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ABSTRACT: Recent studies have provided new information on
glycerol hydrochlorination in the presence of carboxylic acids as
homogeneous catalysts; particularly interesting is the fact that a
part of the carboxylic acid is esterified in some of the steps in the
reaction mechanism. Inspired by this observation and the
previously proposed mechanism for glycerol hydrochlorination,
new kinetic equations were derived. By using the quasi-equilibrium
approximation for the reaction intermediates, the rate equations
take into account the fraction of catalyst that is present in the form
of esters and epoxides. The model explains the initial zero-order
kinetics with respect to glycerol. The parameters of the new kinetic
equations were fitted by non-linear regression for the set of
ordinary differential equations describing the mass balances of the system. Internal control variables were the experimentally
recorded temperature inside the reactor and the measured hydrogen chloride concentration in the liquid phase. The kinetic model
was fitted to experimental data, and it was confirmed that the rate equations are able to describe the concentration profiles under
various conditions. Incorporation of the activity coefficient of hydrogen chloride improved slightly the model predictions. The new
kinetic model reduces to the previously proposed kinetic model at carboxylic acid concentrations.

1. INTRODUCTION
Glycerol is a popular raw material because huge stoichiometric
amounts of glycerol appear in the production of fatty acid
methyl esters (FAMEs) through transesterification of trigly-
cerides. From one triglyceride molecule, three molecules of
fatty acid methyl esters and one molecule of glycerol are
inevitably formed.1−4

Burning of glycerol is always an option to obtain heat, but
several characteristics of glycerol, such as high viscosity and a
low energy density, imply that this process has a low added
value.5,6 Therefore, during the recent years, the scientific
community has focused on the valorization of glycerol by
chemical transformations. Several industrially very important
molecules can be obtained from glycerol, provided that active
and selective catalysts are available and the reaction conditions
can be optimized. Typical potential products from glycerol are
acrolein, propylene glycol, diols, ethers, carbonates, glycidol,
and epichlorydrin.7−14 Also, the use of glycerol for hydrogen
production has been investigated.15,16 Epichlorohydrin can be
obtained from hydrochlorinated products of glycerol.17−22

Hydrochlorination of glycerol with HCl in the presence of
carboxylic acids, such as acetic acid, propionic acid, and adipic
acid, is a proven concept,20 which leads to 3-chloro-1,2-
propanediol (α-MCP), 2-chloro-1,3-propanediol (β-MCP),
1,3-dichloro-2-propanol (αγ-DCP), and 1,2-dichloro-3-prop-
anol (αβ-DCP), as displayed in Figure 1. The final product αγ-
DCP is particularly useful because it is able to react with alkali

(NaOH and KOH) giving 1-chloro-2,3-epoxypropane (epi-
chlorohydrin) as the product.17−23 Epichlorohydrin is used
extensively by chemical industry to produce epoxy resins and
plasticizers. Compared to the traditional pathway for
epichlorohydrin manufacture, halogenation of propene, the
hydrochlorination process is a greener alternative because a
high selectivity of αγ-DCP is achieved and the appearance of
stoichiometric co-products is avoided.19,20

For a chemical process, the reaction thermodynamics and
kinetics are of crucial importance. The thermodynamic
equilibria of the glycerol hydrochlorination process are
strongly shifted to the side of the reaction products, and
typically, the final hydrochlorination steps in the reaction
mechanism are regarded as irreversible. The reaction
mechanism and kinetics of glycerol hydrochlorination are
still a matter of debate, and controversial information appears
in the literature. Tesser et al.23 reported a very complete study
on the reaction mechanism for the hydrochlorination of
glycerol, and the approach was extended by de Araujo Filho et
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al.,24,25 who confirmed a parallel non-catalytic hydrochlorina-
tion pathway, which has an important effect on the reaction
kinetics at elevated temperatures. According the current view
on the glycerol hydrochlorination, the formation of esters from
glycerol and the homogeneous acid catalyst is one of the key
steps in the reaction mechanism. Recent information has been
published by Medina et al.,26 corroborating the previous
findings and focusing on the development of a new method
based on gas chromatography to quantify the ester
intermediates present in the reaction system. The new findings
reported in their work26 were the behavior of the ester
concentrations and the temperature changes during the
reaction.
Based on these new information available, we decided to

interpret the experimental data provided by Medina et al.26

with a new kinetic model for glycerol hydrochlorination, which
is presented in this work as an extension of the model
published previously by de Araujo Filho et al.24,25

2. EXPERIMENTAL EQUIPMENT AND PROCEDURES
Experimental data and procedures are explained in detail in a
previous publication of Medina et al.,26 so in this section, a
brief summary is presented. A jacketed glass vessel of 250 mL
was used as the semibatch reactor. Gaseous hydrogen chloride
(HCl) and liquid glycerol were used as reactants, and acetic
acid was used as the homogeneous catalyst. A condenser was
attached to the reactor vessel to prevent the evaporation of
volatile species at high temperatures but allowing the escape of
HCl. The unreacted HCl, which passed the condenser, was
neutralized in a bottle containing NaOH. Figure 2 depicts an
overview of the reactor setup used.

Acetic acid and glycerol were added to the reactor and
heated up until the desired reaction temperature was achieved.
The stirring rate was adjusted so that the gas−liquid mass-
transfer resistance was suppressed, following the concept of de
Araujo Filho et al.25 The reaction was started at the moment
the HCl gas valve was opened. Samples were withdrawn from
the liquid phase during the course of the reaction, and they
were suddenly quenched to stop the reaction for further
chemical analysis. The samples were analyzed by two different
methods, titration with alkali to determine the content of
dissolved HCl in the sample and capillary gas chromatography
(GC) to determine the concentrations of the organic
compounds in the liquid phase. The results of these analyses
were converted to amounts of substance (mol) and
concentrations (mol m−3) by the procedures described in
detail by Medina et al.26

3. KINETIC MODELING PRINCIPLES
3.1. Overview of the Reaction Mechanism. The

reaction mechanism of glycerol hydrochlorination is displayed
in Figure 3, where the presumed elementary steps in the
presence of a carboxylic acid (cat) are listed. The reaction
mechanism is based on the discoveries of Tesser et al.23,27,28

and de Araujo Filho et al.24,25 The group of Tesser et al.23,27,28

have proposed the formation of two intermediate epoxides (I1
and I2), which explains the experimentally confirmed fact that
the β-chlorinated product (β-MCP) is non-fertile because it is
not able to form an epoxide.
Later on, Dmitriev and Zanaveskin29 reported that hydro-

chlorination can progress even in the absence of an added
homogeneous catalyst. They29 did however not proceed to
kinetic modeling based on molecular reaction mechanisms. De

Figure 1. Reaction scheme for glycerol hydrochlorination in the presence of a homogeneous catalyst.

Figure 2. Overview of the semibatch glycerol hydrochlorination equipment.
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Araujo Filho et al.25 confirmed the non-catalytic route by
experiments conducted in a semibatch reactor and proposed
the reaction step 2B in the scheme displayed in Figure 3. The
role of the non-catalytic pathway in the formation of the αγ-
DCP and αβ-DCP dichlorinated products was found to be
negligible based on experimental evidence. Therefore, the non-
catalytic step 6B corresponding to step 2B is not included in
Figure 3 (α + H+ = I2+ + W).
A detailed analysis of the reaction routes and stoichiometric

numbers is provided in a previous article of de Araujo Filho et
al.25 and is thus not repeated here. Steps (0−8) give the overall
reactions displayed in Figure 3, that is, the formation
stoichiometry of the hydrochlorinated products

+ ++Gly H Cl W

+ ++Gly H Cl W

+ ++H Cl W

+ ++H Cl W

where Gly = glycerol, W = water, α = 3-chloro-1,2-propanediol
(α-MCP), β = 2-chloro-1,3-propanediol (β-MCP), αγ = 1,3-
dichloro-2-propanol (αγ-DCP), and αβ = 1,2-dichloro-3-
propanol (αβ-DCP) (see Figure 1). The chlorination steps
are assumed irreversible, while the other steps in the
mechanism are considered as reversible in the sequel.
In the previous work of our group, the quasi-steady-state

hypothesis was applied on the reaction intermediates, that is,
esters E1 and E2 as well as epoxides I1 and I2. In general, the
justification of the quasi-steady-state approximation is based on
the hypothesis that the concentrations of the intermediates are
low. This is certainly true for epoxides I1 and I2 and the
carbenium ions catH+ appearing in the mechanism (Figure 3)

Figure 3. Reaction steps in glycerol hydrochlorination.
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but not necessarily true for neutral intermediates E1 and E2, the
stabilities of which can be confirmed by chemical analysis.26 It
is very well known since the pioneering work of Berthelot et
Saint-Gilles30 that the carboxylic acids form esters and that the
process is acid-catalyzed. Both organic and inorganic acids can
be used as catalysts for the esterification of carboxylic acids.
Nowadays, efficient and intensified esterification processes are
carried out in large scale with the aid of solid acid catalysts,
such as cation-exchange resins, which are active, stable, and
inexpensive.31−38

The rate equations proposed previously by de Araujo Filho
et al.25 will be revisited and generalized, taking into account the
fact that a part of acetic acid can be bound to the ester (E1 and
E2) intermediates. The formation of the esters in steps 1 and 5
(Figure 3) is presumed to be rapid compared to the
hydrochlorination steps, so the quasi-equilibrium hypothesis
can be applied on these steps.

3.2. Derivation of Rate Equations. The total molar
balance for the added acid catalyst can be written as (Figure 3)

= + + ++c c c c ccat0 cat catH E E1 2 (1)

In the previous work of de Araujo Filho et al.,24,25 the
concentrations ccatH+− , c, and c were approximated to be
negligible in the total balance of the catalyst. The
concentration of the carbenium ion ccatH+ is certainly very
low because it cannot be detected by conventional analysis,
such as gas chromatography or NMR. However, recently,
Medina et al.26 detected experimentally the esters because high
initial concentrations of acetic acid were used in their
hydrochlorination experiments. Therefore, the new approach
described in the previous section is justified. The quasi-steady-
state hypothesis is applied on the ionic intermediates (I1 and
I2) but not any more on the esters (E1 and E2). For epoxide I1,
the quasi-steady-state approximation implies according to
Figure 3

= + =r r r r r 0I 2A 2B 3 41 (2)

which in fact means that [the merged parameters (a2A, a−2A,
etc.) are explained in notation]

+ =a a c a a c a c a c 02A 2A I 2B 2B I 3 I 4 I1 1 1 1 (3)

from which the concentration of I1 is easily solved

= +
+ + +

c
a a

a a a aI
2A 2B

2A 2B 3 4
1

(4)

The rate of the irreversible step 3 giving the α-hydro-
chlorinated compound is

=r k c c3 3 Cl I1 (5)

After inserting the expression for I1, eq 4, and recalling the
original parameters, the rate equation becomes

=
+

+ + +
r

k k c k c c c

k c k c k k c

( )

( )3

3 2A E 2B Gly H
Cl

2A cat 2B W 3 4 Cl

1

(6)

The dominating source of protons in the solution is HCl,
which as a strong acid can be regarded as fully dissociated.
Thus, it is reasonable to presume that cH = cCl = cHCl because
HCl is a much stronger acid than acetic acid. Now, the rate
equation obtains the form

=
+

+ + +
r

k k c k c c

k c k c k k c

( )

( )3

3 2A E 2B Gly HCl

2

2A cat 2B W 3 4 HCl

1

(7)

The derivation of the rate equation for step 7 is not repeated
here because it is completely analogous. The non-catalytic step
for the formation of the epoxide intermediate (I2) is excluded,
and we get

=
+ +

r
k k c c

k c k k c

( )

( )7

7 6 E HCl

2

6 cat 7 8 HCl

2

(8)

Provided that the formation of the intermediate (catH+) as
well as of both esters (E1 and E2) can be regarded as rapid
compared to the hydrochlorination steps, the quasi-equilibrium
hypothesis can be applied to steps 0 and 1 as well as steps 0
and 5. By taking the merged products K0K1 and K0K5, we
obtain

= =K K K
c c

c c0 1
E W

Gly cat

1

(9)

= =K K K
c c

c c0 5
E W

cat

1

(10)

from which the concentrations of E1 and E2 are solved

=c
K K c c

cE
0 1 Gly cat

W
1 (11)

=c
K K c c

cE
0 5 cat

W
2 (12)

Recalling the total balance of the catalyst, eq 1, and inserting
the expressions 11, 12 in it, the explicit expressions for E1 and
E2 are obtained as follows (the contribution of catH+ to the
total balance 1 is neglected)

=
+ +

c
K K c c

c K K c K K c
1

E
0 Gly 0cat

W 0 1 Gly 0 5
1

(13)

=
+ +

c
K K c c

c K K c K K cE
0 5 0cat

W 0 1 Gly 0 5
2

(14)

The rate equations for steps 3 and 7 are updated by inserting
the expressions 13 and 14 for the esters

=
+ +

+
i
k
jjjjjj

y
{
zzzzzzr k k

K K c c

c K K c K K c
k c

c
D3 3 2A

0 1 Gly 0cat

W 0 1 Gly 0 5
2B Gly

HCl
2

3

(15)

=
+ +

i
k
jjjjjj

y
{
zzzzzzr k k

K K c c

c K K c K K c
c
D7 7 6

0 5 0cat

W 0 1 Gly 0 5

HCl
2

7 (16)

where D3 and D7 are denoted below

=
+ +

+ + +D
k c

K K c c
k c k k c

1 /
( )K K c

c

3
2A 0cat

0 5 W
2B W 3 4 HCl0 1 Gly

W

(17)

=
+ +

+ +D
k c

K K c c
k k c

1 /
( )K K c

c

7
6 0cat

0 5 W
7 8 HCl0 1 Gly

W (18)
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For the estimation of the kinetic parameters, the basic
parameters appearing in the rate eqs 17, 18 are merged by
division of the nominators and denominators by k−2A and k−6,
respectively. The operative forms of the rate equations become

=
+

+ +
+ +

+ +

i
k
jjjj

y
{
zzzz

r
k c c

c c

3
c

c K K c

c c

c K K c
3

Gly HCl
2

3HCl HCl W W

c

c

0cat

W Gly

0cat W

W Gly (19)

=
+

+ +

+ +

i
k
jjj y

{
zzz

r
k c c

c

c

c K c K c
c c

c K c K c
7

7 HCl
2

7HCl HCl

0cat

W Gly

0cat W

W Gly (20)

A separate treatment of the formation of the αβ-MCP and
αγ-MCP hydrochlorinated steps is not needed because the
reaction scheme in Figure 3 reveals that r3/r4 = k3′/k4′ and r7/r8
= k7′/k8′. Consequently, the rate equations for steps 4 and 8 can
be written analogously

=
+

+ +
+ +

+ +

i
k
jjj y

{
zzz

r
k c c

c c

c

c K c K c
c c

c K c K c
4

4 Gly HCl
2

3HCl HCl W W

0cat

W Gly

0cat W

W Gly (21)

=
+

+ +

+ +

i
k
jjj y

{
zzz

r
k c c

c

c

c K c K c
c c

c K c K c
8

8 HCl
2

7HCl HCl

0cat

W Gly

0cat W

W Gly (22)

3.3. Discourse on the Rate Equations. The following
discourse appears: which is the basic difference between the
revisited model and the original model of de Araujo Filho et
al.?25 According to their model, the rate equation − the
operative form − for step (3) is

=
+

+ +
r

k c c c

c c c c

( )0

0
3

3 Gly HCl
2

cat

cat W HCl HCl W W (23)

Compared to the model of de Araujo Filho et al.,25 two new
parameters (K′ and K″) emerge in the new model, reflecting
the formation of ester intermediates E1 and E2. However, on
the level of the overall kinetics, the impact is more profound.
The model of de Araujo Filho et al.,25 eq 23, predicts that the
reaction order with respect to glycerol (Gly) is always one (1),
while the new model predicts that the reaction order with
respect to glycerol can be close to zero (0) in the beginning of
the process. As the process is commenced, cW ≈ 0, cα = 0, and
r3 approaches the limit value, the initial rate

=
+i

k
jjj y

{
zzz

r
k c c

c

c

K c
30

3 Gly HCl
2

HCl HCl

0cat

Gly

(24)

Typically, κ′≪c0cat/cGly, which shifts the initial kinetics
toward zero order with respect to glycerol (Gly). After looking
carefully at the kinetic curves published previously by our
group,25,26 it might be recognized that the kinetic curves are
rather straight lines in the beginning of the experiment in many
cases, which gives support to the revisited model.
Concerning the effective reaction order with respect to HCl,

both the new model and the previous model are identical: in
the beginning of the process, the reaction is close to first order

with respect to HCl but increases toward second order as
water is formed in the system (αWcW > αHClcHCl).

3.4. Mass Balances for the Components in the
Semibatch Reactor. All the components, except unreacted
gaseous HCl, were prevented to leave the reaction mixture due
to the presence of the reflux condenser. Therefore, the mass
balance for the organic components and water is simple

=
n
t

rV
d
d

i
i

L
(25)

where i = Gly, α-MCP, β-MCP, αγ-DCP, αβ-DCP, and water.
The generation rates of the components are obtained from the
stoichiometry (Figure 3) as follows

=r r rGly 3 4 (26)

=r r r r3 7 8 (27)

=r r4 (28)

=r r7 (29)

=r r8 (30)

= + + +r r r r rW 3 4 7 8 (31)

It should be recalled that the liquid-phase volume which
appears in eq 25 is updated during the course of the reaction
because the liquid mass and liquid volume increase
considerably as the hydrochlorinated products and water are
formed; accumulation of water in the system increases further
the liquid mass because the presence of water improves the
solubility of HCl. The updating policy introduced by de Araujo
Filho et al.25 was followed in this work.

3.5. Numerical Strategies. The mass balances 25 of the
organic components were solved repeatedly during the
estimation of the kinetic parameters. The backward difference
method suitable for stiff ordinary differential equations
(ODEs) was used, and the parameter values were adjusted
by an optimization routine until the objective function

=Q y y( )
i

i t i texp , ,
2

(32)

reached its minimum. The quality of the parameter estimation
was checked with standard statistical analysis (the standard
errors of the parameters), the global significance of the model,
the significance of the parameters, and the degree of
explanation defined as

=R
y y

y y
1

( )

( )
i t i t

i t i

2 exp , ,
2

exp , ,avg
2

(33)

where the model fit, yi,t, is compared with the average value of
the experimental data yi,avg. As revealed by eq 33, a high value
of R2 is required to accept the modeling result, typically 0.95 or
higher.
The global significances of the model and parameters were

defined using the approach of Toch et al.39

Table 1. Parameter Estimation Results for Esterification
Equilibrium Constants K′ and K″

parameter value RSE (%)

K′ 4.2522 1.86
K″ 2.2390 1.39
R2 0.9746
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where Fs is the global significance of the model; t p( )i is the
significance of every parameter computed as the ratio of the
parameter pi and its standard deviation s p( )i ; and nexp, nsamp,

ncomp, and np are the number of experiments, the number of
samples per experiment, the number of analyzed chemical
species per sample, and the number of parameters regressed,
respectively.
The confidence intervals and standard errors were computed

using the library LsqFit.jl, which is suitable to apply the
Levenberg−Marquardt algorithm for optimization40 in the
programming language Julia (for details on the calculation of
the covariance matrix, standard errors, and the confidence
interval, visit https://julianlsolvers.github.io/LsqFit.jl/latest/
tutorial/).

Figure 4. Concentration of intermediate esters (E1 and E2) and acetic acid (cat) solved in the NLAE system for esterification reactions assuming
rapid equilibria.
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Several issues were taken into consideration during the
parameter estimation. First, as has been demonstrated by de
Araujo Filho et al.,25 it is possible to model the behavior of the
HCl amount in the liquid phase by the use of the double film
theory. However, the errors of this prediction have a direct
impact on the estimation of the kinetics parameters. For this
reason, it was decided to take the HCl amount as a control
variable in the parameter estimation, which allows the use of
the real values calculated by titration as the moles of HCl in
the system. The experimentally recorded values for HCl were
introduced to the parameter estimation as a table and
internally the ODE model linearly interpolated between
these data. The error of the linear approximation was low
due to the precise chemical analysis of HCl and the high
frequency of the sampling.
The work of Medina et al.26 revealed that the temperature

inside the reactor changed considerably along the reaction as a
consequence of the exothermic dissolution of the HCl gas into
the liquid phase. The changes of temperature inside the reactor
suggest to us that isothermal conditions should not be
assumed; for this reason, the temperature data acquired during
experiments were introduced as a table and the values between
successive data points were interpolated.
The law of Arrhenius was used to explain the dependence of

the rate constants on temperature; however, to suppress the
mutual correlation between the parameters,32 the equation was
transformed by taking as the orthogonalized reciprocal
temperature as the independent variable

=z 1
T

1
Tm (36)

where T is the temperature and Tm is in general the average of
the temperatures at which the experiments had been
conducted, but it can in principle be any value; the selected
value during this work was Tm= 373.15 K. After the
orthogonalization, the Arrhenius equation is transformed to

=k k e
E
R z

m
a

(37)

where k is the rate constant, Ea is the activation energy, R is the
ideal gas constant, and km is the rate constant at the reference
temperature Tm.
The temperature dependences of the equilibrium constants,

K′ and K″, were discarded because esterification reactions have
relatively low reaction enthalpies.33−39 Moreover, Gelosa et
al.38 have investigated the glycerol esterification with acetic

acid in the presence of a solid acid resin as the catalyst and
have shown that the equilibrium constant for this reaction
under the temperature range they work was virtually constant.
In the present system, the assumption of a quasi-equilibrium

for the esterification reactions according to eqs 13 och 14
allows us to separate these reactions from the rest of the
system and estimate the equilibrium constants as a subset of
parameters in a nonlinear algebraic equation system (NLAE),
that is, an algebraic model. Equations 9 and 10 give the
concentrations of esters E1 and E2, and eqs 11 and 13 give the
concentration of acetic acid

=
+ +

c
c c

c K c K ccat
W 0cat

W A (38)

Since the concentrations of esters, E1 and E2,
26 were

determined by chemical analysis, they were used to estimate
the numerical values of equilibrium constants, K′ and K″. The
parameter estimation of the NLAE system was carried out in
MATLAB applying the Levenberg−Marquardt method with
the function “lsqnonlin”.
The liquid phase of the current reaction system is in reality

very complex with several compounds and some of them with
too low amount of data available to describe their
thermodynamic behavior. However, as has been explained by
Medina et al.,26 the dissociation of HCl in the solution takes
place mainly in glycerol and water, and for most of the
experiments, glycerol is consumed rapidly. Therefore, as an
illustrative recourse, it was decided to use the mean activity
coefficients for the electrolyte HCl in water calculated with the
Pitzer model41 on Aspen Plus.

4. MODELING RESULTS AND DISCUSSION
4.1. Ester Concentrations. The values of the esterification

equilibrium constants, K′ and K″, and their relative standard
error (RSE) are shown in Table 1, and Figure 4 displays the
experimental concentration of the chemical species involved in
the esterification reactions under different conditions. For a
visual comparison, between experimental values and predicted
values, Figure 5 shows the parity plot between these data based
on the results obtained by the use of eqs 13, 14, and 38. The
concentration of ester E1 decreases as the first hydro-
chlorination step progresses, and the ester is transformed to
the α-hydrochlorinated product. The concentration of the
second ester, E2, increases first but starts to decrease as the α,γ-
hydrochlorinated product appears. Finally, at high conversions
of glycerol, the process stagnates and acetic acid (cat) is
formed back.
The values of the parameters shown in Table 1 are in

agreement with those reported by Gelosa et al.38 and were
used directly in the estimation of the other model parameters,
but during the forthcoming computations, the esterification
equilibrium constants were kept at fixed values.

4.2. Concentrations of Main Components. De Araujo
Filho et al.25 have shown that the parameters in the
denominator of the rate expression do not have a strong
temperature dependence, but the main changes of the rate
constants with temperature originate from the composite
parameters k3′, k4′, k7′, k8′, and κ′. Exactly the same simplification
was adopted to this study. The values presented by de Araujo
Filho et al.25 were used as initial guesses in the estimations
since the modification presented in the new model basically
takes the catalyst concentration as a fraction of the initial

Figure 5. Parity plot for the NLAE system solved for parameter
estimation of parameters K′ and K″.
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amount loaded to the reactor due to the ester formation.
Figures 6, 7, and 8 display the comparison between
experimental data (dots) and model predictions (lines) for
the 13 experiments conducted. Figure 6 shows the
experimental data and model predictions for different catalyst
loads; similarly, Figure 7 shows the results from the
experiments conducted at different jacket temperatures, while
Figure 8 displays the results from the experiments conducted at
different partial pressures of HCl. The parameter values
estimated by the optimization routine are collected in Tables 2

and 3; in total, 13 parameters were included, but it is important
to notice that just a set of parameters was used to fit all the
experimental conditions. In addition, Table 3 shows the 95%
confidence interval, the RSE, and the significance of each
parameter (see eq 35). The last two rows show the degree of
explanation computed using eq 33 and the global significance
of the model using eq 34.
The model predicts with a good accuracy the experimental

trends, and just in certain conditions, the limits of the model
were reached and the discrepancy between the modeled and

Figure 6. Fit of the kinetic model for experiments at different initial acetic acid loads, Gly = glycerol, alpha = 3-chloro-1,2-propanediol (α-MCP),
and ag = 1,3-dichloro-2-propanol (αγ-DCP).
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experimental amounts became visible. The main differences are
observed at the lowest catalyst concentrations, at the lowest
jacket temperature, and for the HCl partial pressures different
from 1 atm. These differences might be explained as a
deviation from ideality of the solution, probably as a
consequence of the strong electrolyte HCl present in the
solution. Electrolyte solutions are in general strongly non-ideal
solutions; however, if the concentration of the electrolyte in
solution does not change too much during experiments�

which is the case for the most of our experiments−the activity
coefficients can be invoked in the kinetic constants, resulting in
a pseudo-ideal model. Medina et al.26 have shown that the
behavior of the HCl concentration in the solution does not
change considerably compared with the experiments at the
same jacket temperature and the same partial pressure; for this
reason, the model gives a better prediction of these conditions
where the activity coefficients for the electrolyte should behave
similarly across the reaction time.

Figure 7. Fit of the kinetic model for experiments at 12 mol % of initial acetic acid load at different initial temperatures, Gly = glycerol, alpha = 3-
chloro-1,2-propanediol (α-MCP), and ag = 1,3-dichloro-2-propanol (αγ-DCP).

Figure 8. Fit of the kinetic model for experiments at 12 mol % of initial acetic acid load and an initial temperature of 105 °C at different partial
pressures of HCl, Gly = glycerol, alpha = 3-chloro-1,2-propanediol (α-MCP), and ag = 1,3-dichloro-2-propanol (αγ-DCP).
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4.3. Impact of the HCl Activity Coefficient. The values
of the mean activity coefficients for HCl as a function of
molality and temperature are shown in the Supporting
Information. The maximum concentration of HCl was reached
at 70 °C; at this temperature, the reaction rate is lower and the
solubility of the gas is higher, and the maximum value was 3.6

mol/kg, which means that the main change in the activity is for
HCl, whereas the mean activity coefficient of water (see the
Supporting Information) is approximately 1 in all the
experiments. The mean activity coefficient does not change
appreciably with the change of catalyst load; however, for
different temperatures and partial pressures, the changes are

Table 2. Estimated Parameters for Model Set 1

parameter value CI 95% RSE (%) t p( )i

km,3 1.27572 1.27424 1.27719 0.12 864
Ea,3 76.1474 76.0933 76.2015 0.07 1408
km,4 0.05429 0.05379 0.05479 0.91 109
Ea,4 95.6769 95.5520 95.8017 0.13 766
km,7 0.16169 0.15992 0.16346 1.09 91
Ea,7 39.5976 39.5001 39.6950 0.25 406
km,8 0.00296 0.00218 0.00374 26.36 3
Ea,8 95.0750 94.7072 95.4428 0.39 258
α3HCl 574.055 573.666 574.444 0.07 1475
αW 1065.39 1065.39 1065.39 0.00 1.28 × 1012

α7HCl 4313.53 4296.60 4330.47 0.39 254
κm′ 0.00040 0.00039 0.00041 2.94 33
Ea 6.01554 5.98337 6.04770 0.04 2554
R2 0.9772
Fs 13205

Table 3. Estimated Parameters for Model Set 1

parameter value CI 95% RSE (%) t(pi)

km,3 1.27572 1.27424 1.27719 0.12 864
Ea,3 76.1474 76.0933 76.2015 0.07 1408
km,4 0.05429 0.05379 0.05479 0.91 109
Ea,4 95.6769 95.5520 95.8017 0.13 766
km,7 0.16169 0.15992 0.16346 1.09 91
Ea,7 39.5976 39.5001 39.6950 0.25 406
km,8 0.00296 0.00218 0.00374 26.36 3
Ea,8 95.0750 94.7072 95.4428 0.39 258
α3HCl 574.055 573.666 574.444 0.07 1475
αW 1065.39 1065.39 1065.39 0.00 1.28 × 1012

α7HCl 4313.53 4296.60 4330.47 0.39 254
κm′ 0.00040 0.00039 0.00041 2.94 33
Ea 6.01554 5.98337 6.04770 0.04 2554
R2 0.9772
Fs 13205

Table 4. Estimated Parameters for Model Set 2

parameter value CI 95% RSE (%) t(pi)

km,3 1.31574 1.31437 1.31710 0.10 964
Ea,3 71.4363 71.3994 71.4732 0.05 1937
km,4 0.06005 0.05901 0.06109 1.73 57
Ea,4 85.3036 85.1335 85.4738 0.20 501
km,7 0.16391 0.16139 0.16643 1.54 65
Ea,7 40.2159 40.0518 40.3800 0.41 245
km,8 0.00340 0.00268 0.00411 20.92 4
Ea,8 57.1005 56.9099 57.2911 0.33 299
α3HCl 934.772 934.108 935.435 0.07 1408
αW 747.316 747.117 747.514 0.03 3763
α7HCl 3984.59 3971.09 3998.09 0.34 295
κm′ 0.00048 0.00047 0.00049 2.04 49
Ea 12.0728 12.0118 12.1338 0.07 1369
R2 0.9878
Fs 18376
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big enough to make a change. For different partial pressures,
the mean activity coefficient decreases as the HCl partial
pressure decreases, explaining why the model predicts a faster
consumption of glycerol than in the experiments.
Two more sets of parameters were optimized under different

conditions using same experimental data. The results are
shown in Tables 4 and 5, and figures of the fitting against
experimental data for these sets of parameters are presented in
the Supporting Information. The first set, Model Set 2, was
estimated using only the experimental data obtained with pure
hydrogen chloride. This set of parameters is suitable for
applications in which pure HCl gas is used. The second extra
set of parameters, Model Set 3, was estimated assuming that
the activity coefficient of HCl was the one computed with
Aspen Plus.

4.4. Comparison of the Model Sets. As can be seen in
Tables 2, 3, and 4, the models have a degree of explanation
exceeding 0.95 and a global significance exceeding 100, a value
suggested by Toch et al.39 as the minimum value possible for a
model to be reliable. Therefore, the relative standard deviation
of parameters for all the models are under 30%, and as
suggested by Toch et al.,39 and the significance of most of the
parameters is in or above the order of 10 to 100. For the
significance of those that have low values, the result can be
explained as a lack of significance in the model due to a low
participation in the errors of the model, which is the case for
those parameters directly involved in the reaction rates of low-
concentration species like km,4 and km,8.
The results shown in Tables 3 and 4 are in agreement with

those presented by de Araujo Filho et al.,25 and the values for
the activation energies are in the same order of magnitude and
they mainly change due to the use of the experimental
temperature, which has a strong increment at the beginning of
the reaction as was shown by Medina et al.26 For this reason,
the biggest change appears in the activation energy of the rate
constants for the reactions of glycerol to α-MCP and β-MCP,
which are the dominating reactions at the beginning. However,
the activation energies for Model Set 3 take another increase
because the rate is strongly dependent on the HCl
concentration/activity, which is highly modified after including
the changes in the mean activity coefficient for HCl. Due to
this change, the apparent activation energy Ea associated to the
lumped parameter κ′ becomes negative. It should be kept in
mind that the evaluation of the activity coefficient includes

uncertainties because the impact of organic species on the
activity coefficient was not taken into account. The behavior of
the activity coefficient can affect numerical values of the
estimated kinetic parameters.
A comparison between the three sets of parameters can be

done by observing the degree of explanation and global
significance of the model, both increasing for Model Set 2 and
3. The improvement in Model Set 2 [model without the HCl
activity coefficient, but one HCl partial pressure (1 atm)]
endorses the fact that the model does not have the same
accuracy to model the kinetics when changes in the partial
pressure take place.
Concerning Model Set 3 (model with HCl activity

coefficient included, all HCl partial pressures), a comparison
of the global significance Fs for sets 1 and 3 reveals that the
inclusion of the activity coefficient of HCl improves the model
performance.
A visual comparison can be done by constructing a parity

plot for each set as shown in Figure 9, where it is possible to
see how in Model Set 1, although it gives a good overall fit
between the model and the experimental data, some points are
spread too far from the y = x line. On the other hand, in the
parity plot of Model Set 2, after excluding the experiments with
different partial pressures, these scattered points disappear,
implying that the largest deviations of the model appear when
comparing with experiments at different partial pressures. For
Model Set 3, the partial pressure experiments were again
included, but the addition of the activity coefficient shifted the
scattered points closer to the y = x line, thus improving the
predictions. It is clear that the assumption improves the
modeling results; however, the presence of glycerol and water
together should be considered in the calculation of the main
activity coefficient as a possible improvement of the model.

5. CONCLUSIONS
The kinetic experiments on glycerol hydrochlorination
conducted previously by our research group in a laboratory-
scale semibatch reactor have revealed that considerable
amounts of the homogeneous catalyst, acetic acid, are bound
to glycerol esters during the progress of glycerol hydro-
chlorination, particularly if the initial concentration of the
catalyst is high. This observation inspired us to revisit the
previous kinetic model, where the esters were treated as quasi-

Table 5. Estimated Parameters for Model Set 3

parameter value CI 95% RSE (%) t p( )i

km,3 2.40947 2.40598 2.41297 0.15 689
Ea,3 96.7595 96.7198 96.7993 0.04 2434
km,4 0.10100 0.10051 0.10150 0.49 205
Ea,4 116.789 116.622 116.955 0.14 701
km,7 0.17850 0.17701 0.17998 0.83 120
Ea,7 54.0706 54.0020 54.1392 0.13 788
km,8 0.00323 0.00251 0.00395 22.21 5
Ea,8 95.1516 95.0220 95.2811 0.14 734
α3HCl 1098.42 1097.62 1099.22 0.07 1376
αW 1256.71 1255.51 1257.90 0.10 1050
α7HCl 3988.72 3982.88 3994.55 0.15 684
κm′ 0.00043 0.00042 0.00044 2.05 49
Ea −4.68943 −4.7673 −4.61146 0.08 1181
R2 0.9837
Fs 18627

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.2c01805
Ind. Eng. Chem. Res. 2022, 61, 13827−13840

13837

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c01805/suppl_file/ie2c01805_si_001.pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.2c01805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


steady-state intermediates. In the new kinetic model, the quasi-
equilibrium hypothesis was applied on the ester formation and
the total mass balance for the catalyst was reformulated. The
non-ideality of the liquid phase was taken into account by
including the activity coefficient of the dissolved hydrogen
chloride and was presented here as a future perspective on
what should be improved in the modeling of kinetics for
hydrochlorination reaction. The result was a set of new rate
equations for glycerol hydrochlorination. The parameters of
the new model were fitted with the available experimental data,
and they were able to describe the kinetic behavior of glycerol
hydrochlorination reasonably well for all the experimental
conditions.
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■ NOMENCLATURE
a merged constant in the derivation of rate equations
c concentration [mol m−3]
D denominator in rate eqs 17, 18

Ea activation energy [kJ mol−1]
k,k′ reaction rate parameter (depends on kinetics)
K equilibrium constant (depends on stoichiometry)
K′,K″ equilibrium parameters for ester formation [-]
km pre-exponential factor (depends on rate equation)
n amount of substance [mol]
P pressure [atm]
Q objective function [mol2]
r reaction rate [mol m−3 min−1]
R ideal gas constant [8.3143 J mol−1 K−1]
R2 degree of explanation [-]
t time [min]
T temperature [K]
V volume [m3]
z reciprocal absolute temperature [K]
α merged rate parameter
κ′ merged rate parameter

■ SUBSCRIPTS AND SUPERSCRIPTS
avg average value
cat catalyst

Figure 9. Parity plots for model sets 1, 2, and 3, Gly = glycerol, α = 3-
chloro-1,2-propanediol (α-MCP), β = 2-chloro-1,3-propanediol (β-
MCP), ag = 1,3-dichloro-2-propanol (αγ-DCP), and ab = 1,2-
dichloro-3-propanol (αβ-DCP).
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i component index
L liquid phase
0 initial condition
exp experimental value

■ MERGED PARAMETERS
a2A k2AcE1cH
a−2A k−2Accat
a2B k2BcAcH
a−2B k−2BcW
a3 k3cCl
a4 k4cCl
k3′ k3k2AK′/k−2A
k4′ k4k2AK′/k−2A
k7′ k7k6K′/k−6
k8′ k8k6K′/k−6
αW k−2B/k−2A
α3 k3 + k4/k−2A
α7 k7 + k8/k−6
κ′ k2B/k2AK′

■ ABBREVIATIONS
FAME fatty acid methyl ester
Gly glycerol
E ester intermediate
I+ epoxide cation intermediate
α,α-MCP 3-chloro-1,2-propanediol
β,β-MCP 2-chloro-1,3-propanediol
αγ,αγ-DCP 1,3-dichloro-2-propanol
αβ,αβ-DCP 1,2-dichloro-3-propanol
GC gas chromatography
HCl hydrogen chloride
ODEs ordinary differential equations
NLAE nonlinear algebraic equation
RSE relative standard error
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Heterogeneously Catalyzed Etherification of Glycerol : New Pathways
for Transformation of Glycerol to More Valuable Chemicals. Green
Chem. 2008, 10, 164−167.
(12) Teng, W. K.; Ngoh, G. C.; Yusoff, R.; Aroua, M. K. A Review
on the Performance of Glycerol Carbonate Production via Catalytic
Transesterification: Effects of Influencing Parameters. Energy Convers.
Manage. 2014, 88, 484−497.
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