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� Solketal synthesis with the sulphonic ion exchange resin Lewatit GF101 was studied.
� External and internal mass transfer limitations were evaluated.
� The effect of temperature, catalyst load and molar excess of acetone were assessed in kinetic runs.
� Several pseudo-homogeneous, ER and LHHW-based kinetic models were proposed.
� Physical and statistical discrimination advocates for an ER model.
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a b s t r a c t

Synthesis of solketal from acetone and glycerol is approached in this work through a batch process in the
absence of solvents. A heterogeneous catalysis approach was employed using the resin Lewatit GF101 as
catalyst after selection from a few other sulphonic ion exchange resins. An initial study of the external
mass transfer revealed that a stirring rate of 750 rpm sufficed for the external mass transfer not to be
the rate limiting step. Similarly, a study of the internal mass transfer showed that for particle sizes of
190 lm the maximum reaction rate was achieved. Once the optimal stirring and particle size conditions
were determined, a series of kinetic runs was conducted varying temperature (30–40 �C), initial molar
excess of acetone to glycerol (3–12) and catalyst load (0.5–1% w/w) for this reaction in equilibrium. Dif-
ferent kinetic models based on potential laws and Eley–Rideal (ER) and Langmuir–Hinshelwood–Hou-
gen–Watson (LHHW) equations were proposed to fit to the experimental data obtained. After physical
and statistical discrimination, an ER accounting for the direct and reverse reaction was selected, with
activation energies of 124.0 ± 12.9 kJ mol�1 and 127.3 ± 12.6 kJ mol�1 for the direct and reverse reaction,
respectively, and enthalpy of adsorption of 128.0 ± 21.4 kJ mol�1 for the adsorption constant of water.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Despite glycerol (Gly) having been widely employed through-
out history in multiple applications, the overproduction caused
by the blooming biodiesel industry has caused a drop of its price.
It is foreseen that environmental policies in the European Union
will continue to spur the development of renewable sources of
energy in the following years as stated in the EU 2009/28/EC Direc-
tive. As a consequence of such availability, glycerol has been
widely regarded as a platform chemical from which assorted
reactions can be proposed to yield valuable products. Due to its
rich chemical reactivity, assorted valuable compounds through
chemical routes of very distinct nature have been obtained [1–6].
Among the uses of products derived from glycerol, the utilisa-
tion of oxygenate derivates as biofuel additives is receiving
increasing attention. One example would be di and tritert-butyl
glycerol (DTBG and TTBG) [7,8], which have proven to enhance
the octane index of gasoline [9] as well as decrease viscosity of bio-
diesel, thus improving its cold-flow properties [10] while also
reducing emissions of particulates, CO and certain aldehydes [11].

Ketals derived from the acetalisation of glycerol, have been
more profusely studied as additives to fuels [8,12–15]. 1,2-isopro-
pylideneglycerol, also referred to as solketal (Sk), has received par-
ticularly high attention, for it has proven to enhance certain
performance parameters and specifications. Reduced gum forma-
tion and improvement of the octane index was observed when
using up to 5% volume of solketal to gasoline [16], while addition
of said ketal to biodiesel not only improved its viscosity, but also
complied with the flash point and oxidation stability specifications
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List of abbreviations

Components
Ac acetone
Gly glycerol
Sk solketal
W water

Nomenclature
1H-NMR proton nuclear magnetic resonance
A, B and C fitting parameters of the Hoerl curve (Eq. (1))
AIC Akaike’s information criterion
C concentration of the components at a given time

(mol L�1)
Eai/R Ratio of activation energy and the ideal gas constant (K)
ER Eley–Rideal kinetic model
F Fischer’s F statistical parameter
DHaw/R ratio of the heat of adsorption of water and the ideal gas

constant (K)
k kinetic constants of the direct and reverse reaction
K adsorption constant in the ER and LHHW models
LHHW Langmuir–Hinshelwood–Hougen–Watson kinetic mod-

el
M initial molar ratio of acetone to glycerol
n total number of components
N total number of data to which a model is fitted
P number of parameters of the proposed model or poten-

tial model
PL kinetic model based on potential laws, i.e., pseudoho-

mogeneous

R ideal gas constant (J mol�1 K�1)
r reaction rate (mol L min�1)
RMSE residual mean squared error
t time (min)
T temperature (�C or K)
VE variation explained (%)
Y yield to product

Greek letters
g effectiveness factor (defined by Eq. (2))
m stoichiometric coefficient of the component i
x agitation rate (rpm)

Subscripts
0 relative to the start of the reaction, time equals zero
i relative to component i
cat relative to the catalyst
max relative to the maximum rate of reaction observed using

different particle sizes
w relative to water in the adsorption constant

Superscripts
130 relative to the rate of reaction observed when a particle

size of 130 lm was used
dp relative to the rate of reaction observed using a particle

size of dp
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as enacted by European and American Standards (EN 14214 and
ASTM D6751, respectively) [17]. Even further reactions of solketal
have been explored to yield new potential additives, namely: its
upgrade to benzyl alcohol ether [18] or the synthesis of solketal
o-methylesters by making solketal react with dialkyl carbonates
under basic conditions [19].

In addition to the mentioned applications enhancing the perfor-
mance parameters of certain fuels, solketal has been put to use as a
plasticizer and a green solvent and suspending agent in pharma-
ceutical formulations [20]. Furthermore, its chemical reactivity
makes it a relevant building block in the synthesis of chemicals
of pharmaceutical interest like prostaglandins, glycerophospholip-
ids or b-blockers like (S)-propanolol, widely used for medical treat-
ments like hypertension or migraine [21,22].

The synthesis of acetals mainly consists in the reaction of an
alcohol with ketones or aldehydes. Specifically, cyclic ketals (like
solketal) may be obtained through the reaction of polyols (like
glycerol) with said carbonyl compounds through a reaction
mechanism that consists of the formation of a highly unstable
intermediate species and then the cyclation of said intermediate
to yield the ketal [23,24].

Assorted catalysts have been employed to such purpose.
Approaches to completion of this reaction using homogeneous
catalysis have been made, such as employing p-toluenesulphonic,
sulphuric or hydrochloric acids [17,25–27]. Efforts using solid cat-
alysts appear to be the most followed trend, including the use of
oxides of Group IV of the periodic table [28], zeolites [29,30], clays
[29], heteropolyacids immobilized in silica [31], sulphonic acid-
functionalized mesostructured silicas [32,33], promoted zirconia
[34], various sulphonated carbon silica mesocomposite materials
[35], Sn-based salts, mesoporous substituted silicates [33]. With
respect to the utilisation of solid catalysts, special mention must
be made to the use of commercially available ion exchange resins.
Table 1 compiles a brief review of the references found using such
catalysts together with the conditions and operation modes used in
each work to shift the equilibrium existing in this reaction towards
the products [29,30,36–39]. Selectivity of these catalysts towards
the five-membered ring isomer of solketal has been reported to
be practically 100% for the vast majority of the aforementioned
acid catalysts.

Operational aspects of the reaction of glycerol with acetone (Ac)
to yield solketal include a wide array of temperatures from room
temperature or slightly above [34] to temperatures exceeding the
acetone boiling point (57 �C), in which case removal of water is
sought in order to shift the equilibrium to the products through
a reactive distillation process [17,31,40]. Use of supercritical condi-
tions at 250 �C and 8 MPa has also been reported in literature, with
conversions of glycerol being no greater than 29%; the absence of
catalyst is ascribed to the catalytic effect of the acidic strength of
the alpha hydrogen of acetone in the gas phase [41].

Moreover, molar excess of acetone with respect to glycerol (M)
has also been used in order to shift the reaction to the products
given the existing equilibrium. Typical M values mentioned in lit-
erature range from 2/1 to 6/1, despite sometimes being as high
as 10.8/1 [41] or even 20/1 in order to reach yields of 82% of solk-
etal under reflux conditions [42]. More recently, excess of acetone
was used together with ethanol acting as a cosolvent [36,37,43] for
acetone and glycerol, considering the limited miscibility of these
compounds at the start of the reaction [44].

Reaction kinetics is an essential tool to deepen the understand-
ing of chemical processes. Kinetic models concerning reactions
implied in the valorisation of glycerol have been found [8,45–47]
and even a kinetic model for the synthesis of solketal has recently
been reported for a procedure using ethanol as a cosolvent over
Amberlyst 35 [36].

The aim of this work is to describe the catalytic ketalization of
glycerol with acetone under solventless conditions with sulphonic
ion exchange resins. For this purpose, screening among some



Table 1
References found in literature using sulphonic ion exchange resins in the synthesis of solketal.

Refs. Ion exchange resin T (�C) M Catalyst load Other detailsa YSk (%)

[29] Amberlyst 36 40 2.7:1.8:1b 1.2% w/w Operation with water removal using dichloromethane as solvent 88
[30] Amberlyst DPT-1 70 3 5% w/w Counter-current reaction distillation column 98
[36] Amberlyst 35 50 1:2:1b 2% w/w Batch operation using methanol as solvent 65
[37] Amberlyst 35 and Amberlyst 36 40 1:6:1b – Operation in fixed bed using methanol as solvent. P = 4,14 MPa, WHSVc=4 h�1 88
[38] Amberlyst 15 70 1.2 15% mol Water removal by unknown method to shift equilibriumd 95
[39] Amberlyst 15 70 2 3.18% w/w Water removal by unknown method to shift equilibriumd 95

a At atmospheric pressure unless otherwise specified.
b Molar ratio solvent:acetone:glycerol.
c WHSV: weight hourly space velocity.
d Operation mode not explicitly stated in the reference, though it can be inferred from the yield achieved with such a low molar excess of acetone.

196 J. Esteban et al. / Chemical Engineering Journal 269 (2015) 194–202
resins as well as a study of the operating conditions to avoid inter-
nal and external mass transfer resistance is made. Most impor-
tantly, the effect of operating variables is evaluated and
suggestion and physicochemical and statistical discrimination
among different kinetic models is made to propose a reaction
mechanism.
2. Materials and methods

2.1. Materials

Extra pure glycerol (99%) (Scharlau Chemie, Ltd.) and acetone
(HPLC grade) (Romil, Ltd.) were utilised as reactants. Solketal (pur-
ity = 98.1%) from Aldrich was employed for calibration purposes.
Finally, the preparation of samples required methanol (HPLC
grade) (Fisher Scientific UK, Ltd.) as internal standard and deute-
rium oxide (99.8%, NMR spectroscopy grade) (Scharlau Chemie,
Ltd.) as solvent. The sulphonic ion exchange resins utilised were:
Purolite CT275DR, Purolite CT276 (Purolite, Ltd.); Amberlyst
35dry, Amberlyst 36dry (Rom and Haas France SAS) and Lewatit
GF101 (Lanxess Deutschland GmbH). All of them were kindly sup-
plied by each manufacturer.
2.2. Experimental

2.2.1. Apparatus, methodology
The reactor employed to perform the ketalization runs is sche-

matized in Fig. 1. It consists of a glass vessel whose outer walls are
heated by a thermal controlled by an OMRON E5CN PID controller
1. Glass reactor
2. Thermocouple
3. Electric heater
4. Temperature controller (PID)
5. Motor IKA RW 20
6. Stirrer shaft
7. Sample withdrawal
8. Reactants and catalyst inlet
9. Six-blade impeller
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Fig. 1. Experimental setup for the synthesis of solketal from glycerol and acetone.
with temperature being measured with a thermocouple. The loads
were stirred by means of a flat six-blade impeller whose speed was
regulated by an IKA RW20 motor (250–2500 rpm). Finally, sample
withdrawal was performed thanks to a syringe with a wide-bore
needle piercing a Teflon lid tightly fitted to the top of the reactor.

The operational procedure started by loading the appropriate
amount of both reactants into the glass reactor. Then, stirring
and heating were initiated and, once the temperature reached its
set value, catalyst was added through the inlet too and reaction
started to take place. Prior to conducting the reactions, resin beads
were crushed and sieved when necessary.

2.2.2. Analysis
Samples were analysed by 1H NMR spectroscopy with a BRUKER

DPX 300 MHz BACS60 device. Deuterium oxide was employed as
solvent for the samples and methanol as an internal standard. Solk-
etal was the chemical species followed, with a signal of represen-
tative protons of this chemical being identified and used for
quantification. This signal corresponds to chemical shifts of 1.27
and 1.33 ppm.

2.3. Mathematical methods

The data obtained from the kinetic runs were regressed follow-
ing distinct kinetic models. For this purpose Aspen Custom Mod-
eler was used, in which fitting is conducted applying the
Levenberg–Marquardt algorithm together with the numerical inte-
gration of each proposed model through a fourth-order Runge–
Kutta method. First, the models were individually fitted to experi-
mental data at fixed temperature values; then, multivariable fitting
of the experimental data available was completed, including
temperature.

The kinetic models herein proposed have been selected on a
physicochemical basis, while discrimination and final selection
among them has been made following both physicochemical and
statistical criteria. Among the latter, the next have been regarded:
Fischer’s F value (F), residual mean squared error (RMSE), variation
explained (VE) [48] and Akaike information criterion (AIC) [49].
These statistical parameters and criteria are defined in detail else-
where [50] and in the Supplementary material. They have previ-
ously been used successfully for kinetic modelling discrimination
purposes [51]. In statistical terms, the adequacy and quality of
the proposed models to describe the observed data improves as
the value of F and VE increase and as AIC and RMSE decrease.
3. Results and discussion

3.1. Selection of a sulphonic ion exchange resin

As appointed in Section 1, some sulphonic resins have been
studied in acetalisation reactions. For this reason, we tested the
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Fig. 2. Comparison of the yield to product achieved among five different sulphonic
ion exchange resins. Conditions: T = 40 �C, M = 4.5, catalyst load = 0.5% w/v and
x = 750 rpm.

Table 2
Properties of the ion exchange resin Lewatit GF101, used for the synthesis of solketal.

Appearance Beige opaque solid Pore volumed (cm3 g�1) 0.270
Maximum operating

temperaturea (K)
403 Surface aread (m2 g�1) 48

Acid capacityb

(eq H+ kg�1)
5.11 Bulk densityd (g cm�3) 1.15

BET surface areac

(m2 g�1)
28 Apparent densityd (g cm�3) 1.67

a From supplier.
b Obtained from ion exchange with NaCl.
c Obtained from BET.
d From mercury porosimetry.
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resins Lewatit GF101, Purolite CT275DR and CT276 for perfor-
mance in addition to Amberlyst 35dry and 36dry. Fig. 2 shows
the evolution of the yield to product using the mentioned resins,
in which it can be observed that Lewatit GF101 achieves the best
results. Table 2 compiles some basic features of this resin, which
has been selected as the catalyst for subsequent experimental
work.
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Fig. 3. Effect of the agitation speed on the evolution of the reaction. Conditions:
T = 40 �C, M = 4.5, catalyst load = 0.5% w/v.
3.2. Effect of external mass transfer

External mass transfer could play a primary role limiting the
overall rate of reaction in heterogeneously catalysed systems. In
the case studied in this work, this effect can be even higher consid-
ering that acetone and glycerol have limited miscibility prior to the
generation of the reaction products [44]. The performance of the
reaction was evaluated at different stirring speeds were assessed
at 40 �C, the highest temperature of the range. Fig. 3 demonstrates
no perceivable difference in the evolution of the yield to product
using stirrer speeds above 750 rpm. For this reason, this value
was selected to perform further experimentation without the lim-
itation of external mass transfer. Despite the fact that a solventless
system was used in this case contrary to the utilisation of ethanol
as solvent in a previous work, the mentioned stirrer speed value
agrees well with that reported in such work, in which 700 rpm
was used [36]. In turn, this means that the presence of two liquid
phases and the high difference in viscosity between acetone
(0.21 cP at 40 �C [52]) and glycerol (284 cP at 40 �C [53]) do not
have an effect on external mass transfer compared to a single
phase liquid system aided by the presence of a cosolvent species.
3.3. Effect of internal mass transfer

In order to assess the effect of internal mass transfer for this
reaction using Lewatit GF101, the ketalization reaction was com-
pleted employing different particle sizes. Fig. 4 shows the particle
size obtained by sieving the catalyst as received from the supplier.
Though the particle size ranges were not equal in all cases repre-
sented in the figure, it can be seen that resin beads between 500
and 800 lm represent slightly over 50% of the total amount of
particles.

An assessment of the internal mass transfer is displayed in
Fig. 5a, in which several particle sizes of Lewatit GF101 were eval-
uated for activity. A comparison is made using the catalyst as sup-
plied (i.e. non-sieved), different fractions of the sieved catalyst in
the range 200 < dp < 1000 lm and grinded particles below
200 lm, owing their absence in the resin as received. Additionally,
to test whether grinding could potentially have an effect on the
activity of the resins, Fig. 5b bears witness of the evolution of the
yield to solketal using two particular fractions of the resin after
crushing and sieving comparing it with that of the sieved particles
with no treatment. It can be observed that the difference between
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Fig. 4. Particle size distribution of Lewatit GF101 obtained by sieving.
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Fig. 5. Comparison of the evolution of the yield to solketal using non-sieved and
sieved particles of Lewatit GF101 at selected particle sizes (a) and assessment of the
effect of grinding and not grinding resin beads at selected particle sizes (b).
Conditions: T = 40 �C, M = 4.5, catalyst load = 0.5% w/v, x = 750 rpm.
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Fig. 6. Influence of the particle size on the maximum reaction rates observed at
each particle size. Conditions: T = 40 �C, M = 4.5, catalyst load = 0.5% w/v.
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using the resin with or without crushing is not remarkable. This
fact had already been observed.

A Hoerl curve was fitted to the observed data of the concentra-
tion of solketal with respect to time. The maximum reaction rates
for each assay at a different particle size were obtained from the
differentiation of the mentioned curve, whose equation is defined
as follows [54]:
CSk ¼ A � Bt � tC ð1Þ
in which Csk is the concentration of solketal (mol L�1), t is time and
A, B and C are the fitting parameters of the equation. Fig. 6 depicts
the effectiveness factor, defined by Eq. (2):
g ¼ rdp
max

r130
max

ð2Þ
where rdp
max stands for the maximum rate observed at each particle

size and r130
max corresponds to the maximum rate of solketal produc-

tion observed at 130 lm (average value of the interval
80 < dp < 200 lm), diameter at which negligible internal diffusion
effects can be considered to be present. Thus, from Fig. 6 can be
inferred that a particle size between 180 lm and 200 lm can be
used without internal mass transfer limitations.
3.4. Effect of temperature, catalyst load and initial molar ratio of
reactants

With the stirring rate and particle size fixed at values at which
no external and internal mass transfer limitations were witnessed,
a series of kinetic runs were completed. Fig. 7a–c shows the influ-
ence of varying temperature, catalyst load and the initial molar
ratio of the reactants, respectively. As can be seen, the three vari-
ables show a positive effect on the kinetics of the reaction since
the equilibrium position is reached more rapidly, as expected. Fur-
thermore, Fig. 7c shows the marked effect of M on the maximum
yield to solketal, which is enhanced by a variation from 3 to 12
from 34% to approximately 96%. This in turn evidences a significant
shift of the ketalization reaction to the products. This observation
agrees well with what was discussed in Section 1 regarding the
large excess of acetone used for this reaction.
3.5. Kinetic modelling

Upon completion of 16 kinetic runs combining the variation of
T, M and catalyst load at various levels, enough data were obtained
so as to propose and fit different kinetic models.

Considering the stoichiometry of the reaction and the virtually
complete selectivity towards solketal as appointed in the Section 1,
this is a simple reaction whose rate is equal to the rate of genera-
tion of the products as well as that of the consumption of reactants.
Furthermore, owing to the equilibrium position discussed in the
previous section, the reverse reaction from the products the reac-
tant species needs to be taken into account.

Table 3 summarises all the kinetic models divided into three
groups on which they are based, namely: potential laws (PL),
Eley–Rideal (ER) and Langmuir–Hinshelwood–Hougen–Watson
(LHHW). The base cases consider the dependence of the direct
reaction with respect to the concentration of glycerol and acetone
to a power of 1 and are designated by 1 in the three models. Mod-
els denoted as 2 and 3 are of zero order with respect to acetone and
first order to glycerol and vice versa, respectively. Finally, models
labelled as 4 account for zero order for both reactants. For all the
models the reverse reaction was considered of first order with
respect to solketal and water.

ER models are 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, without adsorbing. LHHW mecha-
nisms, on the other hand, suggest that the two molecules adsorb
and a bimolecular reaction takes place on the adjacent sites. Both
mechanisms have been used to describe chemical reactions in sul-
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Fig. 7. Influence of (a) temperature, (b) catalyst load and (c) M on the evolution of
the yield to Sk. Conditions: (a) M = 4.5 and catalyst load 0.5% w/w; (b) T = 40 �C and
M = 4.5 and (c) T = 40 �C and catalyst load 0.5% w/w. Common conditions:
x = 750 rpm and dp = 190 lm.
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phonic resins: ER for Amberlyst 15 and Relite CFS in the esterifica-
tion of fatty acids [55] or other resins for the synthesis of dimethyl
ether [56] and LHHW for Amberlyst 15 in the dimerisation and tri-
merisation of methylbutenes [57]. PL models are pseudohomoge-
neous models that would consider virtually no adsorption of the
species on the ion exchange resins. Thus, the reaction would take
place solely in the fluid phase. In these models, the adsorption
terms can be considered much lower than 1 in the denominator
of the ER and LHHW models.
Table 3
Definition and nomenclature of the kinetic models proposed to correlate to experimental

Model name Rate equation Model name

PL1 r ¼ k1 � Ccat � CGly � CAc � k2 � Ccat � CSk � Cw ER1

PL2 r ¼ k1 � Ccat � CGly � k2 � Ccat � CSk � Cw ER2

PL3 r ¼ k1 � Ccat � CAc � k2 � Ccat � CSk � Cw ER3

PL4 r ¼ k1 � Ccat � k2 � Ccat � CSk � Cw ER4
In the ER and LHHW models presented in Table 3, only the
adsorption constant of W is included. More generalised models
featuring the corresponding adsorption terms for the rest of the
compounds involved were tried; nevertheless, fitting of such mod-
els to experimental data failed to converge. Suggestion of kinetic
models neglecting adsorption terms other than that of water in
the denominator of ER and LHHW models have previously been
reported [36,58]. In sulphonic ion exchange resins the adsorption
constant for water is generally very high compared to that of other
components. For instance, in methyl acetate esterification cata-
lysed by Amberlyst 15, a value of about four orders of magnitude
higher than that of acetic acid was reported [59].

Additionally, the dependence of the kinetic constants k1 and k2

for the direct and reverse reactions with respect to temperature as
well as the adsorption constant of water are given by the Arrhe-
nius-based Eqs. (3) and (4):

ln ki ¼ ln ki0 �
Eai

R
� 1
T

ð3Þ
ln Kw ¼ ln KW0 �
DHaW

R
� 1
T

ð4Þ

where ki0 and Eai/R are the preexponential factor of the kinetic con-
stants and the ratio between activation energy and the ideal gas
constant and DHaW/R is the ratio of the adsorption heat of water
and the ideal gas constant.

As can be seen in Table 4, the degree of concordance between
the experimental data and the predicted values together with the
quality of the estimation of the model parameters, a relevant con-
trast exists among the models proffered.

For starters, bearing in mind the values retrieved for the models
ER1, ER2, LHHW1 and LHHW2 can automatically be discarded:
model ER1 gives an error in the estimation of the parameters of
approximately one order of magnitude, whereas for the other three
models the error amounts to various orders of magnitude. On the
other hand, the rest of the models retrieved errors around one
order of magnitude less than the mean value of the parameter.
Consideration of models PL3, ER3 and LHHW3 enhances notably
the degree of fitting with respect to models labelled 1 and 2. Even
more significantly, models PL4, ER4 and LHHW4, of zero order with
respect to both reactants, show a more accurate prediction accord-
ing to the statistical criteria displayed in Table 4. This in turn
accounts for the concentration of acetone and glycerol in the fluid
phase being much lower than that in the solid phase, and the latter
being practically constant at all times. This makes sense consider-
ing that the reaction is being performed in a solventless medium,
where the concentrations of acetone and glycerol are high in the
fluid medium. The two reacting species enter little by little into
the resin competing for the active sites with the water molecules,
whose affinity for sulphonic groups is much higher and thus cover
most of the sulphonic groups. Additionally, following the statistical
criteria defined in Section 2.3, it becomes clear that models
labelled as 4 demonstrate a much better degree of fitting regard-
less of whether it is based on a PL, ER or LHHW equation rate.
data.

Rate equation Model name Rate equation

r ¼ k1 �Ccat �CGly �CAc�k2 �Ccat �CSk �Cw

1þKw �Cw

LHHW1 r ¼ k1 �Ccat �CGly �CAc�k2 �Ccat �CSk �Cw

ð1þKw �CwÞ2

r ¼ k1 �Ccat �CGly�k2 �Ccat �CSk �Cw

1þKw �Cw

LHHW2 r ¼ k1 �Ccat �CGly�k2 �Ccat �CSk �Cw

ð1þKw �CwÞ2

r ¼ k1 �Ccat �CAc�k2 �Ccat �CSk �Cw
1þKw �Cw

LHHW3 r ¼ k1 �Ccat �CAc�k2 �Ccat �CSk �Cw

ð1þKw �Cw Þ2

r ¼ k1 �Ccat�k2 �Ccat �CSk �Cw
1þKw �Cw

LHHW4 r ¼ k1 �Ccat�k2 �Ccat �CSk �Cw

ð1þKw �CwÞ2



Table 4
Statistical comparison among the proposed kinetic models and values of the parameters retrieved with each model.

Model Parameter Value ± error F AIC BIC RMSE VE (%) Model Parameter Value ± error F AIC BIC RMSE VE (%)

PL1 ln k10 14.29 ± 4.01 1.62�105 �2650 �3.15 0.204 91.08 ER4 ln k10 44.14 ± 5.12 2.12�106 �5149 �6.14 0.045 99.56
Ea1/R (K) 6879 ± 1234 Ea1/R (K) 14920 ± 1558
ln k20 18.51 ± 7.28 ln k20 45.14 ± 4.97
Ea2/R (K) 7534 ± 2249 Ea2/R (K) 15318 ± 1513

PL2 ln k10 16.71 ± 4.58 1.24�105 �2441 �2.90 0.231 88.53 ln Kw0 51.17 ± 8.42
Ea1/R (K) 6883 ± 1408 DHaW/R (K) 15398 ± 2583
ln k20 18.02 ± 7.94 LHHW1 ln k10 527.84 ± 9.11�104 1.76�105 �3099 �3.43 0.157 96.64
Ea2/R (K) 7336 ± 2450 Ea1/R (K) 1.62�105 ± 2.76�107

PL3 ln k10 14.44 ± 1.39 9.33�105 �4123 �4.92 0.084 98.48 ln k20 971.74 ± 3.67�108

Ea1/R (K) 6775 ± 427 Ea2/R (K) 2.92�105 ± 1.15�1011

ln k20 18.55 ± 2.04 ln Kw0 272.34 ± 4.56�104

Ea2/R (K) 7373 ± 628 DHaW/R (K) 8.21�105 ± 1.38�107

PL4 ln k10 16.81 ± 1.13 1.36�106 �4435 �5.30 0.070 98.60 LHHW2 ln k10 886.55 ± 1.88�106 1.49�105 �2935 �3.21 0.171 93.66
Ea1/R (K) 6753 ± 346 Ea1/R (K) 269931 ± 1.27�1021

ln k20 18.45 ± 1.62 ln k20 68.79 ± 4.19�1018

Ea2/R (K) 7321 ± 501 Ea2/R (K) 30400 ± 1.27�1021

ER1 ln k10 65.50 ± 512.51 1.42�105 �2892 �3.43 0.176 93.33 ln Kw0 448.03 ± 9.38�105

Ea1/R (K) 21,579 ± 155,512 DHaW/R (K) 135,302 ± 2.84�108

ln k20 89.28 ± 509.72 LHHW3 ln k10 34.21 ± 4.44 1.7�105 �4457 �5.45 0.064 99.12
Ea2/R (K) 28,484 ± 154,646 Ea1/R (K) 12,660 ± 1356
ln Kw0 51.91 ± 519.79 ln k20 37.23 ± 4.44
DHaW/R (K) 14,572 ± 157,736 Ea2/R (K) 12,953 ± 1281

ER2 ln k10 71.65 ± 4.78�106 1.13�105 �2707 �3.21 0.197 91.67 ln Kw0 34.11 ± 7.76
Ea1/R (K) 19,824 ± 1.45�109 DHaW/R (K) 10,517 ± 2402
ln k20 93.21 ± 4.78�106 LHHW4 ln k10 35.20 ± 2.84 2.10�106 �5143 �6.14 0.046 99.55
Ea2/R (K) 26,743 ± 1.45�109 Ea1/R (K) 12,222 ± 869
ln Kw0 53.70 ± 4.78�106 ln k20 35.96 ± 2.69
DHaW/R (K) 12,186 ± 1.45�109 Ea2/R (K) 12,547 ± 822

ER3 ln k10 43.72 ± 8.33 1.06�105 �4576 �5.45 0.064 99.15 ln Kw0 32.59 ± 5.16
Ea1/R (K) 15,530 ± 2535 DHaW/R (K) 10,058 ± 1597
ln k20 47.04 ± 8.10
Ea2/R (K) 15,913 ± 2463
ln Kw0 53.88 ± 13.25
DHaW/R (K) 16,221 ± 4063
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Fig. 8. Validation of the LHHW4 model with all the experimental data available.
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Statistical comparison among PL4, ER4 and LHHW4 lead to dis-
miss PL4. However, ER4 and LHHW4 show very similar goodness of
fit, with the former performing slightly better in statistical terms.
Though a LHHW model has been reported previously for this reac-
tion [36] and represents with adequacy our data, an ER model
appears more plausible. The LHHW model would involve the
adsorption of glycerol onto an adjacent active site to another onto
which a molecule of acetone is already adsorbed. This, in principle
is much less likely to happen considering that the affinity of sul-
phonic groups for alcohols or glycerol would be lower due to the
structure of the molecule compared to acetone. In addition, molar
excess of acetone with respect to glycerol was used ranging from 3
to 12, lowering the likelihood of glycerol adsorbing right next to
acetone.

The values of Ea1/R and Ea2/R retrieved from correlation give val-
ues of the activation energies of the direct and reverse reaction
equal to 124.0 ± 12.9 kJ/mol and 127.3 ± 12.6 kJ/mol. These values
concur with the chemical reaction being the controlling step, for
activation energies are usually within the range from 40 to
200 kJ/mol for chemical reaction-controlled processes. The heat
of adsorption of water deduced was 128.0 ± 21.4 kJ/mol, which is
approximately twice as much as those reported on an Amberlyst
35 resin for the solvent-assisted ketalization of glycerol, 64.7 kJ/
mol [36], or an Amberlyst 15 for the esterification of nonanoic acid
with methanol, 60.7 kJ/mol [60].

For all of these reasons, ER4 is selected as the model that best
explains the kinetics of the reaction. Finally, Fig. 8 demonstrates
that the model chosen is capable of predicting the vast majority
of the experimental data within a margin of error of 10%.

Although ketalization of glycerol and acetone is known to be a
reversible reacting system, deactivation of sulphonic acids is also
well-known, mainly in esterification processes, due to a variety
of mechanisms: active phase hydration, cation exchange, and cat-
alytic site blockage [32,61]. The use of pure reagents reduces or
avoids to a certain extension the deactivation of the catalysts in
one or several runs when obtaining solketal from glicerol [32]. It
is more common to observe this phenomenon when working in
esterification reactions or when using bio-glycerol from the biodie-
sel production process [32,62,63]. When deactivation takes place,
the inclusion of equations in the kinetic model is needed to obtain
the better values for goodness-of-fit parameters (RMSE, VE, F-
value, AIC) [62]. There are excellent values for VE, higher than
99%, and very low values of RMSE, with very high values for F, in
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the case of the chosen kinetic model. Thus, little improvement
could be obtained by including deactivation as an additional phe-
nomenon when working in batch conditions and low reaction time
values, but cation exchange could result in catalyst deactivation if
using continuous operation without regeneration and technical- or
lower grade glycerol. Regeneration of sulphonic acid resins by
using cation exchange with strong acids is relatively simple and
restores most of its activity, if not all, depending on the presence
or absence of cations and organic impurities in the reacting system
[64].
4. Conclusions

The solventless synthesis of solketal has been successfully com-
pleted in batch operation making use of the sulphonic ion
exchange resin Lewatit GF101. A liquid–liquid–solid system is
dealt with herein, in which the study of the external and internal
mass transfer becomes significant, leading to the conclusion that
using an agitation speed of 750 rpm the former is negligible and
that a particle size of 190 lm is sufficient so as to ignore the latter.
A series of kinetic runs were performed varying temperature,
molar excess of acetone to glycerol and amount of catalyst, observ-
ing that the three variables had a positive effect in kinetic terms
and that the effect of the molar excess of acetone on the equilib-
rium is very significant. A series of kinetic models were proposed
based on potential laws to account for pseudohomogeneous mod-
els as well as Eley–Rideal and Langmuir–Hinshelwood–Hougen–
Watson rate equations. After considering the plausible reaction
mechanism and accounting for physical and statistical criteria, an
ER model was selected. This model featured the following consid-
erations: reverse reaction from the products, zero order with
respect to the reactant species and no adsorption terms for any
species other than water in the denominator. From multivariable
fitting, the activation energies for the direct and reverse reaction
and the adsorption constant of water were 124.0 ± 12.9 kJ/mol,
127.3 ± 12.6 kJ/mol and 128.0 ± 21.4 kJ/mol, respectively.
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