fig.2 TGA (left) and DSC (right) profiles for HfHTe and ZrOHTe samples
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decomposition mechanisms for ZrOHTe and HfHTe samples are represented in
Table S1 (see supporting material).

The results demonstrated that the thermogram of ZrOHTe contains four
main stages of mass loss: 30 °C-190 °C, 200 °C-660 °C, 670 °C-750 °C and
770 °C-960 °C. A detailed analysis found that the second temperature interval
can be considered as a set of three additional areas of mass loss, namely
200 °C-360 °C, 365 °C-535 °C and 540 °C-660 °C. The mass loss in the
first temperature interval is associated with complete dehydroxylation of the
ZrO(HTeO,),"4H,0 sample, resulting in the formation of ZrO(HTeO,), phase.
A broad endothermic peak with a maximum at 100 °C characterized this stage.
According to the decomposition mechanism, a good correlation between the
experimentally measured mass loss (mg, = 11.91%) and the calculated one
(my,, = 12.76%) was found. The resulting ZrO(HTeO,), phase undergoes
additional mass loss (mg,, = 5.99%; m,. = 5.28%) within 200 °C-360 °C, where
release of 0.5 H,O and 0.50, generates Zr(TeO;),. The evolution of oxygen as
a decomposition product was the reason for the appearance of an exothermic
peak at 360 °C in the heat flow profile of the ZrOHTe sample. The thermal
decomposition of ZrOHTe in the temperature range from 360 to 750 °C includes
successive stages of oxygen release (mg, = 15.05%; m, = 14.62%) with
formation of a phase, containing mixed-valent tellurium oxides—Zr(TeO)(TeO,).

The significantly larger amount of generated oxygen (20,) in the interval
360 °C-750 °C compared to the oxygen amount (0.50,) released between 200 °C
and 360 °C was marked via appearance of a more pronounced exothermic peak
(maximum at 650 °C) in the DSC profile of ZrOHTe. Increasing the temperature
above 750 °C produces a non-stoichiometric phase of Zr(Te, s0,) due to release
of TeO, (mg, = 20.44%; mg,, = 20.23%). Since the experimentally measured
thermal stability of ZrOHTe was conducted in the range within 30 °C-1000 °C,
additional calculations for its probable thermal behavior at temperatures above
1000 °C were made. Hence, the phase of Zr(Te, s0,) can undergo two different
stages of thermal decomposition. The first one releases 0.5TeO, and a phase of
ZrTeO was formed. A mass loss amount of 25.36% was calculated in this case.
The second stage expressed formation of a new non-stoichiometric phase of
ZrTeQg 5 (my, = 27.91%) with due to 0.5TeOj; release (Table S1).

The thermogram of HfHTe indicated that the sample is less thermally stable
than ZrOHTe at temperatures up to 400 °C, while an opposite trend was observed
between 400 and 1000 °C. The analysis discovered that the thermal decomposition
of HfHTe involves five distinct mass loss stages: 30 °C-190 °C, 200 °C-535 °C,
540 °C-640 °C, 650 °C-770 °C, and 780 °C-990 °C. Similar to ZrOHTe, the first
stage is associated with an endothermic dehydroxylation process (mg,, = 14.34%;
mg,. = 13.18%), leading to Hf(HTeO,), formation. Comparing the mass loss at
this stage for the two samples (ZrOHTe and HfHTe), m,,, for HfHTe (14.34%)
is greater than m,, for ZrOHTe (11.91%). This effect was related to the presence
of a larger number of hydroxyl groups in HfHTe compared to the OH™ groups
in ZrOHTe structure. The thermal behavior of HfHTe in the range from 200 to
535 °C includes the release of additional molecules of water and oxygen, resulting
in the formation of Hf(TeOs), (mgy, = 6.91%; m, . = 7.17%). At temperatures up

calc
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to 770 °C, Hf(TeO;), undergoes successive stages of decomposition with release
of additional amounts of oxygen (mg,, = 2.74%; m,, = 2.73%), where Hf (TeO5),
was transformed into a non-stoichiometric hafnium phase, Hf(TeO5);(TeO, s).
The formation of a phase of Hf(TeO;);(TeO, 5) was confirmed by two distinct
exothermic peaks (maxima at 667 °C and 762 °C) in the DSC profile of HfHTe.
In the region between 780 and 990 °C, significant mass loss of 15.16% (m,. =
15.09%) due to release of TeO, and formation of Hf(TeO),(Te, sO5 5) was observed.
Similar to Zr(Te, s0,), several individual stages for thermal degradation of
Hf(TeO)s(Te, 505 5) at temperatures above 1000 °C were proposed: (i) remove of
1.5TeO; with m ;. = 36.13% or (ii) release of 0.5TeO at m_,, of 9.85% (Table S1).
In summary, the thermal decomposition of the studied materials (ZrOHTe and
HfHTe) starts at temperatures above 90 °C, which means that under the chosen
temperature (80 °C) of conducting the catalytic experiment, these are stable systems.

Electronic structure

To know the electron density distribution in ZrOHTe and HfHTe, their electronic
structures were studied by means of MEP surface analysis (Fig. 3) and net atomic
charges (NPA, Table 1).

NPA analysis exposed that O° atom (- 1.148) localizes the highest negative charge
in ZrOHTe, followed by O° (- 1.128), O'* (- 1.113), O'? (- 1.092), O* (- 1.087),
O’ (- 1.021) and O" (- 1.015). In addition, a significant negative potential (in the
range from — 0.910 to — 0.994) was also registered for the remaining oxygen atoms
(0!, 0!, 0%, 0'% and 0%) in the zirconyl hydrogentellurate molecule as well. This
suggests that O° is the highest nucleophilic center in ZrOHTe sample and determines
its electrophilic reactivity. However, the molecular electrostatic potential surface for
ZrOHTe discovered that the O° atom is located in a light yellow-colored zone with
a significantly reduced negative potential. In other words, the negative charge on 0%
atom appears to be highly compensated, most probably a consequence of interaction
with the positively charged Zr® (+1.744) and Te® (+3.145). A similar trend was
also found for the oxygen atoms localized around Zr?* and Te?*.

\

Fig.3 Molecular electrostatic potential surfaces for ZrOHTe (left) and HfHTe (right): O-atoms are in
red, Te-atoms are in yellow, Zr(Hf)-atoms are in light-blue and H-atoms are in white
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Table 1 Net atomic charges for

ZrOHTe HfHTe
ZrOHTe and HfHTe samples

Atom Charge Atom Charge Atom Charge

o! -0.910 o! -0.904 0% —1.171
H? +0.520 H? +0.509 o7 —-1.079
56 +0.514 H? +0.531 H? +0.523
o* -1.087 o* ~-1.115 0¥ -0.938
o’ -1.128 o’ —-1.085 H +0.501
o° —1.148 o° 0914 H3! +0.489
o’ -1.021 H’ +0.532 0% -0.923
(o} -0.918 H? +0.514 B3 +0.469
H° +0.508 o’ —-1.021 H3* +0.496
H'° +0.527 o —-1.024 Hf +1.887
o -0.994 o' -1.072 0% —1.141
o"” -1.092 o —1.111 oY —1.184
oB -1.015 oB —0.906 0* ~1.139
o ~1.113 oM -0.968 o¥ —-1.116
ob -0.860 HY +0.531 o% -1.017
o'° -0.900 H!® +0.513 H*! +0.517
H" +0.519 H" +0.539 o* -0.917
H'S +0.513 H' +0.536 H® +0.493
H" +0.507 Te' +3.188 H* +0.472
g2 +0.523 Te? +3.198 o® -1.016
H?! +0.524 H?! +0.519 H* +0.513
0% -0.989 Te? +3.188 oY -0.924
73 +1.744 0% —1.094 H* +0.508
Te** +3.139 o* —-1.079 HY +0.473
Te? +3.145 Te? +3.219

H26 +0.495

On the other hand, however, the rest of the oxygen atoms (07, 0" and 014)
attached to Te? are positioned in an yellow-colored area with a clear negative
potential, more pronounced in the case of O'* atom. The latter suggests that O'3
atom is the site of the highest nucleophilicity in ZrOHTe and defines its reactiv-
ity towards electrophilic reactions. At first sight, this contradicts the registered pure
atomic charges, since among the atoms 07, 0'3 and 0", the last one is characterized
by the highest negative potential (— 1.113), followed by O’ (— 1.021). Considering
the existence of O’—H?! bond in the ZrOH-Te structure, it can be assumed that the
negative charge localized on O is significantly compensated by the positive charge
on H?! (+0.524). Based on the latter, the O’ atom should be excluded as a vari-
ant defining the electrophilic reactivity of the ZrOHTe sample. The less pronounced
negative charge around the O'* atom (placed in an area with a slightly saturated yel-
low color) can be assigned to an intramolecular electrostatic interaction (0'*...H'9
with the participation of a coordinated water molecule around the Zr** atom.
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Analyzing the atoms in ZrOHTe with a localized positive charge, the
highest one was observed for zirconium and tellurium ones—Te? (+3.145),
Te** (+3.139) and Zr*® (+1.744). A significantly lower positive potential
(from +0.495 to+0.524) was observed around the hydrogen atoms in the
ZrOHTe structure. Thus, it was assumed that the nucleophilic reactivity of
ZrOHTe depends to the greatest extent on tellurium atoms and to a lesser extent
on zirconium. However, the molecular electrostatic potential surface showed
that Te?* and Zr? are located in a region with a neutral charge, which means
that their positive potential is completely compensated by the negative one on
the surrounding oxygen atoms. Moreover, Te?® is present in the structure of the
studied compound as an atom located in an are with a light yellow color, i.e. in
an area of weak negative potential. As a result, it was found that the nucleophilic
reactivity of ZrOHTe is determined by the positive charge on the hydrogen
atoms.

A detailed analysis found that the positive charge localized on the hydrogen
atoms present in ZrOHTe decreases in the order: H' (+0.527)>H?! (+0.524)
~ H?* (+0.523)>H? (+0.520) ~ H" (+0.519)>H" (+0.513)>H"
(+0.507) > H?® (+0.495). Thus, it was suggested that the nucleophilic reactivity
of ZrOHTe depends on H'9 H? and H?' atoms. However, MEP surface for
ZrOHTe displayed that the these hydrogen atoms populate in areas with an
electrostatic potential close to zero, i.e. their positive charge is completely
compensated by the negative one localized on the oxygen atoms connected to
them. On the other hand, Fig. 3 clearly shows that the H?® atom is placed in an
area of the lowest electron density (the highest positive potential). To explain
the observed effect, the total negative charges of the oxygen atoms around the
tellurium ones were taken into account. For example, the total negative potential
generated by O’, O'® and O!* atoms is greater than the positive charge around
Te? atom. In other words, a region of weak negative potential characterizes this
part of the ZrOHTe molecule. However, analyzing the total negative potential of
the oxygen atoms around Te?*, practically identical and opposite to the positive
charge on the tellurium atom was found. This means that the negative charge on
the O'! atom affects the positive potential localized on H?® atom in a low extent.
As a result, H*® was defined as the site responsible for the nucleophilic reactivity
of the ZrOHTe sample.

Examining the electronic structure of the HfHTe sample, the highest positive
charge (blue-colored area) was registered on the hydrogen atoms H* (+0.469)
and H* (+0.472) in the water molecules coordinated around Hf* (Fig. 4).
Considering that the difference in electron density of H*® and H** is practically
absent, the mentioned hydrogen atoms were defined as equivalent electrophilic
centers determining the nucleophilic reactivity of HfHTe. Comparing the charges
for H* and H* in HfHTe sample with that of H?® in ZrOHTe sample, a notably
higher positive potential (+0.495) on H?® in comparison with H** and H** was
found. On the other hand, the positive charges located on Te'® (+3.188), Te?°
(+3.198), Te?? (+3.188) and Te? (+3.215) atoms in HfHTe were established
to be more pronounced than the positive charges around Te** (+3.139), Te?
(+3.145) in ZrOHTe, i.e. more reduced telluric atoms in HfHTe with respect to
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Fig.4 Effect of the catalyst nature on butyl acetate yield (left) and comparison between measured and
predicted butyl acetate yield (right). Reaction conditions: initial reactants molar ratio of 1.0, reaction
temperature 80 °C and 0.42 g (10 wt%) catalyst. Fit lines are in accordance with Eq. 4

those in ZrOHTe are observed. This effect could be explained with the presence
of intramolecular hydrogen bonds (029~--H21, 032..4%8 0*...H* and 042~--H41)
between water molecules and hydrogen tellurate anions in HfHTe. For compari-
son, such type of interactions is missing for ZrOHTe. The mentioned hydrogen
bonds imply a decreased positive potential on the hydrogen atoms H>!, H28, H*
and H*'. As a result, strong electron density distribution from Te!®, Te?0, Te??
and Te? toward 0%, O!', 0%-and O* occurred. Based on the latter, a more pro-
nounced positive potential characterizes telluric atoms in HfHTe than ZrOHTe.

Electron core levels description

It is well known that the surface phenomena play a crucial role in the catalytic
performance of a given heterogeneous catalytic system. For that purpose, Cls, Ols,

Table 2 XPS atomic
concentrations (at.%)

Core level Samples

TA ZrOCl HfCl1 ZrOHTe HfHTe
Cls 40.32 31.58 48.16 48.02 24.89
Ols 42.99 29.15 23.84 34.29 48.69
Te3d 16.69 - - 10.22 19.61
Cl2p - 22.10 16.67 - -
Zr3d - 17.17 - 7.47 -
Hf4f - - 11.33 - 6.81
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Zr3d, Te3ds,, and Hf4f electron core levels were described (see supporting material,
Figs. S3 and S4). XPS atomic concentrations (atom%) for Cls, Ols, Zr3d, Te3ds,
and Hf4f are depicted in Table 2. To evaluate the surface effects in the synthesized
catalysts more accurately, electron core levels for the raw materials (telluric acid,
zirconyl chloride and hafnium chloride) were defined first. Although the samples
studied in this paper do not contain carbon as a structural element, adventitious
carbon is usually detected during XPS analysis and it should be considered.

Results exhibited that the Cls line of telluric acid (TA) contains two peaks at
binding energy (BE) values of 284.3 eV and 288.2 eV. Taking into account that
higher BEs (284.8 eV-285.0 eV) are typicall for sp> bulk bonded carbon (C—C), the
fragment at 284.3 eV was related to carbon in the vicinity of a slightly electropositive
atom—most probably tellurium [38]. The peak at 288.2 eV was assigned to O-C=0
groups due to the presence of Te—O and Te=O bonds in the TA structure [39].
Analysing the Cls spectrum of zirconyl chloride (ZrOCl), peaks located at BE of
285.6 eV and 289.6 eV were registered. While the first reflection was connected
with C-O fragment, the peak at 289.6 eV was interpreted as a carbon atom in the
form of CI(O)-C=0O groups [40]. Similar to ZrOCl, sp3 bulk bonded carbon in
the atmosphere of oxygen was detected in the Cls spectrum of hafnium chloride
(HfCI) due to a peak positioned at 285.3 eV. However, a fragment with a BE value
of 283.2 eV was observed in HfCl sample as well. It was denoted as carbon attached
to the hafnium atom (Hf-C interaction) in HfCl. Hafnium carbide investigated via
XPS and discovered a peak with BE of 282.0 eV due to Hf—C bond formation [41].
Obviously, the fragment in this paper possesses notably higher BE (283.2 eV) in
comparison with those observed by Rodenbiicher et al. [41]. This can be explained
by the presence of chlorine in HfCl, which decreases the electron density amount
on the carbon atom. Being less shielded, this carbon atom appreared at higher BE
value. It was found that the components in Cls spectrum for ZrOHTe sample are
very similar to that for bare TA and ZrOCl since peaks at BEs of 284.5 eV (related
to C—C in the reductive atmosphere of tellurium) and 285.4 eV (denoted as carbon
in the neighborhood of oxygen, C—O) were detected (Fig. S3). However, a peak with
notably lower BE (287.8 eV) than these in the Cls lines for TA (288.2 eV) and
especially for ZrOCl (289.6 eV) was registered as well. It could be correlated with
C=0 surface moieties in ZrOHTe [42].

Unlike ZrOHTe, Cls line of HfHTe sample expressed components at 282.1 eV
and 285.0 eV (Fig. S4). The first of these completely matched with the BE value
(282.0 eV) for hafnium carbide, while the peak at 285.0 eV denotes C—C/C-H frag-
ments in areas with electrostatic potential close to zero. Based on the MEP surface
analysis for HfHTe (Fig. 4), regions with electrostatic potential close (white colored)
were observed around the hydrogen atoms in hydrogen tellurate anions and coor-
dinated water molecules). Comparing the Cls spectrum of ZrOHTe and HfHTe, it
appears that hydrogen tellurate anions (HTeO,) have an active role in the surface
properties of the studied samples. The presence of a different type of oxygen-con-
taining fragments on ZrOHTe surface suggests that the oxygen atoms in HTeOj and
Zr=0 are mainly involved. For comparison, influence of the Hf and Te atoms on the
surface adsorption capacity of HfHTe was primarily advocated. Based on these, a
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notably more pronounced surface carbon concentration for ZrOHTe (48.02 atom%)
than HfHTe (24.89 atom%) was revealed (Table 2).

An evidence that HTeO}, Zr and Hf structures are involved in the surface behavior
of HfHTe and ZrOHTe was gained when Zr3d, Hf4f and Te3d;,, electron core levels
were analyzed. Prior to that, Zr3d, Hf4f and Te3ds,, lines for ZrOCl, HfCI and TA
were analized first. The Zr3d spectrum of ZrOClI is composed of a doublet of peaks
(with spin—orbit splitting of 2.4 eV) located at 184.0 eV for Zr3ds,, and 186.4 eV
for Zr3d,,, features. Based on literature data, BE for Zr3ds,, was established to be:
(i) notably higher than that observed for ZrO, (182.4 e¢V) and (ii) identical to that
displayed for ZrCl, (184.0 eV) [22, 43]. Hence the binding energies of 184.0 eV and
186.4 eV in ZrOCl can be assigned to Zr** oxidation state due to 0=Zr—(Cl), bonds.
A doublet of peaks (with spin—orbit splitting of 1.7 eV) related to Hf4f,, (18.3 eV)
and Hf4fs;, (20.0 eV) was observed in the Hf4f line of HfCl as well. The BEs
detected in this work were comparable with those for HfCl,, where characteristic
peaks of Hf*" ions (Hf-Cl interactions) at 20.3 eV (Hf4fs,) and 18.6 eV (Hf4f;,)
were detected [44]. Except patterns at 18.3 eV and 20.0 eV, Hf4f for HfCI revealed a
component of low intensity with BE of 16.8 eV, assigned to Hf~O bonds (probably
due to adsorbed water) [45]. Evaluating the Te3ds;, line of telluric acid, a single
peak with BE of 577.1 eV due to Te®" ions was detected [46].

Results showed that synthesis of ZrOHTe and HfHTe decreses the BE of
Zr3ds, (from 184.0 eV to 183.2 eV) and Hf4f,, (from 18.3 eV to 17.7 eV) with
0.6 eV-0.8 eV. In other words, zirconium and hafnium in ZrOHTe and HfHTe
seem more reduced than the same ones in bare materials (ZrOCl and HfCI). The
registered BEs of 183.2 eV and 17.7 eV were widely attributed to metal-oxygen
interactions, namely Zr-O and Hf-O [47, 48]. Knowing that Zr and Hf possess
identical electronegativity, the uniform BE shift to lower values for Zr3ds, and
Hf4f,,, proposes a similar electron density amount around Zr and Hf. It agrees well
with the MEP surface and NPA analysis where charges of 1.744 and 1.887 were
calculated for Zr** and Hf*, respectively. To clarify the reduced BE for Zr3ds,, and
Hf4f,,, different reasons have been announced: (i) a diminished number of chemical
bonds around Zr and Hf atoms due to surface exposure and/or (ii) interaction
between Zr/Hf and hydrogen tellurate anions. Studying the first reason, a more
pronounced surface Zr and Hf concentrations for ZrOHTe and HfHTe samples in
comparison with those for bare ZrOCl and HfCl was expected. However, surface
Zr (7.47 atom%) and Hf (6.81 atom%) concentrations for ZrOHTe and HfHTe are
found to be notably lower than the ones for ZrOCI (17.17 atom%) and HfCI (11.33
atom%) (Table 2). Thus, it was stated that formation of chemical interactions in
the form of Zr—-O-Te and Hf-O-Te bonds were responsible for the reduced BE
for Zr3ds;, and Hf4f,,. The latter was conformed when Te3ds,, electron levels for
ZrOHTe and HfHTe were investigated. In details, peaks at 577.3 eV (ZrOHTe) and
577.1 eV (HfHTe) were recorded. Obviously, these are identical to the observed
one (assigned to Te®" ions in TeO; or Te(OH);) in the Te3ds, line of pure TA.
Observed phenomena supported XRD data (Fig. 1), where phases of TeO;, ZrTe;Oq
and HfTe;O4 have been noted. Except a pattern at 577.1 eV in the Te3ds, electron
level of HfHTe, a component at lower BE (575.4 eV) was also identified. It indicates
that tellurium in a more reduced oxidation state (lower than Te®") is present in
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HfHTe. Considering that the BE value of 575.1 eV is between these reported for
Te? (elemental Te, 573.0 eV) and Te** (TeO,, 576.1 eV), exact assignment of the
low-intensive component in Te3ds,, line for HfHTe proved to be difficult [22, 46].
Nevertheless, several reasons were proposed: (i) tellurium in a close contact with an
electropositive atom (such as hafnium) and/or (ii) suboxidic species of Te present at
the surface resulting from a lower coordination number for Te. Possible explanation
for the reasons offered above was tried to be given using the intramolecular hydrogen
bonds (due to 0%..H?! 032...H® O*...H* and 042---H41) between water molecules
and HTeO,, being discovered in the electronic structure of HfHTe (Fig. 3 and
Table 1). It was assumed that these interactions induce additional charge transfers
(Te—0O) in HTeO, anions, leading to the formation of low-oxidized tellurium
fragments. However, the less evident intensity of the peak at 575.4 eV with respect
to that located at 577.1 eV (Te®" ions) indicates that the additionally encouraged
charge transfers in HTeO, (observed for the HfHTe sample only) are sparsely
populated. This is probably due to the electrostatic nature (weak interaction) of the
0¥--H*, 0*%-H*, 0*"--H*® and O**--H* bonds.

Comparing the surface tellurium concentration for the title compounds, a
notably higher value for HfHTe (19.61 atom%) than ZrOHTe (10.22 atom%) was
distinguished (Table 2). This was related to the higher number of HTeO, anions
around hafnium atom with respect to these attached to zirconium. In light of
this, more prounced surface oxygen concentration for HfHTe (48.69 atom%) in
comparison with ZrOHTe (34.29 atom%) was detected as well. Since the surface
oxygen concentration for all of the samples is higher than the surface tellurium one,
it was assumed that the oxygen atoms in HTeOj anions are exposed in a greater
extent than tellurium atoms. From one side, these observations correlated well
with the Cls data for ZrOHTe, where functional groups such as C=0 and O-C are
present. On the other hand, higher surface oxygen concentration for HfHTe could
be related to an impoved number of unaffected oxygen atoms in HTeO, anions and
coordinated water molecules (being revealed by Cls, Zr3ds,, Hf4f;, and Te3ds,
electron core levels). More noticeable surface oxygen concentration than tellurium
might be an indication for perpendicular arrangement of oxygen and tellurium atoms
on the surface, where the OH™ groups in Te—~OH are mainly exposed.

To define the surface oxygen species for ZrOHTe and HfHTe more accurately,
Ols core levels were considered. Prior to that, Ols spectra for bare TA, ZrOCI and
HfCI were described in details (Figs. S3 and S4). It was found that Ols electron
level for TA contains peaks located at 529.3 eV, 531.3 eV and 532.5 eV. The Ols
component located on the lowest BE is attributed to stoichiometric oxygen in the
oxide main matrix [49]. The peak at medium BE (531.3 eV) expresses surface
oxygen like Te—OH interactions in TA, while the fragment positioned at BE of
532.5 eV characterizes weakly adsorbed water [50, 51]. Similar to TA sample,
peaks positioned at 531.4 eV and 532.7 eV have been detected in the Ols peak of
HfCI. Considering that HfCI sample does not contain structural water: (i) the first
component was assirgned to adsorbed hydroxyl groups in the form of Hf—~OH bonds
and (@i) the pattern at BE of 532.7 eV denotes oxygen in the vicinity of the chlorine
atom in HfCI structure. Analysisng the Ols spectrum of ZrOCIl, peaks located at
BEs of 530.1 eV, 531.7 eV, 533.1 eV and 534.8 eV were registered. While the first
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fragment abbreviates the O~ ions in ZrOCl due to Zr=0 interaction, the second
one is assigned to the hydroxyl groups (OH™) of Zr [52, 53]. The pattern with BE of
533.1 eV could be attributed to surface C—O moieties (already revealed as a peak at
285.6 eV in the Cls spectrum of ZrOCI) and/or OH™ groups in the environment of
the chlorine atom [54]. The peak at the highest BE (534.8 eV) in the Ols spectrum
of ZrOCl was related to weakly bonded oxygen-containing species, most probably
adsorbed water. The deconvolution of the Ols peak for HfHTe sample exposed
components with BEs of 529.6 eV, 531.2 eV and 533.0 eV, which are identical to
those for pure telluric acid. However, the peaks at 529.6 eV, 531.2 eV for HfHTe are
notably more intensive than the ones for TA due to higher surface concentration of
HTeO; anions, supporting the Cls and Te3ds, lines description.

Unlike HfHTe, a component around 529.0 eV was not detected in the Ols spec-
trum of ZrOHTe. In addition, a lower surface oxygen concentration for ZrOHTe
than pure telluric acid and HfHTe was observed. These effects are in accordance
with a significantly less noticed surface concentration of HTeO, for ZrOHTe in
comparison with that for HfHTe, already established by means of Te3ds, spec-
tra. The identical BE values for the hydroxyl groups in ZrOHTe (531.1 eV) and
HfHTe (531.1 eV) corresponded well to the thermal properties for the title com-
pounds (Fig. 3), where complete dexydroxylation in similar temperature regions
(up to 200 °C) was detected. In this regard, a higher surface oxygen concentration
for HfHTe than ZrOHTe implies more evident mass loss for HfHTe with respect
to ZrOHTe. Indeed, values of 14.34% and 11.91% were registered as m.,, in the

exp

temperature area up to 200 °C for HfHTe with respect to ZrOHTe. However, more

Table 3 Thermodynamic and kinetic parameters at different reaction conditions

Parameter Rate constant x 107, 1/ Ke Xa, AG:, kJ/mol  AG?, kJ/mol
mol X min
Temperature™* Forward (k;)  Backward (k,)
60 °C 2.15+0.14 0.41+0.023 5239 0.696 —-4.567 105.531
70 °C 3.98+£0.25 0.64+0.071 6.218 0.714 -5.191 106.056
80 °C 14.00+0.76  1.92+0.22 7295 0.729 -5.816 106.580
Catalyst nature
ZrOHTe** 14.00+0.76  1.92+0.22
HfHTe** 4.87+0.15 0.67+£0.074
Blank reaction 0.53+£0.048  0.073+0.006
Catalyst loading™***
Blank reaction 0.53+0.048  0.073+0.006
0.21g (5 wt%) 2.84+0.13 0.39+0.014
0.29g (7 wt%) 3.22+0.18 0.44+£0.108
0.42g (10 wt%) 14.00+0.76  1.92+0.22
0.50g (12 wt%) 15.03+0.89  2.06+0.31

*Reactants molar ratio of 1.0, ZrOHTe catalyst (0.42 g), reaction time 90 min

**Reactants molar ratio of 1.0, reaction temperature 80 °C, 0.42 g catalyst, reaction time 90 min

*#*Reactants molar ratio of 1.0, reaction temperature 80 °C, ZrOHTe catalyst, reaction time 90 min
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pronounced thermal stability of HfHTe than ZrOHTe at elevated temperatures could
be connected with higher surface population of HTeO, for HfHTe with respect to
ZrOHTe, clearly observed from the Te3ds,, electron levels.

Catalytic performance

The catalytic behavior of the synthesized hydrogen tellurates was studied at an initial
mole ratio of reactants of 1.0 and reaction temperature of 80 °C. The results are
presented in Fig. 4 and Table 3. In addition, a correlation between the experimentally
measured and calculated butyl acetate yields is depicted in Fig. 4 as well.

The results demonstrated that the esterification of acetic acid with 1-butanol in
the absence of catalyst (blank reaction) generates a butyl acetate yield of 4.91% after
90 min reaction time. Hence, it was claimed that ester production in the absence
of catalyst practically does not occur. However, the addition of 0.42 g (10 wt%)
HfHTe and ZrOHTe increased the butyl acetate yield significantly up to 16.51%
and 47.44%, respectively. Confirmation for the improved butyl acetate yield in the
presence of HfHTe and ZrOHTe with respect to the non-catalyzed reaction was
obtained by means of the calculated forward rate constant: 0.53 x 10~ 1.1/mol x min
(blank reaction), 4.87x10™* .I/mol x min(HfHTe catalyst) and 14.00 % 104 1/
mol X min(ZrOHTe catalyst). A good linear correlation between experimentally
measured and calculated butyl acetate yields was found (Fig. 4). The latter means
that Eq. 4 can describe adequately the kinetics of acetic acid esterification with
1-butanol.

Taking into account the generally accepted statement that the esterification
reaction proceeds through formation of an active carbonyl complex due to transfer
of a proton from the catalyst to the carbonyl oxygen atom in the carboxylic acid,
the enhanced ester yields in the presence of HfHTe or ZrOHTe in comparison
with blank reaction were explained [55]. However, to describe more favored butyl
acetate synthesis using ZrOHTe catalyst (47.44%) instead of HfHTe one (16.51%),
electron core levels (XPS analysis) in a combination with the electronic structure
(MEP surface and NPA charges) for the title compounds were evaluated. In details,
Cls, Te3ds;, and Ols lines showed that HTeO] anions manage the surface effects
in ZrOHTe and HfHTe due to OH™ groups population (in the form of Te—~OH bonds
and coordinated water molecules). Based on the electronic structure, the acidity of
H?® atom (expressed as T>*~O''-H?® fragment) in ZrOHTe sample was referred as
stronger than that for H** and H* atoms (denoted as coordinated water molecules
around T?-O*—H*! and T?*~0''-H?® moieties) in HfHTe. Hence, superior catalytic
behavior of ZrOHTe in comparison with HfHTe was related to a more prominent
positive potential around H?® atom than H** and H* atoms, facilitating formation of
a greater number of active carbonyl complexes (protonated carboxylic acid) between
the catalyst and substrate.

Since the ZrOHTe samples was defined as a more active catalytic system for
butyl acetate production, it was preferred for studying important thermodynamic
parameters such as equilibrium constant, enthalpy and entropy. In addition, effect of
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the reaction temperature and catalyst content on the ester yield and rate constant of
esterification were determined as well.

Thermodynamic calculations

The acetic acid esterification with 1-butanol in the presence of a ZrOHTe catalyst
was conducted at equimolar amounts of reactants, without continuous product
(water and/or ester) release during the reaction progress. The latter shows that the
chemical equilibrium has a strong influence on the butyl acetate yield and the rate
constant of esterification [56]. Thus, the equilibrium constant (K.) of the process
needs to be determined. For this purpose, Eq. 2 was applied.

The results showed that the equilibrium constant value increased with increas-
ing the reaction temperature: 5.239 (60 °C), 6.218 (70 °C) and 7.295 (80 °C). This
was an indication that the esterification reaction of acetic acid with 1-butanol is an
endothermic process. Knowing the K. values at different temperatures, the enthalpy
(AH;: 16.23 kJ/mol) and entropy (AS:=62.45 J/molxK) for butyl acetate synthe-
sis in the presence of ZrOHTe catalyst were calculated using Eq. (3). The latter
was graphically represented in Fig. S5 (see supporting material). The positive AH;
value was an another indication that elevated temperatures favor the butyl acetate
synthesis.

A practically identical AH; (16.61 kJ/mol) was obtained using the standard heats
of formation (Eq. (7)) of acetic acid (— 474.1 kJ/mol), 1-butanol (- 328.4 kJ/mol),
butyl acetate (-533.5 kJ/mol) and water (- 285.6 kJ/mol) [57]. When AH_ and AS
values were determined, Gibbs energy (AG;:AHi—T(AS;) at 60 °C, 70 °C and
80 °C was found: — 4.567 kJ/mol, — 5.191 kJ/mol and — 5.816 kJ/mol. The same
AG;=Values have been reached when K was used (AG;=— RTInK(): -4 .581 kJ/
mol (60 °C), — 5.211 kJ/mol (70 °C) and — 5.832 kJ/mol (80 °C).

AH' = <AH°) - (AH")
r Z f products Z ! products (7)

Obviously, the Gibbs energy decreases with increasing the reaction temperature,
which is consistent with: (i) the endothermic nature of the butyl acetate production
process established above and (if) the well-known postulate that the progress of a
given reaction requires minimum AG: values [58].

Influence of the reaction temperature

The influence of temperature on the butyl acetate production and the rate constant
of esterification was investigated at an initial reactants mole ratio of 1.0 and 0.42 g
(10 wt%) content of ZrOHTe catalyst. The results are presented in Fig. 5. Long-term
testing of the catalyst at different temepratures is represented in Fig. S6.
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0.42 g (10 wt%) ZrOHTe catalyst. Fit lines are in accordance with Eq. 4
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for determine the entropy and enthalpy of activation (right) for butyl acetate synthesis. Reaction condi-
tions: 0.42 g (10 wt%) ZrOHTe catalyst, reactants molar ratio of 1.0, reaction time 90 min

It was established that the acetic acid esterification of with 1-butanol at tempera-
ture of 60 °C leads to a butyl acetate amount of 10.83% at a forward rate constant of
2.15x10™ 1/mol x min (Table 3). Increasing the reaction temperature up to 70 °C
and 80 °C led to significantly higher butyl acetate yields—14.84% and 47.44%,
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respectively. An identical tendency in the case of the forward rate constants at 70 °C
(3.98x10™* 1/mol x min) and 80 °C (14.00x 10~ 1/mol x min) was registered.
Similar to the results presented in Fig. 4, a good linear regression between experi-
mentally measured and calculated ester yields was found. The intensified esterifi-
cation process at elevated reaction temperature was attributed to improved kinetic
energy of the reactants, allowing them to pass an energy barrier known as activa-
tion energy (E,) [59]. The latter was determined for the forward (E A) and backward
(E,,) reactions in the process of butyl acetate synthesis by menas of Eq. 5, presented
graphically in Fig. 6. The intercept from the y-axis allows to calculate the pre-expo-
nential factor for the forward (A;) and backward (A,) reactions.

The results showed that values of 90.92 kJ/mol and 74.67 kJ/mol characterize E,_
andE, , respectively. In addition, a noticeably higher value for A; (3536.54 % 107 1/
mol X min) compared to that generated for A, (1.91X% 107 I/mol x min) was
obtained. The higher activation energy of the forward reaction with respect to
that of the reverse one indicates the need to supply energy (expressed as increased
reaction temperature) to shift the equilibrium in the reaction products direction, in
accordance with the expression E, =E Ab+AH; The latter shows AH: of 16.25 kJ/
mol, i.e.which practically identical to those determined by Eq. 3 (16.23 kJ/mol) and
Eq. 7 (16.61 kJ/mol). Baring in mind that the pre-exponential factor denotes the
number of effective impacts (impacts leading to the formation of a reaction product)
between reacting molecules, A, > A, corresponds to the calculated equilibrium
constant values and the positive temperature dependence for the butyl acetate
production.

Analyzing the long-term catalyst activity in the reaction of acetic acid
esterification with butanol (Fig. S6), a continuous increase in the ester yield is seen
without decreasing the of the catalyst performance. In details, butyl acetate yields of
69.57% (60 °C), 71.38% (70 °C) and 72.92% (80 °C) were registered after 210 min
time of reaction. After that no changes in the ester yields were observed. The latter
means that the chemical equilibrium (expressed by X Ac) has been reached (Table 3).

It was mentioned above that butyl acetate synthesis proceeds via formation of an
active complex between the carbonyl oxygen in acetic acid and an acidic hydrogen
atom in the ZrOHTe catalyst. Based on the latter, enthalpy and entropy of activation
for the forward (AH*é and AS#) and backward (AH*é and AS#) reactions were calcu-

lated, Eq. 6. Thus, values of 88.07 kJ/mol AH;E and —52.44 J/molxK (AS*)were
found. As expected, significantly lower AH;é (71 83 kJ/mol) and AS’E (-114.89 J/
mol X K) were determined for the backward reactlon

A detailed analysis discovered that the differences AH}E—AHZé and Aij—ASZé have
values of 16.24 kJ/mol and 62.45 J/molxK. These completely coincide with the
above noted enthalpy and entropy for the process of butyl acetate synthesis. Know-
ing AH#, AHf s AS}é and ASf , Gibbs energy values for the forward (AG;E=AH;E—T
AS}E) and backward (AG’Zé = AH:f -T AS:)é ) reactions were calculated for 60 °C, 70 °C

and 80 °C. Hence, AG;E was determined as 105.53 kJ/mol (60 °C), 106.06 kJ/mol
(70 °C) and 106.58 kJ/mol (80 °C). On the other hand, higher values were registered
in the case of AG:, namely 10.12 kJ/mol (60 °C), 111.27 kJ/mol (70 °C) and

@ Springer



2126 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2105-2131

112.42 kJ/mol (80 °C). The positively valued AG/Zé and AGZé are reasonable, since
energy for cleavage of existing chemical bonds in the reacting molecules is required.
On the other hand, AG;,&>AGZé means that the forward reaction (ester generation) is
energetically more favored than the opposite one, i.e. it proceeds predominantly at a
higher extent. The latter completely coincides with the statement that the reaction of
butyl acetate synthesis is an endothermic process.

Influence of the catalyst loading

It was already mentioned that an essential step in the mechanism of the
esterification process is the formation of an active complex due to the interaction
between the catalyst and the carboxylic acid. At the beginning of the process,
when the concentration of the substrate is significant, a large number of active
complexes are formed and the reaction proceeds at a high speed. However, during
the reaction progresses the carboxylic acid amount diminishes and the catalyst
plays a key role to maintain a sufficiently high reaction rate (high ester yields).
The effect of the catalyst (ZrOHTe) content on the of butyl acetate yield and the
rate constant of esterification was investigated at an initial reactants molar ratio of
1.0 and 80 °C. The results are presented in Fig. 7. Taking into account that butyl
acetate synthesis in the absence of a catalyst practically does not occur (Fig. 4,
Table 3), the non-catalytic reaction will not be considered here. The results
showed that the introduction of small amounts 0.21 g (5 wt%) of ZrOHTe catalyst
affected the esterification process significantly, expressed by more than two times
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Fig. 7 Effect of the catalyst loading on butyl acetate yield (left) and comparison between measured and
predicted butyl acetate yield (right). Reaction conditions: initial reactants molar ratio of 1.0, reaction
temperature 80 °C and ZrOHTe catalyst. Fit lines are in accordance with Eq. 4
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Scheme 1 Plausible reaction mechanism for butyl acetate synthesis in the presence of ZrOHTe

higher butyl acetate yield (from 4.91% to 13.82%). The latter was also confirmed
by the calculated forward rate constants: 0.53 X 10~ 1/mol x min (blank reaction)
and 2.84 x 10~ 1/mol x min (0.21 g ZrOHTe catalyst). Increasing the ZrOHTe
amount up to 0.29 g (7 wt%) practically did not change the ester yield (15.43%)
and rate constant of esterification (3.22x 10™ 1/mol X min).

However, usage of 0.42 g (10 wt%) catalyst, led to a noticeable difference in
the rate of esterification of acetic acid with 1-butanol, expressed as butyl acetate
yield of 47.44% and forward rate constant value equal to 14.00 X 10~* I/mol X min.
This was attributed to the formation of a significantly higher number of active
complexes in the presence of 0.42 g catalyst compared to those formed in the
process involving 0.21 wt% and 0.29 g ZrOHTe. Similar to the effects observed
for the butyl acetate synthesis in the presence of 0.21 wt% and 0.29 g ZrOHTe,
the ester yield (48.61%) and the rate constant of esterification (15.03 X 1074 1/
mol X min) remained practically unchanged after introduction of 0.50 g (12 wt%)
catalyst. Hence, 0.42 g of ZrOHTe was claimed as an optimal catalyst amount
required for maximum butyl acetate yield under the selected reaction conditions.
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A good linear correlation between measured and predicted butyl acetate yields
was illustrated on Fig. 7.

Reaction mechanism

The mechanism of butyl acetate production represented in the present work
(Scheme 1) was entirely based on both the surface phenomena (investigated via
XPS method) and the electronic structure (expressed by surface molecular elec-
trostatic potential and net atomic charges) for ZrOHTe catalyst. Briefly, XPS
revealed a high surface concentration of hydrogen tellurate anions, which gener-
ated an exposed acidic hydrogen atom (H?®). The latter was recognized as the
most electrophilic site in ZrOHTe, determining its reactivity towards nucleo-
philic attacks. On the other hand, the carbonyl atom in the acetic acid structure is
the center with the highest electron density, responsible for its reactivity toward
electrophilic addition. Considering that the coordinated water molecules are not
directly involved in the reaction mechanism, they are not included in the catalyst
structure presented in Scheme 1. Based on it, the carbonyl oxygen is protonated
by the acidic hydrogen atom in ZrOHTe, activating it toward a nucleophilic attack
from the ethanol (step I). The alcohol executes a nucleophilic attack on the car-
bonyl. A lone pair of electrons from the oxygen atom of the alcohol forms a bond
with the carbonyl carbon, breaking its pi bond with the other oxygen. The n-bond
electrons move up to the oxygen and neutralize its positive charge. This results
in an oxonium ion (step II). A proton transfer occurs from the oxonium ion to the
OH™ group, giving rise to an activated complex (step III). This can be divided
into two further steps where the alcohol first deprotonates the oxonium ion, giv-
ing a tetrahedral intermediate after which the hydroxyl group accepts the proton
from the alcohol. Then, the 1,2 elimination of water occurs, giving the protonated
ester. A lone pair of oxygen forms a m-bond with the carbon, thereby expelling
the water (step IV). The remaining positively charged oxygen is deprotonated,
giving the required ester as a product and initial catalyst form (step V).

Conclusions

Zirconyl hydrogen tellurate (ZrOHTeO,), 4H,0, ZrOHTe) and hafnium hydrogen
tellurate (Hf(HTeO,),"8H,0, HfHTe) were explored as acidic catalytic systems
(butyl acetate synthesis was used as a test reaction) for the first time. It was found
that ZrOHTe and HfHTe are amorphous in structure with particle size around
160 pm. TGA/DSC measurements showed that HfHTe is less thermally stable
than ZrOHTe at temperatures up to 400 °C, while an opposite trend was observed
between 400 °C and 1000 °C. A highly acidic hydrogen atom (H?®) in the form
of HTeO, fragments dictated the nucleophilic reactivity of ZrOHTe sample.
For comparison, hydrogen atoms (H** and H**) with a lower positive potential
were establiched as the most electrophilic sites in HfHTe. These results were in
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accordance with XPS analysis, where HTeO, were recognized as the most popu-
lated surface moieties. Higher butyl acetate yield generated in the presence of
ZrOHTe than HfHTe was directly related to the more evident H*® acidity in com-
parison with that of H** and H** atoms. Formation of an intramolecural hydro-
gen bond ([Te-O-H?®]_,--[0=C],..) between ZrOHTe catalyst ([Te-O-H%¢]_,,
fragment) and carbonyl oxygen in acetic acid ([O=C],.., moiety) was crucial for
the mechanism of butyl acetate synthesis. Values of 16.24 klJ/mol, 88.07 kJ/mol,
90.92 kJ/mol, 3.537x 10" I/mol x min, 62.45 J/mol x K, — 52.44 J/mol x K,
—4.657 kJ/mol and 106.58 kJ/mol were calculated as AH , AH?, E,, A, AS,, AS?,
AG and AG™.
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