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ABSTRACT: The work reported in this article is a thermodynamic and kinetic study of the acetalization reaction between
acetaldehyde and glycerol to produce glycerol ethyl acetal (GEA). A catalyst screening was performed allowing for the choice of
Amberlyst-15 wet resin as the most suitable catalyst for this reaction. Through the study of the reaction thermodynamic
equilibrium, it was possible to determine the value of the equilibrium constant as a function of temperature, In(K) = 1.419 +
1055/T, and the corresponding thermodynamic parameters AHs i = —8.77 kJ-mol™" and AGjgyx = —12.3 kJ-mol™".
Additionally, the standard enthalpy and Gibbs free energy of formation of GEA were also obtained, as —584.4 and —387.0
kJ-mol™!, respectively. The Langmuir—Hinshelwood—Hougen—Watson model considering internal mass-transfer limitations
presented the best fitting of the reaction kinetic behavior. The parameters estimated for this model were kc (mol-g . 's™") =
3.13 X 10° — 6223/ T and Ky = 1.82 X 107> exp(2361/T). The acetalization of glycerol with acetaldehyde presents an activation

energy of 51.7 kJ-mol .

1. INTRODUCTION

In recent times, it has become clear that the world’s
dependence on fossil fuels for energy has a significant negative
environmental impact. This fact, along with the petroleum
market fluctuations due to political instability in producer
countries, have prompted the development of alternatives to
fossil resources and the implementation of “greener” policies.

Biodiesel, on the other hand, constitutes a renewable
resource that seems to overcome the implications brought by
the excessive use of fossil fuels. Compared to petroleum-
derived diesel, it presents the advantages of reduced toxicity
and exhaust emissions, for instance, and consequently, its
production has significantly increased over the past few years.

Biodiesel is defined as a methyl ester obtained through the
transesterification of vegetable oils and animal fats with
methanol in the presence of an acid or basic catalyst (European
Union Directive 2009/28/EC). About 10% (w/w) glycerol is
obtained as the main byproduct in biodiesel production.
Therefore, glycerol is becoming widely available at lower prices,
because its conventional market cannot absorb this surplus,
turning it into an interesting raw material for the synthesis of
new value-added products.

Among possible glycerol-based products,' ™ acetals have
drawn the attention of several research groups. In addition to
classical acetal applications (protecting group or starting
material in organic synthesis,4 fragrance and flavoring agents),
cyclic acetals derived from glycerol, in particular, glycerol ethyl
acetal (GEA), are generally recognized as effective fuel
additives. Previous studies have shown that GEA presents the
ability to reduce particulate emissions of exhaust gases without
having any negative impact on engine performance®’ and,
simultaneously, to allow for the control of fuel fluid properties,
including cloud point, viscosity, and freezing point." "> In
addition, these glycerol acetals are completely soluble in fatty
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acid esters (FAEs) and, at almost all proportions, in diesel, "3
although they present some solubility problems with gasoline.'*

GEA consists of an isomeric mixture of five- and six-
membered ring acetals in both cis and trans forms including the
following compounds: cis-5-hydroxy-2-methyl-1,3-dioxane,
trans-S-hydroxy-2-methyl-1,3-dioxane, cis-4-hydroxymethyl-2-
methyl-1,3-dioxolane, and trans-4-hydroxymethyl-2-methyl-1,3-
dioxolane."® There are two main routes for the synthesis of this
product: direct acetalization of glycerol with acetaldehyde'*>°
(eq 1) and transacetalization by reacting glycerol with 1,1-
diethoxyethane (DEE).®*'~% The acetalization route was used
in this work, because its only disadvantage is the formation of
water, which is undesirable in the final fuel additive. However,
water-free GEA solution can be obtained by the use of an
integrated reaction—separation technology, such as the
simulated moving-bed reactor, which has already proved to
be efficient in other acetalization processes.** >’ Moreover, this
route avoids the more complex reaction scheme of the
transacetalization process with several reaction and separation
units (usually, one reactor for the production of DEE from
acetaldehyde and ethanol, a distillation column for separating
DEE, a reactor for the synthesis of GEA from DEE and
glycerol, and a distillation column for separating the final
productlé). It presents a better reaction mass eﬂiciency28
depends only on a feedstock that can be obtained from
biomass: Glycerol is a byproduct from biodiesel production, as
previously mentioned, and acetaldehyde is produced from
bioethanol.*'

and
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Table 1. Properties of the Ion-Exchange Resins

ion-exchange resin physical form

type

particle size (mm)

ion-exchange capacity (equiv-kg™) surface area (m*g™")

Amberlyst-15 (wet) strong acid opaque beads 0.600—0.850 4.7 s3
Amberlyst-35 (wet) strong acid opaque beads 0.700—0.950 52 50
Amberlyst-36 (wet) strong acid opaque beads 0.600—0.850 5.4 33
Amberlyst-46 (wet) strong acid opaque beads NA 043 75
Amberlyst-47 (wet) strong acid opaque beads NA NA NA
Amberlyst-70 (wet) strong acid opaque beads 0.500 2.65 36
Amberlyst-CH28 (wet) strong acid opaque beads 0.850—1.050 4.8 36
Nafion SAC-13 strong acid granules 8—50 (mesh) 0.12—1.00 200

OH 0 (1
+ N ~ S— OOH + O /
HO_ /I\/O-H o = o, \)\/ o H H

(Glycerol) (Acetaldehy de) (GEA, 5 hered
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ring isomer) ring isomer)

The mechanism proposed for this reaction'> comprises the
formation of an hemiacetal from a glycerol primary or
secondary hydroxyl group (considered the limiting step) and
its dehydration, forming a carbocation that, through a
nucleophilic substitution mechanism (S,N) with an oxygen
from one of the remaining hydroxyl groups of the glycerol
molecule, leads to the closure of the heteroatom ring, thereby
forming the cyclic acetal. Depending on which hydroxyl group
(primary or secondary) is involved in each step, the product of
the reaction might be the six- or five-membered ring isomer.

Few studies about the synthesis of GEA have been published
to date, and most of them present some inconsistencies'®'” or
make use of solvents and/or homogeneous catalysts.'>"?
However, a heterogeneous catalyzed continuous process for
the synthesis of GEA was reported by Miller et al.*' In this
process, GEA is produced by reacting the outlet stream of a
transesterification reactor, containing an FAE and glycerol, with
acetaldehyde. A mixture comprising the fuel and the GEA
additive is obtained as the outlet stream without the need to
introduce the additive in the fuel composition at another stage
of the process. However, the assessment of this process was
conducted only by computational simulation using Aspen Plus
software. The major drawbacks of this process are related to the
complex reaction scheme and the formation of water during the
synthesis of GEA, which can lead to the hydrolysis of the FAE
and promote the decrease of the catalytic activity of the ion-
exchange resin. Nevertheless, its benefits are clear, because it
not only suggests a continuous process for the production of a
biodiesel containing a glycerol acetal additive that reduces
biodiesel particulate emissions, but is also able to increase the
process yield by approximately 13% through the incorporation
of glycerol (in GEA form) in the final product, eliminating the
high costs and energy requirements for the separation of this
alcohol.

In earlier works, the synthesis and separation of GEA
isomers were achieved by means of a batch reaction followed by
a simple distillation or a reactive distillation (either batch or
continuous) with the purpose of producing the pure GEA six-
membered ring isomer to be used in the synthesis of 1,3-
dihydroxyacetone. The reaction between glycerol and DEE, in a
molar ratio of 1:1, was carried in the presence Amberlyst-15
(1.7 wt %) at 318.2 K. After 4 h of reaction, the heterogeneous
catalyst was separated by filtration, and the unreacted DEE and
ethanol (byproduct) were eliminated by vacuum distillation (P
= 0.03 bar, T = 343.2 K). The use of a simple batch distillation
process led to a final product containing over 90 wt % of the
desired isomer; however, it was possible to recover only 55% of
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its initial amount. By a batch reactive distillation, using
Amberlyst-15 as the catalyst for isomer interconversion, it
was also possible to obtain an highly concentrated product
(>90 wt %), and the recovery was increased to 66%. The
authors also demonstrated that the continuous production of
the intended isomer by the reactive distillation of the isomeric
mixture is possible, obtaining an outlet stream of the final
product with specifications similar to those obtained through
the batch process.

Acetalizations are equilibrium-limited acid-catalyzed exother-
mic reactions. Several catalysts, such as inorganic acids
(chloridric acid,* p-toluene  sulfonic acid®!), ion—exchan%e
resins (Amberlyst-15,> Amberlyst-36>), zeolites (HSZ 36,>*
ZSM5>'), silica-based mesoporous materials (MoO5;/SiO,,*°
MCM-413%), Lewis acids (AuCl;*°), ionic liquids
([Hmim]3;PW,0,,°"), and clay minerals (Montmorillonite K-
10*®) have been suggested for acetalization reactions over a
wide range of operating conditions. The benefits of
heterogeneous catalysis over homogeneous catalysis are well-
known and are mainly related with the ease of separation and
purification of the desired product and the absence of the need
for neutralization steps. Among the heterogeneous catalysts
mentioned, aluminosilicates, such as zeolites, present good
performances; however, acid ion-exchange resins have been
demonstrated to be particularly effective for this type of
reaction, achieving higher yields (approximately 80%) in short
periods of time.>>>*

In the current work, an extensive study of the acetalization of
glycerol with acetaldehyde was conducted, aiming at the
valorization of glycerol through its conversion into compounds
useful as fuel additives. Thus, relevant data were collected to
determine the dependence of the chemical equilibrium constant
on 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
study of the reaction kinetics started with a screening of
catalysts, with particular focus on acid ion-exchange resins and
zeolites. Once the most suitable catalyst had been selected, the
effects of several variables on the reaction rate were
experimentally evaluated with the purpose of finding a model
that gives an accurate description of the reaction kinetics over a
wide range of operating conditions. Two reaction rate laws
were assessed: the pseudohomogeneous and Langmuir—
Hinshelwood—Hougen—Watson models. The influence of the
diffusion of the species inside the catalyst particles was
considered.

2. EXPERIMENTAL DESCRIPTION

2.1. Chemicals and Catalysts. The chemicals used were 2-
propanol (>99.9%), 1-butanol (>99.9%), acetaldehyde (>99%),
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and glycerol (>99% in water) from Sigma-Aldrich (Dorset,
UK.).

Several commercial strong-acid ion-exchange resins (Rohm
& Haas) were tested as catalysts. Table 1 presents their brief
characterization.

To avoid any decrease of the reaction rate, because water
(one of the reaction products) adsorbs on the surface of the
catalyst, it was necessary to guarantee anhydrous resin. For this
reason, prior to use, the resin was washed several times with
deionized water, then washed with ethanol, and finally dried at
363.15 K until the mass remained constant.

Zeolites H-BEA 25, H-MFI 90, H-MOR 20 and Molecular
Sieve 3A supplied by Siid-Chemie were also tested as catalysts
with and without previous conditioning. The conditioning
consisted of several washes with ethanol followed by 3 h of
calcination at 773.15 K.

2.2. Experimental Setup and Procedure. 2.2.1. Catalyst
Screening. Reactions were carried out in a glass 100 mL closed
vessel operating in batch mode at atmospheric pressure.
Samples were collected with a syringe through a sampling
tube immersed in the reaction medium. The mixture was stirred
and kept at 293.15 K with a thermostatic water bath. Equimolar
mixtures of glycerol and acetaldehyde (~48 mL) were
prepared, and the reactions were carried out in the presence
of a catalyst weight percentage of 1% relative to the total mass
at 1 bar. For these conditions, vapor—liquid equilibrium (VLE)
calculations showed that the total number of moles in the vapor
phase represented 0.3% of the number of moles in the liquid
phase, and 50% of the number of moles in the gas phase above
the liquid was acetaldehyde.

The catalysts that presented the best performances in the
initial experiments were further tested on a glass-jacketed 1 L
closed vessel (Biichi Laboratory Equipment, Flawil, Switzer-
land), operating in batch mode, equipped with pressure and
temperature sensors and a blow-off valve (Figure 1) and
mechanically stirred at 450 rpm. The temperature was kept at
323.15 K through a water bath (LAUDA, Lauda-Kénigshofen,
Germany). The pressure was set to 8.0 bar to keep the reaction
mixture in the liquid phase.

A
/ ‘\,

He

Figure 1. Scheme of the experimental setup used for kinetic
experiments. BR, batch reactor; M, motor; TT, temperature sensor;
PT, pressure sensor; PM, manometer; NV, needle valve; GC, gas
chromatograph; T, thermostatic bath.
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2.2.2. Thermodynamic Equilibrium Experiments. Thermo-
dynamic equilibrium experiments were carried out in a 150 mL
stainless steel batch reactor equipped with temperature and
pressure sensors. Heat was provided through a heating plate
with external temperature control of the reaction media. A
connection to a helium pressurized line allowed pressure
control.

Experiments were performed at temperatures within the
range of 298.15—362.23 K. To keep the reaction mixture in the
liquid phase over the whole operating temperature range, the
pressure was set to 8.0 bar with helium. Different initial
compositions were tested. The reactions proceeded until no
further changes in the composition were detected.

2.2.3. Kinetic Experiments. The kinetic studies were carried
out in the reaction setup presented in Figure 1.

The effects of parameters such as stirring speed (250—450
rpm), catalyst average particle diameter (512.5 and 720 pm)
and loading (0.2 and 0.4 wt % of the total mass of the reaction
medium), temperature (313.15—358.15 K), and initial
composition were evaluated. The pressure was set to 8.0 bar
with helium, to keep all of the compounds in the liquid phase.
The vapor pressures of acetaldehyde and glycerol are 6.65 bar
and approximately zero, respectively, at 90 °C, which was the
highest temperature studied. At 8 bar, for an equimolar mixture
of acetaldehyde and glycerol (~760 mL), VLE calculations
showed that the total number of moles in the vapor phase was
0.5% of the total number of moles in the liquid phase and that
56% of the gas was helium.

2.2.4. Analytical Methods. All samples were analyzed in a
gas chromatograph (Shimadzu, GC 2010 Plus) using 2-
propanol as the solvent and 1-butanol as the internal standard.
The compounds were separated using a silica capillary column
(CPWax52CB, 25 m X 0.25 mm i.d., film thickness of 1.2 ym)
and quantified by a thermal conductivity detector. Helium N50
was used as the carrier gas at a flow rate of 9.4 mL-min~". The
temperatures of the injector and thermal conductivity detector
were set to 573.15 K. The initial column temperature was
383.15 K for 2.2 min; the temperature was then increased at 10
Kmin™ to 513.15 K and subsequently held constant for the
following 7 min.

3. RESULTS AND DISCUSSION

3.1. Catalyst Screening. Considering the open litera-
ture,** ™’ a screening of several commercial acid catalysts was
performed, with particular focus on Amberlyst and Nafion acid
ion-exchange resins (Table 1) and zeolites H-BEA 25, H-MFI
90, H-MOR 20, and Molecular Sieve 3A, to find the most
suitable catalyst for GEA synthesis (Figure 2).

From Figure 2, it is possible to conclude that, over an 8-h
period at the mentioned operating conditions, Amberlyst-15
was the most active catalyst for this reaction, leading to
conversions slightly higher than 80%. A conversion of
approximately 78% was achieved for Amberlyst-35, Amber-
lyst-36, and Amberlyst-47, whereas for Amberlyst-46, Amber-
lyst-70, and Amberlyst-CH28, the value was near 75%. With a
conversion of approximately 40%, Nafion SAC-13 was the ion-
exchange resin that presented the lowest activity.

Zeolites, on the other hand, presented significantly lower
conversion values. Experiments showed that the conditioning of
the zeolites before their use had a significant influence on their
activity. An increase in the conversion from 8% to 20% was
observed, for instance, between the zeolite H-BEA 25 samples
that were not subjected to previous conditioning compared to
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Figure 2. Catalyst performances in terms of glycerol conversion after 3
and 8 h (T =293.15 K, P = 1.0 bar, initial acetaldehyde/glycerol molar
ratio = 1:1, wt, = 1 wt %).

those that were. However, the activities of the zeolites were still
insufficient, and therefore, the zeolites were considered as
unsuitable catalysts for this acetalization reaction. This
unexpectedly low activity of zeolites comparing with what is
reported in the literature®">* might be related to either the low
temperature at which the experiments were performed or a
possible hindrance caused by the adsorption of water (formed
as a byproduct of this reaction) because zeolites are well-known
for their dehydrating capacity.

Although Amberlyst-15 was found to have the highest
catalytic activity throughout the entire experiment, the
performances of Amberlyst-35 and Amberlyst-47 were notice-
ably high, and for that reason, all three of these ion-exchange
resins were considered as possible catalysts for this reaction and
were thus subjected to further tests at 323.15 K (with all other
variables kept the same). The results of these tests are shown in
Figure S1 (Supporting Information) and demonstrate that,
even for higher temperatures, Amberlyst-15 presented the best
kinetic results, even though Amberlyst-35 presents a higher
acidity (Table 1). This result should be caused by the higher
surface area and smaller particle diameter of Amberlyst-15
(when compared with Amberlyst-35), which leads to higher
accessibility to the acid sites of the catalyst and lower diffusion
rates inside the pores of the pellet to reach the internal active
acid sites, respectively. Consequently, Amberlyst-15 was
selected as the most suitable catalyst for the production of
GEA using chromatographic reactors, such as the simulated
moving-bed reactor, operated at moderate temperatures.

3.2. Thermodynamic Equilibrium. Considering the
nonideal liquid-phase reaction between acetaldehyde and
glycerol (eq 1), the chemical equilibrium constant, K, can be
expressed as

K= Ha,-”' =
i (2)

where g; is the activity of compound i, v; is the stoichiometric
coefficient of compound i in the reaction, x; is the molar
fraction of compound i, and y; is the activity coefficient of
compound i.

For the computation of the activity coeflicients, the universal
functional activity coefficient (UNIFAC) model was applied.

Aceabw _ *gea¥w Ygealw

aAcaGly xAchly yAcyGly
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This group contribution method requires the use of parameters
such as the relative molecular volumes and surface areas of pure
species, as well as the interaction parameters between the
different groups of each molecule. The values for these
parameters are presented in the Supporting Information
(Tables S1 and S2).

It should be noticed that, for the application of the UNIFAC
model to this system, the same group partition was assumed for
all GEA isomers, allowing the handling of the isomeric mixture
as a single compound.

A summary of the initial conditions and the results obtained
in the experiments performed for the assessment of the
thermodynamic chemical equilibrium is presented in Table S3
(Supporting Information).

Through its most general definition, the chemical equilibrium
constant can be expressed as a function of the reaction standard
Gibbs free energy, AG® and temperature, T, according to the
equation

AG°
k= exp(‘ﬁ]

1Z
[T

i (3)
where R is the ideal gas constant. Furthermore
AG® = AH® — TAS® 4)

where AH® and AS° are the reaction standard enthalpy and
entropy, respectively. Thus, combining eqs 3 and 4 and plotting
In(K) versus 1/T (Figure 3), it is possible to determine the
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Figure 3. Linearization of the values of equilibrium constants
according to the van’t Hoff equation.

dependence of the equilibrium constant on temperature, which
can be expressed as In(K) = 1.419 + 0.96 + (105S + 320)/T,
so that the values for the two thermodynamic parameters are
AHY%gx = —8.77 + 2.7 KJ'mol™! and AGds = —12.3 + 2.4
kJ-mol™". Because the enthalpy value is negative, one can
conclude that this is an exothermic reaction.

A standard property change for a reaction, AM’, can be
determined as

AM® = ) yAm!
i (%)

Considering the parameters determined for the acetalization
reaction under study and the values for the standard enthalpy
and Gibbs free energy of formation of acetaldehyde, glycerol,
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and water found in the literature (DIPPR Database®), it is
possible to obtain an estimate of these standard properties for
GEA, as follows: AH{gps = —584.4 kJ'mol™" and AG{gps =
—387.0 kJ-mol™". These values are listed in Table 2. To the best
of our knowledge, this is the first time that these data have been
presented in the open literature.

Table 2. Standard Enthalpies and Gibbs Free Energies of
Formation for All Species

compound AHY; (kJ-mol™) AGY; (IJ-mol™)
acetaldehyde® —166.4 —133.3
glycerol® —669.6 —478.6
water® —285.8 -2732
GEA” —584.4 —387.0
“This work.

3.3. Reaction Kinetic Studies. This section presents the
experimental results and modeling for the kinetics of the
acetalization reaction for the production of GEA (eq 1) using
Amberlyst-15 as catalyst.

A mathematical model was implemented considering a batch
reactor operating under isothermal conditions. The existence of
external mass-transfer limitations was assessed by performing
experiments at different stirring speeds (see Figure S2 of the
Supporting Information). The results showed that, when the
stirring speed was set to 450 rpm, the mass-transfer resistance
was negligible. Therefore, all subsequent experiments were
performed at a stirring speed of 450 rpm. On the other hand,
the possibility of the existence of internal mass-transfer
limitations of the species through the catalyst particles pores
was considered. Amberlyst-15 has a bidisperse pore size
distribution containing micro- and macropores.””*" The
reactants should first diffuse through the macropores to the
external surface of microspheres and then penetrate into the gel
phase. In this work, diffusion through the macropores of the
particles and reaction at the microsphere active sites were
considered. Diffusion inside the gel microspheres was
considered to be infinitely fast. This approach has been
corroborated by several works.***~*

Thus, the mass balances for the bulk and intraparticle fluid
can be written as

dCy, 3 (1 — 5 )D 9C,,
- = eff,i
dt R "0
AT " g, 6)
dC_; 1 0 oC,;
Pt 2 P
€ = — —| D1 + (1 —¢)upR
Pogt r Or( i or ) ( P) & (7)

respectively, where the index i refers to a reaction species
(acetaldehyde, glycerol, GEA, or water); C,; and C,,; represent
the molar concentrations evaluated in the bulk and intraparticle
fluid, respectively; R, represents the catalyst particle radius;
D.g; is the effective diffusion coefficient; &, and ¢, are the bulk
and the catalyst particle porosities, respectively; p, is to the
catalyst density; v; is the stoichiometric coefficient; and R is the
reaction rate based on the local intraparticle composition. The
method for computing the effective diffusion coeflicients can be
found in the Supporting Information. For that purpose, the
dependence of the viscosity and density on temperature for
glycerol, acetaldehyde, and water was obtained from the
literature,* whereas for GEA, these physical properties had

1542

to be determined experimentally (Supporting Information)
because such data were not available. For the range of
temperatures studied, the following relations were obtained for
the GEA viscosity (¢) and density (p)

1255

log[y (cP)] = o 4.286 (8)

©)

For this model, one can assume the following initial
conditions

p (grem™) = —7.723 x 10°*T + 1.355

t=0 - Cp; = Cyp (10)
t=0- Cp,i = Cp,iO (11)
and boundary conditions
aC,
r=0- ~ =0
or (12)
r = RP g Cb,i = priLsz (13)

The reaction rate was described by two different models:
pseudohomogeneous (PH) and Langmuir—Hinshelwood—
Hougen—Watson (LHHW). The PH model considers a
reversible reaction of first order in each species and can be
expressed in terms of activities as

AGEAW )

R = kc(aAcaGly - K

(14)
where k. represents the reaction kinetic constant.

The LHHW model has already been used to describe the
reaction of acetaldehyde with several linear chain alcohols
(methanol,*® ethanol,***” and butanol*®). As stated by previous
authors, this model comprises the adsorption of both reactants,
the surface reaction between them to form an adsorbed
hemiacetal, surface reaction with the formation of water
(considered the rate-determining step), surface reaction with
the formation of the acetal, and desorption of both products.
Additionally, water has been demonstrated to adsorb more than
all other species. Therefore, the LHHW model can be
expressed by the simplified expression

9GEAGW )

( apa Gly — K

1+ Ks,waw

R=k

C
(15)
where Ky represents the water adsorption equilibrium
constant.

The temperature dependence of the reaction kinetic and
equilibrium adsorption constants is expressed by the Arrhenius
(eq 16) and van’t Hoff (eq 17) equations, respectively

E
kc = ch exp(__a)

RT (16)

AHg )
RT (17)

The commercial software gPROMS (General Process
Modeling System, version 3.4.0) was used to solve the model
equations (eqs 6—17) and to estimate the values of the
unknown parameters (E, and k, for the PH modle and E,, k.,
AHgy, and Kyg for the LHHW model). The partial
differential equations were treated using gPROMS numerical

Ksw = Kgwo exp(—
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solver, DASOLV (based on the method of lines), discretizing
the radial domain through a centered finite-element method of
second order and using 28 (nonuniform) discretization
intervals. The estimation of the parameters for the proposed
reaction rate models was carried out using the gPROMS
“Parameter Estimation” tool. The experimental data were fitted
by the maximum likelihood method. Its objective function is
given by

N L
® = — In(27) + —min Z Z ln(akz)
2 20 T2 !
j=1 k=1
e d\2
(lezq) - X;l:o
t
% (18)

where 0 is the set of parameters to be estimated; X3* and X;Z"d
are the kth measured and predicted values, respectively, for the
conversion in experiment j; O'jkz is the variance in conversion; N
represents the total number of measurements during all
experiments; NE represents the number of experiments
performed; and NM,; represents the number of measurements
of conversion values made in experiment j. The parameter
estimation tolerance was set to 10_5, and a constant-variance
model was assumed.

To determine the unknown constants of the model, a
parametric study was performed in which the effects of changes
in design variables such as the initial reaction medium
composition, temperature, catalyst loading, and particle size
were assessed, according to the experiments presented in Table
3.

Table 3. Operating Conditions Used in Kinetic Experiments

initial catalyst
temperature molar  catalyst loading pressure  particle size

no. (X) ratio (Wt Wt %) (bar) (um)
1 358.0 1.00 0.4 8.0 685.0
2 353.2 1.00 0.4 8.0 685.0
3 333.2 1.00 0.4 8.0 685.0
4 313.2 1.00 0.2 8.0 685.0
S 333.2 1.00 0.2 8.0 685.0
6 353.2 1.00 0.2 8.0 685.0
7 313.2 125 0.2 8.0 685.0
8 353.2 1.00 0.13 8.0 S12.5
9 353.2 1.00 0.13 8.0 720.0
10 3229 1.00% 0.2 8.0 685.0
11 342.9 1.00” 0.2 8.0 685.0

“Initial reaction mixture contained 7.0% water and 7.0% GEA. “Initial
reaction mixture contained 15.0% water and 15.0% GEA.

From experiments 1—6, a first estimate for an apparent
reaction activation energy (E, = 26.1 kJ-mol™") was obtained by
the initial-reaction-rate method and the Arrhenius equation.

This value was used as an initial estimate for the activation
energy of the parameter estimations. When adsorption was
included in the reaction rate law, the value determined by Graga
et al.*® for the water enthalpy of adsorption (AHgyy = —27.5
kJ-mol™") was used as the initial estimate for this variable. Table
4 summarizes the results obtained by the parameter estimation
procedure implemented for both the PH and LHHW reaction
rate laws considering both the absence and presence of internal
mass-transfer resistances.

The increase observed in the value of the activation energy
when resistance to the diffusion of the compounds through the
catalyst particles pores was considered (for both the PH and
LHHW models) is an indication that this phenomenom must
be taken into account (as evidenced by the experimental results
shown in Figure 9, below). Considering this fact and the results
presented in Table 4, one can conclude that the LHHW model
including intraparticle mass-transfer limitations can describe the
experimental results more accurately than the other models
tested, as it presents the lowest value for the objective function.
For this model, it was possible to determine a reaction
activation energy of 51.7 kJ-mol™' and a water enthalpy of
adsorption of —19.6 kJ-mol ™.

A more detailed discussion of the behavior of the selected
kinetic model is performed in the following sections by
comparison with the experimental results obtained from the
parametric studies that were performed.

3.3.1. Effect of Catalyst Loading. The increase of the
catalyst loading, from 0.2 to 0.4 wt % (mass of catalyst over the
total mass of reactants), was experimentally tested (Figure 4)
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50%

40%
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30%

20% ®  0.4wt% catalyst

* 0.2wt% catalyst
Model

10%

0%

0 100 200 300 400 5008

Time (min)

Figure 4. Effect of the catalyst amount on the reaction rate (T = 313.2
K, P = 8.0 bar, initial acetaldehyde/glycerol molar ratio = 1:1, unsieved
Amberlyst-15, stirring speed = 450 rpm).

and led to an expected increase in the initial reaction rate of
approximately 50%. This fact is due to the increase in the

Table 4. Estimated Kinetic Parameters for the PH and LHHW Models and Respective Objective Function Values

PH PH with mass-transfer resistance LHHW LHHW with mass-transfer resistance
E, (IJ-mol™) 38.8 60.4 387 517
ke (mol-g.,min~") 1.14 x 10° 2.79 x 10%° 1.14 x 10° 3.13 x 10°
AH,y (kJ-mol™) - - —24.8 —-19.6
Kswo - - 2.05 x 107° 1.82 x 1073
F,,;/NE —29.7 -26.9 =29.5 -31.1
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number of acid catalytic sites. The model correctly describes
the effect of the increase and decrease of catalyst loading.
3.3.2. Effect of Temperature. Experiments were performed
at temperatures ranging from 313.2 to 358.0 K to assess the
effect of this variable on the reaction rate. Once again, the
experimental results and the model presented the same
behavior. The conversion versus time plot presented in Figure
S shows that, as the temperature increased, the reaction became

reactants was used in excess, as could be predicted by the
implemented model. The effect of the presence of the products
in the initial reaction mixture was also tested (Figure 7). As
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g
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Figure 5. Effect of temperature on the reaction rate (P = 8.0 bar, initial
acetaldehyde/glycerol molar ratio = 1:1, unsieved Amberlyst-15,
stirring speed = 450 rpm).

faster. However, the equilibrium conversion decreased for
higher temperature values as a consequence of the exothermic
character of the acetalization of glycerol.

3.3.3. Effect of Initial Composition of the Reaction
Medium. The conversion as a function of time for an
equimolar mixture of glycerol and acetaldehyde was compared
with the conversion for a mixture with an acetaldehyde/glycerol
molar ratio of 1.25 to analyze the effect of the initial molar ratio
of the reactants. From the results shown in Figure 6, it can be
observed that the reaction proceeded faster when one of the
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Figure 6. Effect of the initial reactant molar ratio on the reaction rate
(T = 3132 K, P = 8.0 bar, wt,, = 0.2 wt %, unsieved Amberlyst-15,
stirring speed = 450 rpm).

Figure 7. Effect on the reaction rate of the presence of products in the
initial mixture. (@) T = 342.9 K, P = 8.0 bar, wt_, = 0.2 wt %, unsieved
Amberlyst-15, stirring speed = 450 rpm; (@) T = 322.9 K, P = 8.0 bar,
wt.,. = 0.2 wt %, unsieved Amberlyst-15, stirring speed = 450 rpm.

expected, the initial reaction rate was lower when GEA and
water were introduced into the initial mixture. These results are
related to the change in the “driving force” to reach equilibrium
promoted by the different initial compositions of the reaction
medium. The model does not fit this behavior as accurately as
for the other experiments. The reaction rate predicted by the
model was slightly higher than the experimental value.
However, the results are still satisfactory.

3.3.4. Evaluation of Internal Mass-Transfer Limitations.
The evaluation of internal resistances to mass transfer was
based on the change in the reaction rate as a consequence of
the use of catalyst particles with different sizes (because the
concentration of acid sites present in Amberlyst-15 was
confirmed to be independent of the particle size*’). The
kinetic behaviors of particles with average diameters of 512.5
and 720 pym were compared. The difference between the
conversion curves presented in Figure 8 indicates that there are
some resistances to mass transfer under the tested operating
conditions; however, the influence of this phenomenon could
be properly predicted by the LHHW model with diffusion.

Because Amberlyst-15 is commercialized with an average
particle diameter of approximately 685 ym, this phenomenon
must be taken into account when this resin is used without any
control of the particle diameter. Figure 9 shows the simulated
internal concentration profiles for average catalyst particle
diameters of 512.5 um, 685 um (commercial Amberlyst-15),
and 720 pm at a temperature of 358.0 K, the highest
temperature in the range studied, at which the higher diffusion
limitation occurs.

The concentration profiles observed as a function of catalyst
particle radius, from its surface to its center, provide more
evidence supporting the conclusion that the reaction occurs
under a diffusion-controlled rate. One can also conclude from
Figure 9 that, as expected, this limitation becomes more
significant with increasing catalyst particle diameter.

To quantify the effect of the diffusion mechanism on the
reaction rate, the effectiveness factor™® was computed for the
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Figure 8. Effect of catalyst particle size on the reaction rate (T = 353.2
K, P = 8.0 bar, initial acetaldehyde/glycerol molar ratio = 1:1, wt,
0.2 wt %, stirring speed = 450 rpm).
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Figure 9. Effect of particle size on the glycerol concentration profile
inside the catalyst, 5 min after the beginning of the reaction (T = 358.0
K, P = 8.0 bar, initial acetaldehyde/glycerol molar ratio = 1:1, wt, =
0.2 wt %, stirring speed = 450 rpm).

previously mentioned particle diameters. The values obtained
were 17%, 13%, and 12%, from the smaller to the larger
particles. To be working in a complete chemically controlled
regime (effectiveness factor of approximately 100%) at this
temperature, an average catalyst particle diameter of less than
2S5 um would be required, which is neither commercially
available nor attainable from commercial resin.>!

4. CONCLUSIONS

The work presented herein reports a detailed study of the
condensation of glycerol with acetaldehyde, for the synthesis of
GEA, from the selection of the most suitable catalyst for this
reaction to the description of its thermodynamic chemical
equilibrium and kinetics.

The screening of commercial catalysts performed demon-
strated that acid ion-exchange resins present higher activities
than zeolites. Among the tested catalysts, the best kinetic
performance was achieved using Amberlyst-15.
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Chemical equilibrium data were gathered for temperatures
ranging from 298.15 to 362.23 K. The standard molar enthalpy
and the standard Gibbs free energy values for this reaction were
determined to be AHJx = —8.77 kJ'mol™ and AGls ¢ =
—12.3 kJ-mol™’, respectively, using the UNIFAC model to
determine the activities of each species. Furthermore, estimates
for the standard enthalpy and Gibbs free energy of formation
for GEA were also obtained, with AH{gp, = —584.4 kJ-mol ™"
and AG{ggs = —387.0 kJ:mol™". The experimental results
showed that the reaction kinetic behavior could be accurately
described by the LHHW reaction rate law, considering the
existence of resistances to mass transfer inside the catalyst
particles. This model considers that the surface reaction
between the adsorbed reactants to produce water is the rate-
determining step and that water is the preferentially adsorbed
species on the surface of the ion-exchange resin catalyst.

The parametric study performed allowed for the determi-
nation of the kinetic and adsorption parameters contemplated
by this model. A value of 51.7 kJ-mol™' was determined for the
reaction activation energy and a value of —19.6 kJ-mol™" for the
water equilibrium adsorption constant.
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H NOTATION
a; = liquid-phase activity of compound i
Gy,; = molar concentration of compound i in the bulk
(mol-dm™)
C,,; = molar concentration of compound i in the intraparticle

fluid (mol-dm™)

D.g; = effective diffusion coefficient of compound i (cm*s™")
" = infinite-dilution molecular diffusion coefficient of

solute i in solvent I (cm*s™")

D, = diffusion coefficient of compound i in a mixture

(em?s71)

E, = reaction activation energy (kJ-mol™")

AG° = standard reaction Gibbs free energy (kJ-mol™")

AGY, standard Gibbs free energy of formation of

compound i (kJ-mol™")

AH° = standard reaction enthalpy (kJ-mol™")

AHY; = standard enthalpy of formation of compound i

(kJ-mol™")
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AHy s = enthalpy of adsorption of water (kJ-mol™")

K = reaction equilibrium constant

k. = reaction kinetic constant (mol-g.,~'min~")

k., = Arrhenius pre-exponential factor for the reaction kinetic
constant (mol-g.,,~min~")

Ksw = adsorption equilibrium constant of water

Kgwo = van’t Hoff pre-exponential factor for the adsorption
equilibrium constant of water

AM° = standard property change for a reaction

N = total number of measurements during all kinetic
experiments

NE = number of kinetic experiments performed

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

P = pressure (bar)

Q, = UNIFAC surface-area contribution parameter for group
n

r = radial position (cm)

Tacet/Gly = initial molar ratio of reactants

R = ideal gas constant (kJ-mol™"-K™")

R, = UNIFAC volume contribution parameter for group n
R, = radius of a catalyst particle (um)

R reaction rate based on the local intraparticle
composition (mol-g ., '-min~")

AS° = reaction standard entropy change (kJ-mol™-K™")

T = temperature (K)

t = time (min)

Vi, = liquid molar volume of compound i (cm®mol™)
Wt = catalyst loading (wt %)

x; = molar fraction of compound i

X5i¥ = kth value for the conversion measured in experiment j
X4 = kth value for the conversion in experiment j predicted
by the model

Greek Symbols

Q,,,, = UNIFAC group interaction parameter
¥; = activity coefficient for compound i

&, = catalyst particle porosity

€, = bulk porosity

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

; = viscosity of compound i (cP)

Umix = mixture viscosity (cP)

v; = stoichiometric coefficient of compound i

p; = density of compound i (g-cm™)

pp = density of catalyst particles (g-cm™)

O'jkz = variance of the kth measurement of conversion in
experiment j

7, = tortuosity of catalyst particles

@ = maximium likelihood objective function

Subscripts

Ac = acetaldehyde

b = bulk

cat = catalyst

f = formation

GEA = GEA

Gly = glycerol

i = compound i

j = jth experiment

k = kth measurement
= compound [

m, n = UNIFAC group index
mix = mixture

—
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p = particle
W = water

Superscripts
0 = property at standard state
exp = experimentally measured variable
inf = property at infinite dilution
mod = model-predicted variable
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