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Highlights

o S04/ZrO,were prepared by a simple wet impregnation technique.

e A simple pseudo-homogeneous Kkinetic expression was developed and validated.
e The activation energy of the reaction was estimated as 88.1 + 8.9 kJ/mol.

o Water largely affects the reaction rate and the conversion at equilibrium state.

Abstract
In this work, a series of acid catalysts were synthetized from a commercial zirconium oxide
sulfated with a 0.5 M H>SO4 solution by wet impregnation. The characterization results

show a correlation between the calcination temperature and the acid sites generated on the
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materials. Among the catalysts prepared, the sulfated zirconia calcined in air at 400 °C (Zr-
S-400), with a molar ratio S/Zr = 0.23 was the most active one due to its larger acid density
and greater acid strength caused by the generation of new Bronsted sites. The Zr-S-400
catalyst exhibited an initial reaction rate of 0.0497 mol.min".g, and achieved a glycerol
conversion of 80% in 1 hour of reaction at 40°C (glycerol:acetone molar ratio =1:6). The
Zr-S-400 material remained stable after four catalytic cycles, demonstrating the stability of
the superficial sulfate species (S/Zr ~ 0.2). In addition, the thermodynamics and kinetics of
the reaction were evaluated, as well as the influence of some operating conditions such as
the molar ratio of reactants and the water content in the reaction mixture. The following
standard molar reaction properties were obtained: AH® = -11.6 + 1.1 kJ.mol? and AG® = 4.0
+ 0.1 ki.mol. Taking into account that the adsorption of water on this catalyst did not
affect the number of acid sites available, a simple pseudo-homogeneous kinetic expression
was developed and successfully adjusted to the experimental data in the range under study.
Based on this model, the estimated activation energy of the reaction was 88.1 + 8.9 kJ.mol
1
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1. Introduction

Glycerol is a promising biomass platform molecule having several applications in many
industries. Nowadays, the development of new technological ways to add value to glycerol
has become a research hotspot. Many studies have focused on the valorization of glycerol
through catalytic processes such as ketalization, dehydration, oxidation, and reforming. In
particular, the condensation reaction of glycerol with carbonyl compounds to produce
oxygenated compounds has received great attention [1]. Among the different glycerol
ketals, solketal is highly valuable for its potential applications as a green solvent, plasticizer
in the polymer industry [2], and solubilizing and suspending agent in biodegradable
systems for the controlled release of medicinally active substances [3]. In addition, it can be
used as a fuel additive to increase the octane number and reduce gum formation [4].

Solketal is normally synthesized by the ketalization of glycerol with acetone (Scheme 1).
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Scheme 1: Ketalization of glycerol with acetone

The miscibility of both reactants, glycerol and acetone, is poor. However, as the reaction
progresses, the produced solketal acts as a cosolvent, improving the solubility of glycerol in
the acetone phase [5]. Thus, an excess of acetone is often used as a solubility enhancer [5]
and to shift the chemical equilibrium toward the formation of solketal [2]. Despite these
problems, several reports have shown that the reaction could be successfully carried out
with heterogeneous catalysts such as ion exchange resins [6], heteropolyacids [7], acid
clays [8], mesostructured silicas [9-11], and zeolites [12-14]. In comparison to the
aforesaid catalysts, promoted metal oxides offer several advantages, since they are stable,
regenerable, and active. Li et al. synthesized layered crystalline a-zirconium phosphates
and studied the effect of the calcination temperature over the acid properties of the material.
The results showed that materials with a relation P/Zr ~ 2 possess higher surface density of
acid sites and stability when calcined at temperatures below 300°C. The conversion of
glycerol decreased from 86 to 45% with the increasing calcination temperature from 200 to
600°C, which was attributed to the decomposition of the active species Zr(HPO4)2-H20 to
ZrP,07 [15].

Miao et al. synthesized a series of ordered mesoporous titanium phosphate (M-TiPO)
materials with controllable composition by a simple one-pot method. With the
incorporation of highly dispersed P species in the structure of M-TiPO, the bonds in the
material transferred from Ti-O-Ti to Ti-O-P bonds, thus improving the acid properties of
the material. The M-TIPO catalyst with a P/Ti ratio = 0.75 exhibited the best catalytic
effect, achieving a glycerol conversion of 91% and a selectivity to solketal of 94% [16].
Recently, Li et al. prepared a series of zirconium organophosphates with different quantities

of fenil groups following a hydrothermal method. The materials showed a hydrophobic



character which was enhanced with an increasing amount of phenyl groups. The best
activity was attributed to both abundant acidity and optimal hydrophilia/hydrophobicity
balance [17].

In reactions requiring acid materials, sulfate species represent one of the most widely used
promoters of metal oxides [18,19]. The sulfated zirconia catalyst has been employed in
many industrially important vapor-phase reactions such as dehydration of ethanol [20],
alkylation of isobutane with 2-butene [21], and isomerization of hydrocarbons [22-24].
Furthermore, it has been found to be very active in liquid-phase reactions, such as Friedel-
Crafts monoalkylation [18], synthesis of aromatics gem-dihalides [25], stereocontrolled
glycosidation [26], etc.

The application of sulfated zirconia to the ketalization of glycerol with acetone has been
previously explored [27-29]. Reddy et al. compared diverse promoters of zirconia, such as
W, Mo, and sulfate ions, concluding that the sulfated promoted zirconia showed the highest
catalytic activity due to its higher surface area and number of acidic sites. Although their
study demonstrated the efficacy of sulfated zirconia in glycerol ketalization, the stability of
the catalyst and the kinetics of the reaction were not evaluated [27].

Nanda et al. compared a zirconium sulfate catalyst in the synthesis of solketal in a
continuous flow reactor with different commercial materials. According to the yield to
solketal and glycerol conversion, the activity of these catalysts followed the sequence
Amberlyst Wet ~ Zeolite ~ Amberlyst Dry > Zirconium Sulfate > Montmorillonite >
Polymax. The stability of these catalysts was analyzed and a slight decrease in the activity
was found, likely due to the loss of its acidity after a long time on stream [29].

The objectives of this work were to develop an efficient catalyst for the synthesis of
solketal and determine the thermodynamic and kinetic parameters, which are essential tools
for understanding the reactive system, designing reactors, and scaling up the process. For
this purpose, commercial ZrO, was promoted with H.SO4 following a wet impregnation
technique and employed as a catalyst to carry out the ketalization of glycerol with acetone.
Once the catalyst was proven efficient and stable, several experimental data were collected
in order to determine a kinetic expression that describes the reaction behavior accurately.

Characterization techniques, such as XRD, N adsorption-desorption, potentiometric



titration, XPS, and Pyridine FTIR, were employed to relate the catalytic activity results to
the presence of acid sites.

2. Experimental
2.1. Materials

Glycerol (99.5%), absolute ethanol (99.5%) and sulfuric acid (98%) were purchased from
Cicarelli. Acetone (99.5%), n-propanol (99.3%), and acetonitrile (99.8%) were purchased
from Anedra. Solketal (98.2%) was purchased from TCI Chemicals, and powder zirconium
oxide was purchased from MEL Chemicals.

2.2. Catalyst preparation

A commercial zirconium oxide powder, namely Zr, was subjected to a thermal treatment at
600 °C for 5 hours, resulting in sample Zrsoo. Both materials, Zr and Zreoo, Were promoted
with a proper amount of 0.5M H>SO. solution, following a wet impregnation technique.
Excess water was evaporated on a water-bath at 60 °C assisted by ultrasound, oven-dried,
and calcined in air at 400 (Zr-S-400, Zreo0-S-400) and 600 °C (Zr-S-600) for 5 hours.

2.3. Catalyst characterization

The XRD patterns in the 26 angular range from 10 to 70° were obtained with a Philips 3710
X’Pert using CuKa radiation, with a 0.04°/min step. The identification of the XRD phases
present in the sample was aided by JCPDS data files.

Textural properties were determined by nitrogen adsorption-desorption isotherms at the
temperature of liquid nitrogen (-196°C) in a Micrometrics ASAP 2020 instrument. Before
adsorption, the samples were evacuated by heating at 100 °C in vacuum, with a pressure
lower than 4 Pa for 12 hours. The specific surface area was calculated according to the
Brunauer-Emmett-Teller (BET) equation, in the relative pressure range 0.05-0.35 [30]. The
pore size distribution was obtained by the Barret-Joyner-Halenda (BJH) method, using the
adsorption branch and assuming slit-shape pore geometry [31].

The X-ray photoelectron spectroscopy (XPS) measurements were performed using a non-

monochromatic Al Ka source (XR50, Specs GmbH) and a hemispherical electron energy



analyzer (PHOIBOS 100, Specs GmbH). O 1s, Zr 3d, S 2p, and C 1s lines were monitored.
C 1s at 284.6 eV was used as a charging reference. Spectra were analyzed with CasaXPS
software.

The amount and strength of acid sites were estimated by potentiometric titration. A known
mass (0.05 g) of the solids was suspended in acetonitrile and kept under stirring for 3 hours.
The suspension was titrated with a solution of n-butylamine in acetonitrile (0.05 M) at 0.05
ml mint. The electrode potential variation was obtained on a digital pH meter (Metrohm
794 Basic Titrino apparatus with a double junction electrode).

Pyridine FTIR was used to characterize the nature of the acid sites. Spectra were recorded
with a Thermo Nicolet iS10. To create a clean surface for the analysis, the catalysts were
heated to 400 °C under vacuum conditions and maintained for 1 hour. Thereafter, the
catalyst was cooled to room temperature to collect the background spectra from the clean
surface. After background collection, the adsorption was performed on the cell at 25 °C.
The excess pyridine was desorbed with a vacuum from room temperature to 400 °C with
100 °C steps. Bronsted and Lewis acid quantification was performed from 1545 cm™ and
1450-1460 cm™ bands, respectively, using the literature data on the integrated molar

extinction coefficients [32].

2.4. Catalytic activity measurements

The ketalization of glycerol was carried out in a 200 ml Bchi glass batch reactor equipped
with a manometer, magnetic stirrer, thermostatic bath, gas inlet, and release valves. Before
the catalytic evaluation, experiments were performed to verify the negligible contribution
of the reaction in the absence of a catalyst and in the absence of external and internal
diffusion limitations.

In a typical experiment, acetone, glycerol, and the catalyst are loaded in a reactor. Then, the
reactor is pressurized to 0.2 MPa with N2 and heated to the desired temperature. As
previously mentioned, the use of an excess of acetone improves the amount of solubilized
glycerol. Molar ratios of glycerol to acetone in the range of 1:2 to 1:20 have been reported
in the literature [33]. However, molar ratios greater than 1:10 do not generate significant
impact on catalytic performance [34-36]. Concerning the catalyst, mass values between

0.5% and 5% wt. related to glycerol are commonly used [6, 8, 27, 37, 38]. In our



experiments, we employed a catalyst amount in the range of 0.3% to 2.5% wt. of the total
mass of glycerol and molar ratios glycerol:acetone in the range of 1:4 to 1:8.

Once the experiment was over, the reactor was cooled to 20 °C and the catalyst was
separated by centrifugation and filtration. The reactants and products were analyzed by gas
chromatography with a Shimadzu GCMS-QP505A, equipped with a PE-Elite-Wax
capillary column, and an FID detector, using n-propanol as an external standard.

The conversion was determined with the following equation:

Py (initial glycerol moles — final glycerol moles)
0 =

initial glycerol moles
and the selectivity to solketal with

o solketal moles

0= (initial glycerol moles — final glycerol moles)

2.5. Thermodynamic and Kinetic studies

The equilibrium thermodynamic constant, Keq, can be determined by the following equation

Ke —4 aSOlk' a’W (1)
aGly- Aac
a; =vi-X; (2)

The activity coefficients (y;) at different temperatures and compositions were calculated by
UNIFAC [39] with the groups listed in Table S1 (Supplementary Information).

The reaction mechanism proposed in the literature [40-42] is represented in Scheme 2. In
the first step, glycerol and acetone interact forming a hemiketal (3-(2-hydroxypropan-2-
yloxy)propane-1,2-diol) [40]. The second step differs depending on whether the reaction is
conducted under Bronsted acid sites or Lewis acid sites. In the presence of Bronsted acid
sites, a carbenium ion is stabilized and activated for a nucleophilic attack from one of the
alcoholic groups of glycerol, leading to the formation of solketal or the six-membered ring
ketal (2,2-dimethyl-1,3-dioxan-5-ol) [41]. The presence of Lewis acid sites coordinates and
activates the tertiary alcohol of the hemiketal. Then, an intramolecular reaction with one of

the alcoholic groups leads to the formation of solketal and the isomer [42].



Although both solketal and 2,2-dimethyl-1,3-dioxan-5-ol isomer are produced in the
reaction, selectivities toward solketal higher than 80% have been reported by several
authors. This could be related to the presence of a methyl group in the axial position of the
six-membered ring of 2,2-dimethyl-1,3-dioxan-5-o0l, making this molecule less
thermodynamically stable than the solketal molecule [43].
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Scheme 2: Reaction mechanism proposed for the ketalization of glycerol with acetone over acid

catalysts (adapted from Calvino-Casilda et al. [40]).

The reaction rate of the glycerol ketalization could be expressed in the form of a Langmuir-
Hinshelwood-Hougen-Watson (LHHW) model [44,45]. The mechanism is based on the
adsorption of both reactants (glycerol and acetone) on the catalyst surface, followed by
three consecutive reactions (Scheme 2) and the desorption of the products (water and
solketal).

The Kinetic parameters were estimated by implementing the Orthogonal Distance
Regression algorithm for nonlinear curve fitting using OriginLab software. The differences
between the predicted values for the variation of the glycerol concentration over time and
the experimental data were minimized using the chi-squared criterion.

The Mears criterion and Weisz-Prater criterion were used to evaluate external and internal
diffusion limitations. For this purpose, the diffusivity coefficients for each component, the
diffusivity coefficient of the multicomponent system, and the mass transfer coefficient were
estimated with the Scheibel correlation [46], Perkins and Geankoplis correlation [47] and

the Hixson and Baum correlation [48], respectively.



3. Results and discussion
3.1. Catalytic Activity

Since the ketalization of glycerol with acetone requires the presence of strong acid sites,
this reaction represents an additional characterization technique to evidence these active
sites. The non-promoted materials, samples Zr and Zreoo, Were not active in this reaction,
which shows their lack of strong acid sites. By contrast, all sulfated samples were active in
the reaction. Table 1 presents the initial reaction rate and selectivities for each catalyst.
(determined in the first 10 minutes of the reaction). In all reactions, only solketal and 2,2-
dimethyl-1,3-dioxan-5-ol were identified as reaction products. Some authors have reported
the presence of subproducts such as 4-hydroxy-4-methyl-2-pentanone [49], 1,2,3-
propanetriol monoacetate, 2-(1-hydroxypropan-2-yloxy)-propane-1,2-diol and 3-(1-
hydroxypropan-2-yloxy)-propane-1,2-diol [50 - 52], in the presence of a catalyst with redox
properties such as Nb [49], Co, Ni, or Pt [50, 51]. Therefore, the absence of these properties
in our catalyst improves the selectivity toward solketal. These results show that the pre-
calcined and sulfated Zreoo-S-400 sample presents two-thirds of the catalytic activity in
comparison with sample Zr-S-400. In addition, sample Zr-S-600 was the least active. The
characterization of the results presented in Section 3.2 shows the relationship between this

catalytic behavior and the acidic and textural properties of the sample.

Table 1: Initial reaction rate. Experimental conditions: 10 min reaction, 40 °C; 0.2 MPa

N2, glycerol: acetone molar ratio = 1:6, 0.6 wt.% (catalyst:glycerol).

Initial reaction rate Ssolketal (%) S2,2-dimethyl-1,3-dioxan-5-ol (%)
Sample )
(mol.mint.g?)
Zr-S-400 0.0497 86 14
Zr-S-600 0.0217 88 12
Zreoo-S-400  0.0361 81 19




Sample Zr-S-400 was the most active and it was, therefore, selected for the kinetic study.
The study of the stability of the Zr-S-400 catalyst represents an important factor in every
kinetic determination. For this purpose, four activity cycles of the same catalyst batch were
performed. After each run, the reaction mixture was separated from the catalyst by
centrifugation and filtration, and the catalyst was reintroduced into the reactor (without any
treatment). After these four runs (Figure 1), the catalyst showed a 16% decrease over its
initial activity. Since the separation process could lead to small losses of fine catalyst
powders, the result obtained in this study is remarkable, evidencing the stability of the
material. From these results, a kinetic study of the ketalization of glycerol with an acetone

reaction was performed using the Zr-S-400 catalyst.

70 H
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Figure 1: Stability of Zr-S-400. Experimental conditions: 40 °C; 0.2 MPa N,
glycerol:acetone molar ratio = 1:6, 0.3 wt.% (catalyst: glycerol) and an 80 min reaction in

each run.

3.2. Superficial characterization
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The N2 adsorption-desorption isotherms obtained for the samples are shown in the
Supplementary Information (Figure S1). All samples show type IV isotherms with a
hysteresis loop of H3 type according to the IUPAC classification. Table 2 summarizes the
values of specific areas, average pore size, and total pore volume, for all the samples

prepared.

Table 2: Textural and acidic properties

BET Potentiometric titration

Sample BET Surface Pore volume Pore diameter Eo meq n-butylamine.g™
(m?.g?) (cm®.g™) (nm) (mV)

Zr 105 0.34 5.1 63 0.20

Zr600 49 0.30 12.3 134 0.15

Zr-S-400 58 0.23 5.8 560 0.75

Zr-S-600 86 0.29 5.9 310 0.52

Zreoo-S-400 24 0.13 11 510 0.52

Figure 2 presents the XRD patterns of commercial zirconia and sulfate promoted zirconium
oxides. It can be observed that all materials exhibit both characteristic peaks from the
monoclinic (26 = 28.19°, 31.48°, 34.17°, 50.13°) and tetragonal zirconia phase (20 =
30.18°), the monoclinic phase being dominant (JCPDS 86-1451, JCPDS 81-1544). Given
that all diffractograms show the same characteristic peaks, it is possible to conclude that
sulfation and subsequent heat treatment do not substantially modify the crystal structure.

However, some morphological changes are evidenced. Calcination of the commercial

11



zirconium oxide at 600 °C (sample Zreoo) results in a drop in surface area and, therefore, an
increase in the pore diameter from 5.1 to 12.3 nm.

Regarding the sulfated samples, Zr-S-400 and Zresoo-S-400 present smaller surface areas
than the unsulfated oxides, which would indicate the incorporation of sulfated species. By
contrast, the larger surface area of the sulfated sample Zr-S-600 in comparison to sample

Zr-S-400 could be evidence of the loss of sulfate groups caused by an increase in the
calcination temperature.
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Figure 2: X-ray diffraction patterns of commercial zirconia and sulfate promoted
zirconium oxides. M: monoclinic phase, T: tetragonal phase.

By means of potentiometric titration with n-butylamine, it is possible to estimate the
strength and number of acid sites present in a solid. It is considered that the initial potential
(Eo) indicates the maximum strength of the acid sites, and the value from which the plateau
is reached is indicative of the total number of acid sites present in the titrated solid [53].

Potentiometric titration curves are shown in the Supplementary Information (Figure S2),

12



whereas the results are summarized in Table 2. It can be observed that all sulfated samples
have higher acidity than the Zr and Zrsoo samples and that an increase in the calcination
temperature (from 400 to 600 °C) leads to a decrease in the number of acid sites in the
sample. The latter behavior could be related to the loss of sulfate species at temperatures
above 600 °C [54].

The superficial coverage of sulfate species was explored by XPS. The results of fresh Zr-S-
400 and that reused in 4 runs show an S/Zr atomic ratio of 0.23 and 0.18, respectively
(Figure S3). These values are similar, within the error of the technique, demonstrating the
stability of the superficial sulfate species under the conditions studied.

An IR analysis of pyridine adsorbed on the Zr-S-400 sample was performed to determine
the type of active site of the catalyst. For sulfated zirconia, traditional spectral interpretation
attributes absorption peaks at 1607, 1574, and 1445 cm™ to Lewis sites [55-57], 1490 cm™
to Lewis and Bronsted sites [58], and 1640, 1610, and 1540 cm™ to Bronsted acid sites
[59]. Figure 3 shows the FTIR spectra of the Zr-S-400 sample. This spectrum produced
peaks at 1445, 1490, 1540, 1574, 1610, and 1640 cm™, showing the presence of both Lewis

and Bronsted acid sites in the material.
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Figure 3: FTIR spectra of pyridine adsorbed on Zr-S-400 and evacuated at different

temperatures. L = Lewis; B = Bronsted.

For comparison, the FTIR spectra of Zr is shown in the Supplementary Information (Figure
S4). The concentrations of both sites were calculated from the intensities of the bands at
1540 cm™® (B) and 1440 cm™ (L), in the spectra obtained at different temperatures for each
material (Table 3). It is observed that the sulfation process generates sites with Bronsted

acidity and slightly increases the acidity of Lewis acid sites in Zr-S-400.

Table 3: Concentration (umol.g™?) of acid sites as calculated from adsorption/desorption of

pyridine followed by IR absorption spectroscopy.

T (°C) Concentration of acid sites (umol.g™?)

14



Zr Zr-S-400
Lewis Bronsted Lewis Bronsted

100 a1 - 53 37
200 3 - 24 7
300 15 - 18 2
400 - - 9 -

In view of the characterization results obtained, it is evident that the catalytic activity of the
materials is linked to its acid properties. From the results shown in Table 1, the turnover
frequency (TOF) of materials Zr-S-400, Zr-S-600 and Zreoo-S-400 were estimated as 66.3,
14.4 and 69.4 min, respectively. Samples Zr-S-400 and Zrsoo-S-400 have practically the
same initial potential in the titration experiments (Eo of 560 mV and 510 mV, respectively)
indicating similar acid strength. This acid strength, which is due to the generation of new
Bronsted acid sites in the sulfation process, is partially lost when the material is calcined at
600°C, leading to a decrease in the catalytic activity in sample Zr-S-600 [54].

3.3. Estimation of thermodynamic parameters

In order to determine the thermodynamic parameters, the reaction was carried out with the
Zr-S-400 catalyst and in sufficient time to ensure no changes in the composition. Figure 4

presents the linearization of the experimental data. With these results, the dependence of
the equilibrium constant with temperature could be expressed as ln(Keq) = 1397%—

6.304.

The estimated values were AH® = -11.6 + 1.1 kd.mol?, and AG® = 4.0 + 0.1 kJ.mol?, which
show the exothermic nature of the reaction. Cornejo et al. [60] conducted a thermodynamic
study considering an ideal behavior of the system and obtained a AH® = -6.6 + 0.2 kJ.mol*
and AG® = -0.4 + 0.1 kJ.molt. While their study predicts an exergonic character, ours
predicts an endergonic character, highlighting the significance of considering the non-
ideality of the reactive mixture in these studies.

Other studies have determined thermodynamic equilibrium parameters using ethanol as a
solvent. Nanda et al. [44] determined a AH® = -30.1 + 1.6 kJ.mol?* and AG® = -2.1 + 0.1

kJ.mol?, considering ideal behavior. Moreira et al. [45] estimated the thermodynamic

15



properties on the basis of activities, taking into account the non-ideal behavior of the

mixture. The obtained values were AH? = -20.1 + 1.1 kJ.mol™* and AG®° = 1.4 + 0.1 kJ.mol™?.

Although the thermodynamic parameters of Moreira et al. could not be easily compared

with our results, they also determined an endergonic character.
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Figure 4: Linearization of In (Keq) vs 1/T.

3.4 Reaction kinetic study

Kinetic model

To determine the kinetic model, the following reaction steps were taken:

Table 4: Steps involved in the kinetic model.

Step Reaction

1 Ac +* & Ac*

2 Gly + x & Gly*

3 Ac* + Gly* & HA™ + =
4 HA* +x o Int*+ W™
5 Int* & Solk”

16



6 Solk* & Solk + *
7 W* e W +

The * symbol represents an active site of the catalyst, and the * superscript indicates that
the component is adsorbed on the catalyst surface.

The reaction starts with the adsorption of both reactants on the catalyst surface. Then, a
surface reaction between adsorbed glycerol (Gly*) and acetone (Ac*) leads to the formation
of the hemiketal (3-(2-hydroxypropan-2-yloxy) propane-1,2-diol (HA"). In step 4, a short-
lived intermediate (Int”) and water are formed, followed by a subsequent reaction, where
the intramolecular reaction of the intermediate leads to the formation of Solketal (Solk”).
The final step of the reaction is the desorption of solketal and water from the catalyst
surface.

In our reaction experiments with Zr-S-400, we did not detect the presence of the hemiketal
even at low glycerol conversions. Using in situ Raman studies, Calvino-Casilda et al.
detected the presence of an incipient formation of the hemiketal without a catalyst, and
almost total selectivity to solketal in the presence of a catalyst [40]. Therefore, we consider
that step 3 (formation of the hemiketal) is the controlling one.

The different equations employed (3-9) to develop the model are presented below:

eAc
Ky = Oy.au, (3)
, = eGly 4
QV' aGly ( )
T = K3 0,:061, — K3 0yaby (5)
elnt- BW
Ke =% 0., (6)
HSolk
K. =
>~ Ot (7
Ov. Asoik
K, = L Solk
° HSolk (8)
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Oy.ay
k7 = Oy ©)

where 0 represents the fraction of active sites occupied by each species and 0v the free
active sites. From equations 3 and 4, it is possible to obtain the following expression:

04cO61y = K1. Kz ayc. acly9V2 (10)
From equations 6, 7, 8, and 9, the following expression for Ona is obtained:

0 =a501k-aw-9V
HA = K Ko Kq. K, (11)

Furthermore, taking into account the balance of active sites:
n
1= Z 0; (12)
i=1
The reaction rate could be expressed from equations (3-12) as:

a .a
AGly-Aac — So;(l;q W
r=k m 5 (13)
(1 + Zi:l Ki- ai)

where k is the Kkinetic constant, K; is the adsorption equilibrium constant of each
component, and Keq is the equilibrium constant of the reaction.

In the literature, several articles consider that water is the most strongly adsorbed
component, and the adsorption of the remaining species could be neglected [44,45,61]. If

we apply this consideration, the expression of the reaction rate is simplified to:

a .a
AGly-Aac — SOII(I; W
r=%k q (14)
(1 + Ky.ay)?

It is well known that the adsorption of water on sulfated zirconia catalysts breaks the
coordination of the Zr (V) species bonded to sulfate species in order to bring Bronsted acid
sites [62]. Therefore, the presence of water does not affect the number of active sites
available, and the reaction rate could be further simplified to:
a .a
r=k (aGly.aAC — M) (15)

Keq
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Estimation of kinetic parameters

The Mears criterion values were below 10, and the Weisz-Prater criterion values below
108, confirming that both external and internal diffusion limitations are negligible on the
operation conditions. Temperature, acetone, and water concentration were Vvaried
systematically. Figure 5 shows the results of the kinetic model and the experimental ones. It
is observed that the behavior at different temperatures is linked to the exothermic character

of the reaction.

—— 30 °C (Model)
35 °C (Model)
—40 °C (Model)
— 50 °C (Model)
= 30°C (Exp.)
35 °C (Exp.)
A 40 °C (Exp.)
v 50°C (Exp.)

0%— T T T b T g T T T T T T
0 40 80 120 160 200 240 280

Conversion (%)

Time (min)

Figure 5: Effect of temperature on glycerol conversion. Experimental conditions: 0.2 MPa

N2, glycerol: acetone molar ratio = 1:6, 0.6 wt.% (catalyst: glycerol), Zr-S-400 catalyst.

Table 4 shows the estimated kinetic constant for each temperature. The estimation was
performed by fitting the experimental data with the mathematical model (equation 15,
Experimental Section). It is worth mentioning that these values were obtained assuming
that none of the species is strongly adsorbed. To confirm this assumption, the experimental

data were also adjusted considering water and solketal as strongly adsorbed species. Since
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the Kinetic parameters obtained were inconsistent, the consideration that none of the species
involved are strongly adsorbed on the catalyst is acceptable.

Table 5: Estimated kinetic constant at different temperatures.

Temperature (°C)  k (mol.g™.min™)

30 0.04544 + 0.0061
35 0.07126 + 0.0079
40 0.11516 + 0.0093
50 0.39720 + 0.0460

From the results shown in Table 4, the activation energy value (Ea) was estimated as 88.1 +
8.9 kl.mol?, and the pre-exponential factor (ko) as 6.55 x 10** mol.g™.min"%. These results
are within the range of values obtained by other authors. Esteban et al. [61] estimated a
value of Ea = 124.0 + 12.9 kJ.mol* assuming an Eley-Rideal mechanism on sulphonic ion-
exchange resin in the absence of solvent. Nanda et al. [44] and Moreira et al. [45] reported
Ea = 55.6 + 3.1 kd.mol! and Ea = 69.0 + 6.6 kJ/mol, respectively assuming an LHHW
mechanism considering water as the most adsorbed species and using Amberlyst-35 and
ethanol as a solvent. Rossa et al. [63] estimated an Ea = 44.8 + 1.2 kJ.mol! assuming a
pseudo-homogeneous model and using an H-BEA zeolite. In the matter of homogeneous
catalysis, da Silva et al. [64] and Ji et al. [65] reported the Ea of 26.0 kJ.mol* using salt
Fe(NOs3)s3.9 H20 and the Ea of 28.2 kJ.mol? using ionic liquid [P(CsHg)3Ci4H29][TSO],
respectively.

Figures 6 A and B show the effect of the initial glycerol to acetone molar ratio on the
kinetics and thermodynamics of the reaction. As shown in these figures, the increase in

acetone concentration not only increases the conversion reached in the equilibrium but also
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improves the reaction Kkinetics. This effect is more evident at lower catalyst content (Figure
6 B).

A B
80 L °® 80 — @
[ . .
$ 60 S 60+
= =
2 i
5 5
£ 40- g 40
© —— 1:4 (Model)| | © / —— 1:4 (Model)
— 1:6 (Model) 1 / ~ 1:6 (Model)
20| 1:8 (Model) 20| 1:8 (Model)
= 1:4 (Exp.) = 1:4 (Exp.)
| e 1:6 (Exp.) e 1:6 (Exp.)
1:8 (Exp.) 1:8 (Exp.)
0 LA DL DL L B | 0 L L L

— T — T
0 40 80 120 160 200 240 280 0 40 80 120 160 200 240 280

Time (min) Time (min)

Figure 6: Effect of the glycerol to acetone molar ratio in the feed on glycerol conversion.
Experimental conditions: 0.2 MPa N, 40 °C, Zr-S-400 catalyst. A: 0.6 wt.% (catalyst:
glycerol); B: 0.3 wt.% (catalyst: glycerol).

Since one of the main impurities in the glycerol feedstock is the presence of water, it is
essential to study the influence of this component on the reaction. In our study, water was
added to the reaction mixture to simulate different glycerol feedstocks. Figure 7 shows the
effect of water on the reaction rate at 5%, 10%, and 20% wt. of the total mass of glycerol.
The presence of water in the reaction generates more extreme effects on the reaction rate
and the conversion at equilibrium state. Feedstocks presenting 20% wt. of water
significantly reduce the reaction rate, and the conversion at equilibrium decays from 80% to
63%. This highlights the need to use purified glycerol feedstock, with water concentration

below 10% for better efficiencies in the chemical process.
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Figure 7: Effect of water composition in the feed on glycerol conversion. Experimental

conditions: 0.2 MPa N, 40 °C, glycerol: acetone molar ratio = 1:6, 0.6 wt.% (catalyst:
glycerol), Zr-S-400 catalyst.

4. Conclusions

The sulfation of a commercial zirconium oxide, by wet impregnation with a 0.5M H2SO4
solution, allowed us to obtain an active catalyst for the glycerol ketalization in the liquid
phase. The characterization results showed a correlation between the calcination
temperature and the acid sites generated on the materials. Among the catalysts studied, the
Zr-S-400 material was the most active one and presented the largest acid density and
greatest acid strength caused by the generation of new Bronsted sites, as determined by
potentiometric titration and Pyridine FTIR. This catalyst exhibited a glycerol conversion of
80% in 1 hour of reaction at 40°C with a glycerol to acetone molar ratio = 1:6 and 0.6 wt%
catalyst:glycerol.

The chemical equilibrium was analyzed using the UNIFAC method to determine the

activity coefficients of each species. The thermodynamic parameters, standard enthalpy and

22



Gibbs free energies, were determined to be -11.6 + 1.1 kd.mol* and 4.0 + 0.1 kJ.mol?,
respectively.

Taking into account that the adsorption of water on this catalyst does not affect the number
of acid sites available, a simple pseudo-homogeneous kinetic expression was developed and
successfully adjusted to the experimental data in the range studied. Based on this model, the
estimated activation energy of the reaction was 88.1 + 8.9 kJ.mol ™.

The study of the sensitivity of the reaction to the presence of water showed that the
presence of water in the reactive mixture generates negative effects on the thermodynamics
and Kkinetics of the reaction and, more importantly, it was determined that the concentration
of water in the feedstock should be lower than 10% to keep the efficiency of the process.
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