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ABSTRACT: In this work, the main results of a thermodynamic and
kinetic study of glycerol ketalization to produce solketal in the
presence of a solvent are presented. A catalyst and a solvent
screening was carried out leading to the selection of Amberlyst-35
ion-exchange resin and ethanol as the most suitable materials for this
reaction. A parametric study allowed one to determine reaction
equilibrium and kinetic parameters in a batch reactor in the absence
of external mass-transfer limitations. Regarding reaction thermody-
namic equilibrium, a standard enthalpy of —20.1 + 1.1 k] mol™ and
a Gibbs free energy of 1.4 + 0.3 k] mol™" were obtained. Reaction
kinetics was studied assuming different reaction rate laws to fit the
experimental data obtained: Pseudo-Homogeneous (PH), Lang-
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muir—Hinshelwood—Hougen—Watson (LHHW), and Eley—Rideal (ER). The experimental results revealed that the reaction
kinetics behavior could be accurately described by the LHHW reaction rate law, considering the presence of internal mass-

transfer resistances. The activation energy for the overall reaction was found to be 69.0 + 6.6 k] mol ™.

1. INTRODUCTION

The depletion of fossil-based fuels is leading to an increasing
demand in the search for alternative fuels, such as biodiesel.'
Biodiesel derives from biological sources, for example, animal
fats and vegetable oils,”* resulting in a sustainable and
renewable fuel.

Biodiesel is mainly produced by a transesterification reaction
using the raw materials mentioned above,”* which can later be
used directly or mixed with a fossil fuel. Glycerol is obtained as
the main byproduct from this process. Therefore, in order to
solve one problem, another is formed. The continued
production of biodiesel led to a continued production of
glycerol, and an excessive amount of this byproduct is being
left to accumulate. The global production of glycerol in 2020 is
expected to reach 5.2 million tons. This is resulting in a
continued decrease of glycerol prices, compromising the
sustainability and the economy of the biodiesel industry.’
The current price of crude glycerol is 0.85 €/kg.”

Glycerol can be produced from different sources and
activities. In Europe, glycerol is mostly formed from animal
tallow and vegetable oil. Regarding the United States of
America, biodiesel refinery activities are the main source of
glycerol production. In Asia, glycerol originates mainly from
vegetable oil. For instance, in Malaysia and Indonesia, palm oil
is the principal source of glycerol, and in the Philippines, it is
coconut oil. Market research has shown that the Asian
continent is the largest glycerol producer in the world.”

Also, glycerol is not suitable for use as a direct fuel
component, once its heating value is low, due to the presence
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of three hydroxyl groups in the molecule. That being said, new
forms of this compound must be developed for its valorization.

There are several value-added applications to transform
glycerol into other chemical commodities, such as hydro-
gen,g_17 methanol,"* 72! ethanol,”**™>° and fuel additives.”*™>°

When the production of fuel additives is considered as the
valorization route, through a ketalization reaction with acetone,
it is possible to convert glycerol into solketal (4-hydrox-
ymethyl-2,2-dimethyl-1,3-dioxolane). Solketal is useful as an
oxygenated fuel additive, since it is capable of reducing particle
emission and gum formation in gasoline, can improve the
liquid properties for low temperature fuel transportation, and
can optimize the octane number when blended with
gasoline.‘%’37

The ketalization of glycerol using acetone leads to the
formation of two ketal species, one which has a five membered
ring and another with a six membered ring. Nevertheless, the
six membered ring species is much less favorable since one of
the methyl groups is in the axial position of the chair
conformation,” as shown in Figure 1.

From the above-mentioned ketalization reaction, Vol'eva et
al.*® obtained a molar ratio of about 9:1 between the five
membered ring (4-hydroxymethyl-2,2-dimethyl-1,3-dioxolane
or solketal) and the six membered ring (S-hydroxy-2,2-
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Figure 1. Ketal species resulting from the glycerol ketalization with
acetone: (a) S-hydroxy-2,2-dimethyl-1,3-dioxane; (b) 4-hydroxymeth-
y1-2,2-dimethyl-1,3-dioxolane.

dimethyl-1,3-dioxane), respectively. One possible explanation
for this phenomena can be related to the glycerol molecular
geometry. It is much more likely that the reaction between
acetone and glycerol occurs in a glycerol end-chain hydroxyl
group than in the middle-chain hydroxyl group. More recently,
Nanda et al.>* reported a molar ratio of about 99:1 between

the five membered ring and the six membered ring. On the
basis of these results, the last species will not be considered in
the present work.

Nanda et al.** proposed a reaction mechanism, represented
in Figure 2. In step 1, in the presence of an acid catalyst,
acetone protonates the catalyst surface. This leads almost
instantly to a positive pole in the middle carbon of the acetone
molecule. In step 2, there is a surface reaction between the
adsorbed species and glycerol. The interaction occurs with an
end-chain hydroxyl group (primary hydroxyl group) of the
glycerol molecule, resulting in an adsorbed hemiacetal. In step
3, water is formed. This is considered to be the rate limiting
step. Finally, in step 4, the short-lived carbenium ion leads to
the closing of the five membered ring through one of the
nonbonding electron pairs of the oxygen atom from the
adsorbed ketone, forming the solketal molecule.

The literature reports several catalysts used for ketalizations.
Table 1 compiles a literature review of the most active catalysts
for solketal production, with a focus on zeolites and ion
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Figure 2. Possible ketalization reaction mechanism for the production of solketal from glycerol and acetone.
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Table 1. Catalyst Screening for the Ketalization of Glycerol to Produce Solketal

catalyst glyc./acet. molar
zeolites zeolite beta (H") 1:2—1:3
ZSM-5 (H") 13
zeolite beta (H*) (Zeolyst CP814E) 1:2—-1:6
zeolite beta (H') (Zeolyst CP811T1) 1:2—1:6
zeolite HY 1:2—-1:6
montmorillonite K10 1:6
ion exchange resins Amberlyst-15 1:2
Amberlyst-35 1.5:1-2.5:1
Amberlyst-36 1:1.5
Lewatit GF101 1:3—-1:12
Purolite CT275DR 1:4
Purolite CT276 1:4

ratio  temperature (K) reaction time (h) lim. react. conv. (%) ref.
room temp. 2 62—86 39
343 1 93 40
308 4 60—82 41
308 4 62—85 41
308 4 21-37 41
313 0.25 68 42
343 1 95 43
298-318 8 60—74 44
313 8 88 45
303-313 4 34-96 46
313 6 43 46
313 6 36 46

exchange resins that have revealed a particularly high catalytic
activity for this reaction.

The miscibility between acetone and glycerol is poor*” and,
for that reason, few authors suggest adding a solvent to
overcome this issue. Despite that fact, the synthesis of solketal
has been carried out with relative success in different types of
reactors, from batch reactors to packed reactors, reactive
distillation, or membrane reactors.>*

In this work, instead of limiting the research to the
development of a new catalyst or to the optimization of the
reaction conditions for the synthesis of solketal, an extensive
study of glycerol ketalization with acetone was carried out
using commercially available catalysts in order to set the basis
for the development of glycerol valorization processes, through
its conversion into solketal, with particular attention to
sorption-enhanced reactive processes, reported as one of the
most promising strategies for this kind of system.*® In the first
stage, a solvent selection methodology specifically designed for
this purpose was applied.”” Once the solvent was selected,
fundamental data was collected aiming to determine the
dependence of the chemical equilibrium constant on the
temperature and to estimate the reaction standard Gibbs free
energy, AG’, and standard enthalpy,AH°, considering a
nonideal liquid-phase model determining the activity of each
species through the UNIFAC group contribution method. The
description of the nonideality of a mixture is fundamental for
the development of more complex processes as multifunctional
reactors, such as reactive distillation, membrane reactor, and
chromatographic reactors, among other processes and has been
neglected in the majority of the previously reported works
regarding the synthesis of solketal.

The reaction kinetics study started with a catalyst screening,
focused on acid ion-exchange resins and zeolites. Once the
most suitable catalyst had been selected, the effect of several
variables on the reaction rate was experimentally evaluated in
order to determine a model that accurately describes the
reaction kinetics over a wide range of operating conditions.
Three reaction rate laws were considered, namely, Langmuir—
Hinshelwood—Hougen—Watson, Pseudo-Homogeneous, and
Eley—Rideal models. The influence of the internal mass-
transfer limitations, the amount of eluent, and the nonideality
of the system in the synthesis of solketal was also considered in
the present work, in opposition to prior studies.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Catalyst. The chemicals used in the
experimental tests were ethanol (>99%) purchased from

Panreac-AppliChem, dimethyl sulfoxide (>99%) purchased
from VWR International, glycerol (>99%) purchased from
Sigma-Aldrich, and acetone (>99%) purchased from Fisher
Chemicals.

Rohm and Haas Amberlyst-15 and Amberlyst-35 ion
exchange resins were used as catalysts. Water adsorbs strongly
on Amberlyst-15 and Amberlyst-35, and it can lead to a
decrease of the reaction rate, since it is a product of the
reaction; therefore, predried resin must be used on the reaction
tests. For that purpose, the resin was washed several times with
deionized water; then, it was washed with ethanol and dried at
333 K. Stid-chemie H-BEA2S zeolite was also tested. Before
using it, the zeolite was calcinated at 593 K overnight. Table 2
presents the most relevant physical properties of the catalyst
used #5052

Table 2. Amberlyst-15, Amberlyst-35, and Zeolite H-BEA
25 Physical Properties

Amberlyst-  Amberlyst-  Zeolite H-BEA

15 35 25
acidity (eq-kg™") 4.7 52 NA
Si0,/Al,05 (mol/mol) NA NA 25:75
average pore diameter (nm) 30 30 0.51
max operating temp (°C) 120 150 NA
pore volume (mL-g™") 0.400 0.425 0.748
BET surface area (m*g™") S3 S0 452
apparent density (kg'm™) 771 931 924

2.2. Analytical Method. The samples collected at
predefined time intervals during the experiments performed
were analyzed in a gas chromatograph (DANI Master GC),
using dimethyl sulfoxide as the internal standard. Helium was
used as the carrier gas at a flow rate of 490 mL-min~". The
separation of the compounds was carried out in a ParaBondQ_
column (25 m, 0.53 mm i.d., film thickness of 10.0 um) and
quantified by a thermal conductivity detector. The linear
velocity was set to 40 cm-s™', and the injection volume used
was 2 uL with a split of 10. The temperatures of the injector
and thermal conductivity detector were set to 573.15 K. The
initial column temperature was 423.15 K, followed immedi-
ately by a temperature increase at 5 K-min™' until 553.15 K
and subsequently held constant for 1 min. Each of the samples
collected during the experiments performed in this work was
analyzed in triplicate to evaluate the reproducibility of the
conversion determined values.
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Figure 3. Schematic representation of the batch reactor and all its adjacent equipment.

2.3. Experimental Tests for Catalyst and Solvent
Selection. The solvent selection methodology applied in the
present work comprises a stage in which the solvents that
evidence the highest potential in a preliminary theoretical
screening are tested to assess their impact in the reaction
kinetics and in the reaction products adsorption. In this work,
the procedure was adapted so that the catalyst and solvent
screening could be performed simultaneously. For that
purpose, batch reactions were carried out in S0 mL glass
vessels. A benchtop incubator shaker SI-300R from Lab.
Companion was used to supply heat and to stir the reaction
mixtures composed by the stoichiometric ratio of 1:1 of
acetone and glycerol diluted in 50% of solvent (molar basis).
The reactor was loaded with 1.0 wt % of catalyst considering
the total mass of the system (i.e., mass of reactants plus mass of
solvent). The experiments were carried out for 24 h at 313 K.
Additionally, adsorption tests were carried out in a fixed bed
column packed with the catalysts previously selected and using
as eluent the solvents from the screening methodology applied,
at a flow rate of 2 mL/min, temperature of 313 K, and injecting
a 200 uL loop containing solketal and water (pure). Through
the average residence times computed from the outlet
concentration histories of each experiment, it was possible to
evaluate the effect of each solvent in the target products
adsorption capacity and selectivity for each of the tested solid

materials. On the basis of an extensive literature review,
Amberlyst-15, Amberlyst-35, and H-BEA2S zeolite were used
as catalysts in this work.

2.4. Reaction Kinetics Experiments. The experimental
setup used in the batch reaction experiments is depicted in
Figure 3. The reaction experiments took place in a glass-
jacketed autoclave (1), model Buchiglaususter (Germany),
with a maximum capacity of 1 dm®. The catalyst was placed in
the basket (4), which has two positions: initially, it was located
out of the liquid; when the experiment starts, it rolled down
through the shaft and was immersed into the liquid. The start
of the experiment and the immersion of the catalyst basket
were triggered by turning on the stirrer (7). The mechanical
stirrer has a maximum adjustable speed between 0 and 2200
rpm and is powered by a three-phase motor with 0.33 kW. The
continuous circulation of oil through the jacket of the
autoclave maintained the system at the predefined temper-
ature. The silicon oil was heated in a thermostatic bath (11)
Ecoline 006/E300 (Lauda, Germany). The temperature of the
experiment was measured by a thermocouple (8), which was
monitored by a computer. The autoclave, pressurized with
helium during the experiment, is equipped with a manometer
(10) and a pressure sensor, which are also monitored by a
computer. The valves of the feed container (6) allow the
depressurization of the system. The air-actuated sampling valve
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(9) is controlled by a computer. The composition of all the
samples collected during the reaction experiments was
determined through the analytical method described in Section
2.2, and this information was used to determine the limiting
reactant conversion (simply referred to as conversion in the
remainder of this work).

To study the effect of mass transfer on the reaction kinetics,
several experiments with different stirring speeds were carried
out, in order to determine the minimum stirring speed capable
of making the external mass-transfer effects become negligible.
The reaction mixtures were composed by a 1:2 ratio of acetone
and glycerol diluted in 30% of solvent (molar basis).
Amberlyst-35 resin (0.5 wt % considering total reactant
mass) was used as the catalyst. The experiments were carried
out for 8 h at 600, 750, and 900 rpm.

Then, in order to determine reaction kinetics parameters,
several experiments were defined, as described in Table 3.

Table 3. Reaction Experiments Operating Conditions

experiment  temperature A/G Kolvent catalyst loading
ID (€] (n/n)  (n/n) (%Wt s/ Whreactants)
Exp01 303 1.0 0.5 0.5
Exp02 313 1.0 0.5 0.5
Exp03 323 1.0 0.5 0.5
Exp04 303 2.0 0.5 0.5
Exp0S 303 0.5 0.5 0.5
Exp06 313 2.0 0.5 0.5
Exp07 313 0.5 0.5 0.5
Exp08 303 1.0 0.7 0.5
Exp09 323 1.0 0.3 0.5
Exp10 323 1.0 0.7 0.5
Expl1“ 323 1.0 0.5 0.25
Exp12“ 323 1.0 0.5 0.25

“Average catalyst particle radius of 290 ym for Exp11 and 435 ym for
Exp12 (for all the remaining experiments, the average catalyst particle
radius was 390 um).

3. THEORETICAL

3.1. Mathematical Modeling. In order to predict the
dynamic behavior of the batch reactor and to determine the
kinetic parameters of glycerol ketalization, in the presence of
ethanol, a mathematical model was developed. The reactor was
assumed to work under perfectly stirred conditions, and
therefore, the composition of the liquid phase is the same at all
positions of the reactor at a given instant. The model takes into
account isothermal operation and assumes that the internal
mass-transfer resistance is limited to macropore diffusion,
following Fick’s diffusion Law and considering that the catalyst
is composed of spherical particles. Further details regarding the
model can be found elsewhere.>”>* Note that the operating
conditions were set in order to ensure that the external mass-
transfer limitations were negligible.

The bulk and particle mass balance equations to component
i are presented by eqs 1 and 2, respectively,

aCy,; [1 - gb)3 aC,;

D,
ot g Jr, " or

()

aC,; 10 aC,;
pii 29 pji
e = ——|Dgr"—— |+ (1 — & )vpR
P oot r? Br( i or ] ( P)V s (2)

where Cy; and C,; represent the bulk concentration and the
concentration in the particle pores of component i,
respectively, &, and ¢, are the bulk porosity and particle
porosity, respectively, D, is the effective diffusion coefficient,
r, is the particle radius, v, p,, and R represent the
stoichiometric coefficient of component i, solid density, and
reaction rate along the catalyst particle radius, ¢ is the time, and
r is the radial position within the particle.
Initial and boundary conditions are given by eqs 3—6

t=0 Cy;=Cyo (3)
t=0 C;=Chio )
oC. .
r=0 Pl =0
or (s)
r= rp Cb,i = Cp,i|r=rp (6)

The infinite dilution diffusivities can be estimated by the
Scheibel correlation (eq 7).

2/3
o 82X 10°T 3w,

Lj T 1/3
’7jVM,i Va,i

(7)

ij is the diffusion coefficient for a dilute solute i in a solvent j,
T is the temperature, 7; is the viscosity of solvent j, and V) is
the molar volume.

For multicomponent systems, the Perkins and Geankoplis
correlation®® can be used to predict the molecular diffusivity
coefficient of a compound in a mixture, D;,, (eq 8)

n
08 0 08
D, = 21 X0 ;
=
j#i (8)

where 77,, is the viscosity of the mixture and 7 is the viscosity of
the component j. The effective diffusion coeflicients are then
estimated by eq 9.

e D.

pi,m

Dg; =

’ ()
The reaction rate for the ketalization of glycerol has been
described by several models, such as Pseudo-Homogeneous
(PH),”” Eley—Rideal (ER),***® and Lan%muir—Hinshel-
wood—Hougen—Watson (LHHW) models.*”>*°7>?

The simplest approach is the PH model that considers a
reversible reaction of first order in each species and can be
expressed also in terms of activities as

AsolkFw

R =k|ayag, —
c c“Gly
Keq (10)

where k. is the reaction kinetic constant, K  is the reaction
thermodynamic equilibrium constant, and a; is the activity
coefficient of each species. To determine the activity
coefficients, the universal functional activity coefficient
(UNIFAC) model was used. This group contribution method
uses the surface areas and relative molecular volumes of each
species as parameters as well as the interaction parameters
between the different groups of each molecule.

In the LHHW model, the most widely used for this kind of
reaction, both reactants are adsorbed, followed by a surface
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reaction that originates a hemiacetal. Two subsequent surface
reactions lead to the formation of the adsorbed water and
acetal. The final step consists of the desorption of both
products. The rate-determining step is considered to be the
surface reaction leading to the formation of adsorbed
hemiacetal. Some literature suggests that water adsorption is
significantly higher than that of the remaining species involved
in the reaction; thus, neglecting the adsorption of those species
is commonly accepted. Equation 11 presents the simplified
reaction rate expression, in terms of activities, used to describe
the experimental data, considering the previously mentioned
assumptions

a ) aW
aAcuGly - SK";‘
= kc—z
(1 + Ks,w“w) (11)

where Ksyy is the adsorption equilibrium constant for water.

The ER model is similar to the LHHW model, but it is based
on the assumption that only one of the molecules adsorbs onto
the solid, while the other reacts with it directly from the fluid
phase.

AolkPw
aAcaGly - K
= e
1 + Kgwaw (12)

According to the centered form of the Arrhenius law, kinetic
constant depends on temperature,

E[1 1
ko= ko _E(? - T—]
ef

T

(13)

In this equation, k. represents the pre-exponential term, R

Co
represents the universal gas constant, and the reference
temperature, T, was 313 K.

The reaction thermodynamic equilibrium constant, K., can

be determined by the following equation
Ag
I<eq — Solk“W
A Agly (14)

The chemical equilibrium constant can be expressed as a
function of the reaction standard Gibbs free energy, AG’, and
temperature, T, known as the Van’t Hoff law

_ —AG°/RT
Keq =e (15)
Furthermore,
AG’ = AH® — TAS® (16)

where AS? is the standard entropy and AH’ is the standard
enthalpy. Combining both equations, a linear correlation, In
Ky vs 1/T (K™), is obtained

AS° i AHOL
R R T (17)

3.2. Numerical Solution. The numerical solution of this
problem was obtained using the commercial software General
PROcess Modelling System (gPROMS) version 4.2.0, using a
method of orthogonal collocation in finite elements; to this
end, the radial dimension of the catalyst was discretized in 30
finite elements with two interior collocation points in each
finite element, and the Differential-Algebraic equation solver
(DASOLV) integrated in the software was used to solve the
remaining system of ordinary differential equations in time.

In Keq =

gPROMS software was also used to estimate the values of the
unknown parameters, namely, E, and k_, for the PH model and

E, k., and Kgyy for the ER and LHHW models, by using the

“Parameter Estimation” tool. The experimental data was fitted
by the maximum likelihood method through the following
objective function

(18)

where N represents the total number of measurements during
all the experiments, 8 is the set of parameters to be estimated,
O'jkz is the variance in conversion, X3* and X}E"d are the k®
measured and predicted values, respectively, for the conversion
in experiment j. NE represents the number of experiments
performed, and NM; is the number of measurements of
conversion values obtained in experiment j. For all simulations,

a tolerance of 107> was used.

NE NM; X _ chd 2
N 1 . 2 ( jk jk
(I)=—In 27) + —min 1n O; + —
S In(2n) + - ”{,Zkz () ~

4. RESULTS AND DISCUSSION

4.1. Ketalization Solvent and Catalyst Selection. The
solvent selection methodology applied in the present work,
which was specifically developed for identifying potential
solvents for sorption-enhanced reactive processes,” comprises
an initial stage in which approximately 100 of the most
commonly used industrial solvents are ranked on the basis of
their physical—chemical properties followed by a set of
reaction and adsorption tests carried out with the top ranked
solvents. During the theoretical screening stage, solvents that
have been reported as reactive with any of the reactants or
products of the studied ketalization reaction were eliminated
from the primary list. The solvents remaining from the
previous preselection step were ranked considering a weight of
50% for process performance and miscibility parameters
(12.5% for dipole moment, 12.5% for dielectric constant, and
25% for the Hildebrand solubility parameter) and 50% for
process impact parameters (25% for lethal dose, LDy, and
NFPA health hazard classification; 25% for octanol—water
partition coefficient, log P, and persistence time). For each
variable, a score of 100% was attributed to the solvent that
presented the higher value for that variable and a score of 0%,
for the lower value, if the variable analyzed is intended to be
maximized. All the other solvents were scored proportionally.
The inverse scoring procedure was applied to variables that
were intended to be minimized. The full solvents ranking and
their properties can be found in the Supporting Information.
At this point, it was decided to proceed to the second stage of
the solvent selection methodology with only the three most
promising solvents: methanol, dimethyl sulfoxide, and ethanol
(which scored 70%, 70%, and 66%, respectively, according to
the methodology applied). This allowed one to conduct the
necessary reaction and adsorption tests for the solvent
selection in parallel with the catalyst screening tests, keeping
the overall number of experiments within reasonable limits.
Amberlyst-15, Amberlyst-35, and H-BEA2S zeolite were
selected as catalysts, given their potential for sorption-
enhanced processes comprising ketalization reactions accord-
ing to the data reported in the open literature.

The first goal of the reaction tests performed within the
frame of the solvent selection methodology was to verify if the
solvents would react with any of the species involved in the
ketalization reaction. Moreover, to observe the influence of the
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Figure 4. Comparison of the performance of the catalysts on the kinetics of the ketalization of glycerol after 4 and 24 h (T = 313 K; P = 1 bar; A/G

= 1.0; xy, = 0.5; cat. loading of 1.0 wt % of the total reactant mass).

presence of the catalysts in the kinetics of the reaction between
glycerol and acetone, experimental tests were carried out using
different catalysts. A comparison of the ketalization kinetics
performance of the tested catalysts, Amberlyst-15, Amberlyst-
35, and H-BEA 25, is depicted in Figure 4.

Catalysts Amberlyst-15 and Amberlyst-35 presented similar
kinetic performances, achieving conversions above 40% after 4
h, independently of the solvent used. This was not the case
when H-BEA2S was used as the catalyst. Lower conversion
rates were observed for the zeolite than for the ion-exchange
resins tested. Reaction kinetics does not seem to be affected by
the use of ethanol or methanol as solvents. However, the use of
dimethyl sulfoxide delays the reaction. It is possible that this
solvent may cause mass-transfer issues or, alternatively, that it
might adsorb strongly in the catalysts hindering the access to
its active sites. Finally, it must be mentioned that no secondary
product formation was observed during any of the experi-
ments.

The main objective of the adsorption tests was to study the
eluents interaction with the different adsorbents/catalysts in
order to observe how this affects the adsorption capacity and
selectivity of the ketalization reaction products (solketal and
water). Through the outlet concentration histories obtained for
water and solketal injections in fixed bed columns packed with
Amberlyst-15, Amberlyst-35, and H-BEA using methanol,
dimethyl sulfoxide, and ethanol as eluents, it was possible to
determine the mean residence time of those species within the

bed (Table 4).

Table 4. Average Retention Times of Pulses of Solketal and
Water in Fixed Bed Columns Packed with Amberlyst-15,
Amberlyst-35, and H-BEA 25 Using Methanol, Dimethyl
Sulfoxide, and Ethanol as Eluent at 313 K

Amberlyst-15 Amberlyst-35 H-BEA 25
solvent solketal water solketal water solketal water
methanol 3.0 8.8 33 10.8 2.0 4.8
dimethyl sulfoxide 3.5 5.8 3.0 4.8 3.5 4.8
ethanol 3.0 8.8 3.8 11.8 2.5 3.8

The results obtained allowed one to conclude that, when
dimethyl sulfoxide is used as eluent, the retention time for
water is significantly reduced, when compared with the other
eluents, which likely is a consequence of strongly competitive
adsorption between water and dimethyl sulfoxide. This,
together with the lowest catalytic performance in the presence
of dimethyl sulfoxide, leads to the exclusion of this species as a
potential solvent for further studies. From Table 4, it is also
possible to verify that H-BEA 25 has a relatively low selectivity
toward water adsorption over solketal, since the absolute
retention times and the difference between the retention times
of those two species are smaller than for the ion-exchange
resins tested. On the other hand, Amberlyst-15 and Amberlyst-
35 resins have similar performances when using ethanol and
methanol as eluents. However, when ethanol and Amberlyst-35
are used simultaneously as the mobile and stationary phase, the
largest difference between solketal and water retention times
was registered, meaning that the selectivity toward the target
products can be considerably enhanced with this combination
of liquid and solid phases. This is a key parameter for the
selection of the most suitable solvent since a sorption-
enhanced reactive process can take advantage of such
differences in the adsorption properties, extending the limiting
reactant conversion beyond the values imposed by the
thermodynamic equilibrium through the implementation of
the adequate dynamic operating mode, as reported elsewhere
for similar reactive systems.60 Moreover, the absolute retention
times are higher than those reported in the other experiments,
suggesting that ethanol will be less adsorbed in the catalyst
active sites. Given the aforementioned information, the solvent
selection methodology applied and the experimental tests
performed with different materials allowed one to identify
ethanol and Amberlyst-35 as the most suitable solvent and
catalyst for the synthesis of solketal.

4.2, Reaction Thermodynamic Parameters Estima-
tion. All the experiments described in Table 3 and Section 2.4
were carried out until no changes were observed in the bulk
composition for at least 2 h. The thermodynamic equilibrium
was assumed to be reached under these conditions. The
experimental values of the equilibrium constant were
determined through eq 14, taking into account the final
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composition of the reactor operated under isothermal
conditions and computing the respective activities. Figure S
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Figure 5. Linearization of Keq versus 1/T for all experiments
performed (operating conditions: 750 rpm, 8 bar, M qatyst = 0.5 Wt %
reactants).

presents the linearization of the dependence of the equilibrium
constant with temperature (eq 17) that allows the determi-
nation of the standard entropy, AS’, and the standard enthalpy,
AHC.

According to these results, the dependence of the
equilibrium constant on temperature can be expressed as In
K.q = —8.665 + 2418/T. The standard enthalpy and Gibbs free
energy could then be predicted, and the estimated values were
—20.1 + 1.1 kJ + mol™" and 1.4 + 0.1 kJ + mol ™, respectively.

The results confirmed the exothermal character of the
studied reaction since the estimated enthalpy value was
negative, which implies that the equilibrium conversion
decreases as temperature increases. Several authors withdrew
the same conclusion for several ketalization and acetalization
reactions involving glycerol and short-chained ketones and
aldehydes.”***7

Nanda et al** published a study of the ketalization of
glycerol with acetone for the production of solketal in which
ethanol was also used as solvent, and the most relevant
thermodynamic equilibrium parameters were determined: AH°
=—30.1 + 1.6 kJ + mol™; AG® = —2.1 + 0.1 kJ + mol™". The
values are slightly different from those obtained in this work;
however, the previous authors neglected the nonideal behavior
of the reaction media, and all the reaction thermodynamic
parameters were estimated on the basis of molar concentration
values. This fact emphasizes the relevance of including this
aspect in the determination of such thermodynamic properties.

4.3. Reaction Kinetics Studies. A detailed study of the
kinetic behavior of the reaction between acetone and glycerol
catalyzed by Amberlyst-35 and using ethanol as solvent was
conducted. The effect of several variables in the reaction rate
was evaluated in order to determine the most suitable reaction
rate law for the description of the performed batch reactor

experiments and to determine the corresponding kinetic
parameters.

For this purpose, preliminary tests to assess the extent of
mass-transfer resistances were performed. External mass
transfer can play a major role by limiting the overall reaction
rate in heterogeneously catalyzed systems. In the system
studied in this work, this effect can be even higher considering
that acetone and glycerol have limited miscibility in the
absence of the reaction products, which underlines the
importance of using a solvent in the reaction media. The
performance of the reaction was evaluated at different stirring
speeds from 600 to 900 rpm.

From the experiments carried out, it was possible to say that,
after 200 min, the reaction reached the equilibrium. A
maximum conversion of 70% was obtained. Through the
experiments performed at a stirring speed of 900 and 750 rpm,
it was possible to observe that the conversion history had the
same evolution, meaning that the reaction rate was not affected
by the external mass transfer and the limitations associated
with this phenomena could be suppressed if the stirring speed
is set to 750 rpm. Given the aforementioned information,
subsequent experiments were carried out at 750 rpm.

The impact of internal mass-transfer resistances was also
assessed by performing experiments using catalyst with
different particle size distributions. The experiments were
carried out at the highest temperature tested in this work (323
K) since mass-transfer effects become more significant than
kinetic effects under such conditions. The experiments
performed with an average catalyst diameter of 580 pm
(sieved catalyst) lead to a faster conversion of the limiting
reactant compared with the experiments performed with
catalyst particles with a diameter of 780 um (unsieved
catalyst). These results indicate that internal mass transfer
has a considerable contribution to the kinetic behavior of this
reactive system and cannot be neglected. This topic will be
discussed in further detail in Section 4.3.2, and the findings
agreed with the simulation results.

4.3.1. Reaction Kinetic Parameters Estimation. As
previously stated, the estimation of the kinetic parameters
was performed by fitting the results obtained with the
mathematical model described in Section 3.1 to the
experimental results obtained for the experiments performed
in a batch reactor under the conditions reported in Table 3.
The parametric study carried out allowed one to determine the
unknown parameters of each of the three reaction rate laws
considered for this system, namely, PH, LHHW, and ER.

In a first stage, the initial reaction rate method was applied
for the determination of a first estimate of the activation energy
considering the observed reaction rate (excluding the experi-
ment performed with a different particle size distribution) and
assuming the Arrhenius Law for the dependence of the
reaction rate constant with temperature. A value of 36.1 + 6.3
kJ + mol™" was estimated for the activation energy, which was
used as the initial guess in the parameter estimation performed
subsequently.

Table S. Estimated Kinetic Parameters for the Different Models and Goodness of Fit Values

model E, (k] mol™) k., (mol kg, s7')
PH 63.8 + 10.1 177 + 18
LHHW 69.0 + 6.6 492 + 93
ER 67.4 + 6.6 528 + 153

Ksw R Foy
0.942 —447

144 + 3.1 0.961 —475
47.7 +20.0 0.956 —473
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The quality of the fitting was evaluated taking into account
the value of the objective function used in the estimation (eq
18), a goodness-of-fit analysis based on the 95% chi-squared
criterion, and a correlation coefficient computed through eq
19.

NE N e od\2
_ Zj:l zk:l ()(}lzqJ - X;l?
NE N € exp\2
2]:1 Zk:l (X]lfp - X P) (19)

The results of the parameter estimation for the studied
reaction rate laws are presented in Table S.

It is worth mentioning that the chi-squared goodness-of-fit
test at 95% verified that there was a statistically accurate
representation of the experimental data by the implemented
mathematical model regardless of the reaction rate law used.
Nevertheless, from the results presented in Table 5, it can be
observed that the lowest objective function and the highest
correlation coeflicient values were attained when describing the
reaction rate law by the LHHW model, suggesting that this is
the most accurate description of the reaction mechanism
among the tested models. In fact, the correlation coefficient
value determined, 0.961, indicates that the model was able to
predict the experimental kinetic data for this reaction with high
accuracy over the wide range of conditions tested. Moreover,
the errors associated with the parameters estimated for the
LHHW model are also lower than those determined for the
remainder models.

The estimated activation energy value assuming a LHHW
reaction rate law was 69.0 + 6.6 kJ + mol ™}, which is almost
double the value obtained with the initial reaction rate method
previously reported. This fact supports the existence of
considerable mass-transfer limitations, as stated earlier, and
the same trend could be observed, independently of the
reaction rate law proposed. The activation energy value
estimated in this work is within the range of the values
reported in the open literature for similar systems. For
instance, Nanda et al.** reported an activation energy of 55.6
+ 3.1 kJ + mol™" for this system; however, in that study, the
nonideal behavior of the mixture was not accounted for since
all the estimations were performed on the basis of the reactor
composition in terms of molar amounts and, more importantly,
the impact of the internal mass transfer was neglected without
any experimental evidence, contrasting to what was demon-
strated in the present study. Esteban et al.*® used another ion-
exchange resin as catalyst for this reaction, Lewatit GF101, in
the absence of solvent. A value of 124.0 + 12.9 kJ + mol ™' was
found for the activation energy assuming the ER mechanism as
the best hypothesis among the large number of reaction rate
laws tested. The reactions of glgrcerol with formaldehyde,®!
acetaldehyde,®” or butyraldehyde®® catalyzed by Amberlyst-47
have also been previously studied with the respective authors
reporting activation energy values ranging between 5S and 60
kJ + mol™, assuming a PH reaction rate law.

It is important to mention that the dependence of the
adsorption equilibrium constant with temperature, typically
described by the Van’t Hoff law, was also considered in the
present work. Those results are not presented since the
introduction of the pre-exponential factor and the adsorption
enthalpy lead to an excessive increase in the errors associated
with all the estimated parameters as a consequence of the
increase of the number of parameters to be estimated.
Nevertheless, as the difference between the maximum and
minimum operating temperatures does not exceed 20 K, the

R2

effect of temperature in this variable was considered negligible,
as proposed in previous works."’

A detailed analysis regarding the effect of the most relevant
reaction variables on the reaction kinetics and regarding the
ability of the mathematical model and reaction rate law
proposed to describe the results obtained during the
parametric study performed is provided in the following
section.

4.3.2. Effect of Temperature, Initial Reactants Ratio,
Solvent Ratio, and Internal Mass Transfer on the Reaction
Rate. In the present work, the reaction between glycerol and
acetone was carried out under isothermal conditions with
temperatures ranging from 303 to 323 K to evaluate the impact
of this variable on the reaction rate. Figure 6 shows the
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Figure 6. Effect of temperature on the reaction rate (P = 8.0 bar, A/G
= 1.0, x5, (n/n) = 0.50, catalyst load = 0.5 wt % of the total mass of
reactants, stirring speed = 750 rpm).

experimental data regarding the evolution of the conversion
with time at 303, 313, and 323 K, using equimolar amounts of
the reactants diluted in 50% (n/n) of ethanol as well as the
mathematical model prediction assuming the LHHW rate law
with the parameters previously estimated.

As expected, Figure 6 demonstrates that, as temperature
increases, the reaction rate becomes higher. On the other hand,
the equilibrium conversion value decreases since this is an
exothermic reaction as previously stated. It is also possible to
observe that the model implemented and the estimated
parameters were able to accurately describe this behavior, in
terms of both the reaction kinetics and the reaction
thermodynamic equilibrium.

The initial reaction media composition strongly affects the
rate of conversion of the limiting reactant. This variable is
particularly important in systems comprising nonideal mixtures
as in this case. In Figure 7, the effect of the initial reactants
molar ratio on the conversion over time is presented.
Nevertheless, the studied initial reactants molar ratio values
were kept around unity (more precisely between 0.5 and 2.0)
since such values are usually preferred to maximize the
produced amount of the target product and do not negatively
affect the overall process productivity or complicate down-
stream separation processes as using reactants in excess

DOI: 10.1021/acs.iecr.9b03725
Ind. Eng. Chem. Res. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.iecr.9b03725

Industrial & Engineering Chemistry Research

80%

70%

60%

50%

40%

30%

Conversion (%)

20%

10%

0%
0 100 200 300 400 500 600

t (min)

® A:G=2.0(Exp.) ¢ A:G=1.0(Exp.) A A:G=0.5(Exp.)
—— A:G=2.0(Model) - - - A:G=1.0 (Model) -+ A:G = 0.5 (Model)

Figure 7. Effect of the initial reactants molar ratio on the reaction rate
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Figure 8. Effect of the solvent molar fraction on the reaction rate (P =
8.0 bar, T = 303 K, A/G = 1.0, catalyst load = 0.5 wt % of the total
mass of reactants, stirring speed = 750 rpm).

typically does. These issues are even more relevant for
integrated reactive-adsorption processes.

The reactive media composition affects, simultaneously, the
reaction rate, the equilibrium conversion, and the mass transfer
within the catalyst particles. The experimental results from
Figure 7 show that, as it is widely accepted, the use of an excess
of one of the reactants increases both the reaction rate and the
equilibrium conversion when compared to the use of the
stoichiometric amount of the reactants. These results also
demonstrate that the highest limiting reactant conversion rate
was achieved for an acetone/glycerol molar ratio of 2. The
differences observed in the reaction rate when using either
acetone or glycerol in excess are related with the respective
increase or decrease of the diffusion coeflicients inside the
catalyst pores under those specific conditions. As the studied
reactive system presents considerable internal mass-transfer
resistances, the use of acetone, which has more favorable
transport properties than glycerol (lower viscosity and lower
density, for instance), reduces the impact of this phenomena in
the observed reaction rate. Figure 7 also shows a good
agreement between the experimental data and the mathemat-
ical model predictions, which highlights the importance of
including the internal mass-transfer resistances and the
nonideality of the mixture in the model for a more accurate
description of the overall process.

The effect of the amount of ethanol added to the reactive
mixture in the kinetics was also studied, as it can be seen in
Figure 8. The studied solvent concentration range was defined,
not only taking into account the partial miscibility of the
reactants but also considering the high dilution factor typically
imposed by the significantly large amounts of eluent used for
regeneration purposes in sorption-enhanced reactive processes
(particularly for the desorption of water from strong acid ion-
exchange resins).

It was possible to observe that the initial ethanol
concentration has a minor impact on the evolution of the
solketal yield over time within the concentration range studied.
Nevertheless, the mathematical model was able to account for
those small differences as well. The lower reaction rate
observed for the experiment performed with a higher amount

of solvent can be explained by the lower concentration of the
reactive species, which according to the collision theory
decreases the interaction between the reactants molecules,
resulting in a reduction of the reactant conversion rate. In the
present work, all the experiments were performed in the
presence of a solvent, and therefore, no direct comparison
could be made with the conversions attained under solvent-
free conditions. Moreover, the data reported by different
research groups for the studied ketalization reaction in the
absence of solvents presents some consistency issues, and it is
difficult to find experimental results attained in the same
conditions as those studied in this work since, when working
under solvent-free conditions, higher amounts of acetone and
higher temperatures are typically employed to minimize the
miscibility problems and accelerate the reaction rate. For
instance, in the work reported by Manjunathan et al.,,*” glycerol
conversion values above 80% were attained at equilibrium
conditions using zeolite beta as catalyst and an initial acetone
to glycerol molar ratio of 2.0 without the presence of a solvent
at approximately 303 K. This value is significantly larger than
that determined in this work in the presence of ethanol. On the
other hand, the research reported by Esteban et al,** using
Lewatit GF101 resin as the catalyst under solvent-free
conditions, indicates that the solketal yield at equilibrium
conditions at 313 K for a reaction mixture initially containing
acetone and glycerol in a 3 to 1 molar ratio would be only
slightly higher than 30%; however, the glycerol conversion
value determined in this work for the same temperature and for
equimolar amounts of the reactants was approximately 50%.
Despite the different methodologies applied (different sample
treatments prior to analysis, the use of the different
performance parameters, as reactant conversion values or
product yields, among others), the examples previously
provided clearly demonstrate the consistency issues previously
mentioned for the solvent-free ketalization reaction data. On
the other hand, the results obtained in this work for a 2.0
acetone to glycerol ratio at 303 K were similar to those report
by Nanda et al,** for these particular conditions, despite the
use of different amounts of ethanol as solvent. Nevertheless,
the effect of the introduction of a solvent in the reaction media
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shall not be limited to the rate at which the reactants are
converted as demonstrated in Figure 8. This issue has already
been addressed in Section 4.1 in which it was demonstrated
that the use of dimethyl sulfoxide negatively affected the
maximum reactants conversion. Oliveira et al.’* also
demonstrated that a higher glycerol conversion could be
obtained when using dimethyl formamide as solvent than when
using dimethyl sulfoxide under the same operating conditions
(323 K and a 2.0 acetone to glycerol molar ratio). Hence, the
use of solvents can simultaneously change the reaction kinetics
and thermodynamic equilibrium since it affects the reactant
and product concentrations, it modifies the interaction
between species (accounted for in this work by the
introduction of activity coefficients in the model), and it can
change the species reactivity by solvation.

Although the existence of considerable internal mass-transfer
limitations has already been addressed throughout this work,
two batch reaction experiments were performed at the highest
temperature within the studied range using catalyst particles
presenting different size distributions (Figure 9).
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Figure 9. Effect of the catalyst particle radius on the reaction rate (P =
8.0 bar, T = 323 K, A/G = 1.0, x.y, (n/n) = 0.50, catalyst load = 0.25
wt % of the total mass of reactants, stirring speed = 750 rpm).

As demonstrated in Figure 9, the reactants were converted at
higher rates when catalyst particles with a radius of 290 ym
(sieved resin) were used, compared to the experiment
performed with an average catalyst particle radius of 390 pm
(unsieved resin). This fact is strictly related to the decrease of
the contribution of internal mass transfer to the overall
reaction rate for smaller particles. To quantify the effect of the
diffusion mechanism on the observed reaction rate, the
effectiveness factor, #, was computed as a function of the
particle radius.”* Considering the average unsieved particle
diameter, an effectiveness factor lower than 0.1 was determined
(T =303 K, A/G = 1.0, x,, (n/n) = 0.50), supporting the
conclusion that the reaction occurs under diffusion controlled
conditions. To be operating in a completely chemically
controlled regime, the effectiveness factor must be approx-
imately 1. For this material, at 303 K, an average catalyst
particle diameter of less than 10 ym would be required. Such
fine particles are not commercially available and cannot be
obtained from the commercial resin.

5. CONCLUSIONS

The work presented reports a detailed study of the glycerol
ketalization reaction, for the synthesis of solketal, from the
selection of the most suitable catalyst and solvent for this
reaction to the description of its thermodynamic equilibrium
and kinetics.

The screening of commercial catalysts showed that acid ion-
exchange resins have higher activities than zeolite H-BEA2S.
From the catalysts tested, one can conclude that the best
kinetic performance was obtained when using Amberlyst-35.
On the other hand, the solvent selection methodology applied
in this work, which was specifically developed for integrated
reactive—adsorptive processes, identified ethanol as the most
suitable solvent for this system.

Chemical equilibrium data was gathered for temperatures
ranging from 303 to 323 K. The standard enthalpy and Gibbs
free energies were found to be —20.1 + 1.1 kJ mol™'and 1.4 +
0.3 kJ] mol™!, respectively, using the UNIFAC method to
determine the activities of each species. From the batch reactor
experiments, all the results were obtained after ensuring that
the experiments were performed in the absence of external
mass-transfer limitations. The experimental results revealed
that the reaction kinetics behavior could be accurately
described by the LHHW reaction rate law, considering the
presence of internal mass-transfer resistances. The model
considers the surface reaction between the adsorbed reactants
that leads to the formation of water as the rate determining
step. The activation energy value estimated for the reaction
was 69.0 + 6.6 k] mol™!, which is within the range of values
reported in the open literature for similar reactive systems. The
experimental results also demonstrate that, as expected for
highly polar ion-exchange resins in the H'-form, water
adsorption must be taken into account for the description of
the reaction kinetics for which a value of 14.4 + 3.1 was
estimated for the adsorption equilibrium constant.
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B NOMENCLATURE

Abbreviations

ER Eley—Rideal model

LHHW  Langmuir—Hinshelwood—Hougen—Watson model
gPROMS General Process Modelling System

PH Pseudo-Homogeneous model

UNIFAC Universal Functional Activity Coeflicient
Variables

a; activity coefficient of component i

Gy, bulk concentration of component i, mol L™

Gy, average concentration in the particle pores of

component i, mol L™

Cio initial concentration in the liquid phase of component
i, mol L7!

ng diffusion coefficient for a dilute solute i in a solvent j,
cm? s7!

D, diffusion coefficient of compound i in a mixture, cm?
!

D.y;  effective diffusion coefficient, cm® s~

d, particle diameter, cm

D, molecular diffusivity, cm* s~

E, reaction activation energy, ] mol™’

k., Arrhenius equation pre-exponential term, mol kg™' s™!

k. reaction kinetic constant, mol kg™ s7'

Ko reaction thermodynamic equilibrium constant

Ksw  adsorption equilibrium constants for water

K gion adsorption equilibrium constants for ethanol

N total number of measurements during all experiments

NE number of kinetic experiments performed

NM, number of measurements of conversion values taken
in kinetic experiment j

p pressure, bar

r particle radial coordinate, cm

R universal gas constant, ] K™' mol™

R reaction rate, mol kg_1 s

" particle radius, cm

Vi molar volume of component i, L mol™
T temperature, K

Ter reference temperature, K

t time, s

x; molar fraction of compound j

XGP k™ value for the conversion measured in experiment j

X;’,:"d k™ value for the conversion in experiment j predicted
by the model
wt %  total weight percentage

Greek Letters

&,  bed porosity

€,  particle porosity

AG® reaction Gibbs free energy, J mol™

AH® standard enthalpy at 298 K, J mol™

AS" standard entropy at 298 K, J K™! mol™

0 set of parameters to be estimated by the maximum
likelihood method

stoichiometric coeflicient

solid density, kg L™

liquid viscosity, g cm™" s
variance

maximum likelihood objective function

eqsp:
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