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ABSTRACT: The Langmuir–Hinshelwood–Hougen–Watson (LHHW) kinetic model was devel-
oped for acetylation of glycerol over highly stable and active 2 M SO4

2−/γ -Al2O3 catalyst.
The apparent reaction rate constants were determined by numerically solving the differential
rate equations using ode23 tool in MATLAB coupled with the genetic algorithm optimiza-
tion technique. The estimated rate constants were used to obtain the activation energy and
pre-exponential factor by using the Arrhenius equation. The estimated activation energy for
direct acetylation of glycerol to monoacetylglycerol and diacetylglycerol was 7.2 kJ mol−1, for
acetylation of monoacetylglycerol to diacetylglycerol was 37.1 kJ mol−1, and for acetylation of
diacetylglycerol to triacetylglycerol was 26.6 kJ mol−1, respectively. C© 2017 Wiley Periodicals,
Inc. Int J Chem Kinet 1–14, 2017

INTRODUCTION

Biodiesel production can be economically more viable
by the value addition of surplus amounts of glycerol ob-
tained as by-product [1,2]. Among the various glycerol

Correspondence to: Prakash Biswas; e-mail: prakbfch@iitr.ac.in,
prakashbiswas@gmail.com.

C© 2017 Wiley Periodicals, Inc.

value addition processes proposed such as hydrogenol-
ysis, etherification, selective oxidation, fermentation,
dehydration, carboxylation, esterification etc., esterifi-
cation of glycerol with acetic acid is a promising route.
The esterification of glycerol with acetic acid produces
monoacetylglycerol (MAG), diacetylglycerol (DAG),
and triacetylglycerol (TAG). These products have a sig-
nificant commercial importance. MAG is widely used
as a food additive; in combination with DAG and TAG,
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MAG finds applications in the manufacture of dyes,
softening agents, and plasticizers. Moreover, DAG and
TAG are excellent fuel additives, which on addition
to fuel reduces the viscosity of fuel and increases en-
gine efficiency and also these components improve the
antiknocking properties of gasoline when blended [3].

In the past two decades, various catalysts have been
developed and their performances were evaluated for
esterification of glycerol with acetic acid. Mineral acids
such as H2SO4, HCl, or H3PO4 were tried as homo-
geneous catalysts for esterification of glycerol [4–9].
However, the primary drawbacks associated with these
homogeneous catalysts were catalyst separation, prod-
uct purity, necessity of neutralization, and reactor cor-
rosion [5]. Therefore, several studies focused on the
development of various heterogeneous catalysts such
as zeolites [3,10], heteropolyacids [5,7], SBA-15 [8],
sulfated carbon nanotubes [11], zirconia [12], activated
carbon [5], and sulfated metal oxides [11,13,14] for the
esterification of glycerol with acetic acid. Recently,
Amberlyst and ion exchange resins have been shown
as effective catalysts in the presence of excess of glyc-
erol [2–4,10,15–17].

Despite the significance of the reaction, minimal
research attention has been devoted to the reaction ki-
netic study of glycerol acetylation reaction with acetic
acid [4,18–20]. Reaction kinetic modeling and estima-
tion of kinetic parameters are essential toward robust
catalyst design, scale-up, and optimization of chemical
process. Previous studies [4,20] reported acetylation of
glycerol with acetic acid as a combination of series–
parallel reaction pathways. Zhou et al. [4] studied the
reaction kinetics of acetylation of glycerol with acetic
acid by using Amberlyst-15 as catalysts. The first-order
consecutive series reaction scheme was proposed, and
the results obtained indicated that the apparent reac-
tion rate constants for all the reactions were influenced
by the initial mole ratio of acetic acid and glycerol.
Khayoon et al. [18] proposed that the reaction fol-
lowed consecutive series reaction pathway producing
MAG, DAG, and TAG with surface reaction as the
rate-limiting step. Patel and Singh [19] reported that
the esterification reaction followed first-order kinetics,
and the rates were not mass transfer limited in the pres-
ence of 1,2-tungstophosphoric acid anchored to differ-
ent supports. Most of the previous works [4,18,20]
reported the first-order rate equation for acetylation of
glycerol. Mufrodi et al. [20] suggested that, in the pres-
ence of sulfuric acid, triacetylglycerol synthesis was
an exothermic reaction, and hence higher temperatures
(>118°C) were not beneficial. In addition, they have
also found that the selectivity to triacetin decreased at
high temperature (>115°C) due to the evaporation of
acetic acid. The most popular mechanistic model re-

ported in the literature is the Langmuir–Hinshelwood–
Hougen–Watson (LHHW) model [4,18,19,21]. The
LHHW model is identified as the most reliable model,
which describe the catalytic reaction with high accu-
racy and produce the rate equations consistent with
the kinetic data within the experimental error. How-
ever, in all the previous studies, the LHHW model is
oversimplified by neglecting the resistance offered by
the adsorption and desorption steps during the reaction
and the simplified LHHW model reduced to the simple
Power law model. Therefore, the development of the
kinetic model by following the more realistic LHHW
approach is important for fundamental understanding
of the reaction kinetics of the glycerol acetylation re-
action.

Mathematical modeling of chemical reaction kinet-
ics and estimation of kinetic parameters often end up in
the problem of nonlinear parameter estimation. Appli-
cation of efficient optimization techniques is a key fac-
tor in obtaining physically significant kinetic param-
eters, which are estimated by minimizing the sum of
squared deviation between experimental and simulated
concentrations of reacting species. Improper choice of
initial guess for model parameters results in nonopti-
mal solutions in turn giving unrealistic values for the
model parameters. In this context, genetic algorithm
(GA) provides a lot of robustness and the applica-
tion of GA in problems of chemical kinetics is very
promising [22–28]. The traditional algorithms that are
based on the evaluation of derivatives fail in case of
discontinuous functions or if derivatives do not exist.
Other methods such as enumerative techniques—both
random search and grid search methods become com-
putationally expensive for problems involving a large
number of variables in the objective function. Unlike
most of the conventional optimization techniques, GA
does not require the evaluation of derivatives nor does
it need any other auxiliary information such as ini-
tial guess [22]. Therefore, GA is an ideal optimization
technique for parameter estimation in cases where large
uncertainty exists in model parameters and difficult to
make an initial guess. GA evaluates the objective func-
tion at different points in a population simultaneously
and selects the best solutions during each iteration.
The population with best solutions evolves to reach the
global optimum point.

In this study, a reaction pathway for the acetylation
of glycerol with a sulfated alumina catalyst is pro-
posed based on the experimental observations. The ki-
netic parameters were estimated based on the LHHW
model with proper validation for assumptions. Non-
linear parameter estimation was performed using the
GA optimization technique at the optimized reaction
conditions presented in our previous work [29].
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EXPERIMENTAL

Catalyst Synthesis

The details of catalyst synthesis and characterization
are reported in our previous study [29,30]. The es-
terification reactions were carried out at atmospheric
pressure in a round-bottom flask equipped with reflux
and a magnetic stirrer. Acetic acid (99.5%; Rankem,
India) and glycerol (99.9%; Merck Specialities, India)
of required mole ratio was initially charged into the
round-bottom flask. Both stirrer and heater were started
immediately after the introduction of the feed. After
reaching the desired temperature, a required amount
of catalyst was added into the reactor and started to
count the reaction time. The kinetic experiments were
performed at the optimized reaction condition, i.e.,
in the presence of acetic acid to glycerol mole ratio
of 12:1, 0.36 g of catalyst in the temperatures range
of 80–110 °C [29]. Products samples were collected
at a regular interval of 30 min for 5 h. Collected
product samples were filtered, cooled, and then ana-
lyzed in a gas chromatograph (Newchrom GC, 6800,
India) equipped with an AB-PONA (50 m ×
0.2 mm) column and a flame ionization detector. The
error in the GC measurements are assumed to be
normally distributed with zero mean and 0.05 stan-
dard deviation (σ ci). For quantification of products,
the standard calibration curves were prepared us-
ing pure compounds (monoacetylglycerol (50%; Alfa
Aesar, UK), diacetylglycerol (50%,; Alfa Aesar, UK),
and triactylglycerol (99%; Alfa Aesar, UK)) and n-
butanol (99%; Rankem, India) was used as the in-
ternal standard for the calculation of product moles.
The conversion of glycerol and selectivity to differ-
ent products were calculated based on the following
definitions:

Glycerol conversion (%) =
[{(Moles of glycerol converted) /

(Initial moles of glycerol)} × 100
]

(1)

Selectivity of MAG, DAG or TAG (%) =

[{(Moles of MAG, DAG or TAG formed) /

(Total moles of MAG + DAG + TAG)} × 100] (2)

RESULTS AND DISCUSSION

Mass and Heat Transport Effects

To verify the external mass transfer limitation, the ex-
periments were carried out at three different stirring
speeds of 300, 500, and 700 rpm, respectively. The
glycerol conversion and the products selectivity ob-
tained are summarized in Table I. Results showed that
the obtained glycerol conversion, products selectivity,
and the calculated reaction rate at different stirring
speed were almost unaffected (Table I). Therefore, for
this kinetic study, the stirring speed was kept constant
at 500 rpm with the assumption that resistance to ex-
ternal mass transfer is almost negligible at this stirring
speed.

To verify the resistance offered by internal pore dif-
fusion, a theoretical approach using the Weisz–Prater
criterion has been used. This criterion uses measured
values of the reaction rate to check if pore diffusion
is limiting the overall rate. According to this crite-
rion, internal mass transfer effects can be neglected
when the value of certain parameter “ϕ” is less than

1, where ϕ is defined as follows. ϕ = robs ρp R2
p

De Cs
. In the

present study, the calculated value of ϕ was found to
be 2.944 × 10−11 at 80°C, which suggested the negli-
gible effect of internal diffusion on the rate of reaction
(Table II).

The acetylation of glycerol with acetic acid has
been reported as an exothermic reaction [20]; how-
ever, in this study no significant variation of reaction
temperature was observed during the course of ex-
periments, which led to the assumption of isothermal
reaction condition. To verify the thermal homogene-
ity in the reaction mixture, the experiments were per-
formed at different starring speeds. The results showed

Table I Variation of Glycerol Conversion and Products Selectivity at Different Stirring Speed

Selectivity (%)
Stirring
Speed (rpm)

Glycerol
Conversion (%) MAG DAG TAG

Reaction Rate
(molgcat−1 h−1)

300 98.7 23.3 49.2 27.5 4.1 × 10−3

500 99.2 22.8 49.8 27.4 4.3 × 10−3

700 98.6 23.3 49.2 27.5 3.9 × 10−3

Reaction condition: Acetic acid to glycerol mole ratio = 12:1, reaction temperature = 110°C, and catalyst amount = 0.36 g.

International Journal of Chemical Kinetics DOI 10.1002/kin.21144
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Table II Calculation of Weisz-Prater Criterion [31,32]

Symbol Term Value

Rp Radius of catalyst particle 16.9 × 10−7 cm
ρp True density of the catalyst 2 g (cm3)−1

robs Observed reaction rate at bulk concentration 1.6 × 10−7 mol glycerol gcat−1s−1

Cs Concentration of reactant (glycerol) at the external
surface of the catalyst

1.02 × 10−3 mol (cm3)−1

T Reaction temperature 353 K
M Molecular weight of reactant (glycerol) 92.5 g mol−1

a Pore radius 19.2 × 10−8 cm
Dk Knudsen diffusivity = 9.7 × 103 ×a [T/M]1/2 362.9 × 10−5 cm2 s−1

ε Porosity of catalyst 0.024
ζ Tortuosity of catalyst = 1−0.5ln ε 2.9
σ Constriction factor 1.0
De Effective diffusivity = [Dkεσ ]/ζ 2.95 × 10−5 cm2 s−1

ϕ Weisz-Prater criterion = [robsρpRp
2]/DeCs 2.94 × 10−11

Table III Calculation of Prater Number

Symbol Term Value

−�HRx Heat of reaction 797.36 kJ mol−1

λS Thermal conductivity of catalyst pellet 0.2769 W m−1 K−1

λf Average thermal conductivity of reacting mixture 0.1563 W m−1 K−1

λeff Effective thermal conductivity of the catalyst pellet = λS( λf

λS
)ε 0.2732 W m−1 K−1

Cs Concentration of reactant (glycerol) at the external surface of the catalyst 1.019 × 10−3 mol (cm3)−1

TS Surface temperature 353 K
De Effective diffusivity = Dkεσ

τ 2.951 × 10−5 cm2 s−1

�T Maximum temperature difference = Tmax − TS = −�HRxDeCAS

λeff
8.77

insignificant variation of glycerol conversion and prod-
ucts selectivity (Table I). Further, the Prater number
was also calculated (Table III) [31–34]. The calculated
temperature difference (Tmax − Ts) within the catalyst
particle was found to be low (�8.77 °C). This results
also demonstrated the thermal homogeneity of the re-
action mixture.

Catalytic Activity

The details of catalytic characterization and activity
for esterification of glycerol over sulfated alumina cat-
alysts having different compositions are reported in
our previous study [29,30]. Among all the sulfated
alumina catalyst examined, 2M SO4

2−/γ -Al2O3 cata-
lyst showed the highest catalytic activity and stability;
hence this catalyst was chosen for a detailed kinetic
study by varying the reaction times as well as reac-

tion temperature at the optimum acetic acid to glyc-
erol mole ratio of 12:1 and in the presence of 0.36
g of catalyst. Over 2M SO4

2−/ γ -Al2O3 catalyst, the
main reaction products were MAG, DAG, and TAG
and the variation of concentration of glycerol, MAG,
DAG, and TAG with reaction time and at different
temperatures is shown in Fig. 1. In all the experiments,
the concentration of glycerol was found to decrease
with reaction time and almost complete conversion
of glycerol was achieved within 3 h of reaction at
80°C. With increasing temperature, complete glycerol
conversion was achieved within 30 min of reaction.
The concentration of MAG and DAG passed through
maxima, whereas the concentration of TAG increased
with reaction time. However, with increasing temper-
ature, the concentration of MAG and DAG passed
through a maximum primarily after a runtime of 50 min
whereas the concentration of TAG followed an increas-
ing trend with reaction time as well as temperature. The

International Journal of Chemical Kinetics DOI 10.1002/kin.21144
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Figure 1 Variation of concentration (experimental) with time at different temperatures and at the acetic acid to glycerol mole
ratio of 12:1 (A) glycerol, (B) MAG, (C) DAG, and (D) TAG. [Color figure can be viewed at wileyonlinelibrary.com]

concentration of TAG was almost similar at a tem-
perature of 95°C and higher. At all the temperatures,
MAG was the dominating product at the initial stages
of the reaction and with the course of reaction time,
the concentration of MAG dropped whereas the con-
centrations of DAG and TAG increased. However, af-
ter reaching a maximum value, the concentration of
DAG decreased slightly toward the end of the reac-
tion. After 5 h of reaction time in all the experiments,
DAG was the dominant product. It is also clear from
Fig. 1 that both MAG and DAG reached the maximum
concentration at the same time regardless of the reac-
tion temperature, which suggested that the initial reac-
tion might have followed a parallel route, i.e., glycerol
might have directly converted to MAG and DAG fol-
lowed by the conversion of MAG to DAG and DAG to
TAG due to further acetylation. Therefore, based on the
experimental observation, we propose a combination
of a series–parallel pathway for glycerol acetylation
(Fig. 2).

Development of the LHHW Mechanistic
Kinetic Model

In this study, the LHHW model based on a dual site
mechanism is used to describe the kinetics of acetyla-
tion of glycerol over a sulfated alumina catalyst. Ex-
ternal and internal diffusion of mass and heat transfer
effect was neglected based on the value obtained for
the Weisz–Prater criterion (Table II) and Prater number
(Table III). Therefore, the LHHW model was devel-
oped based on the adsorption, desorption, and surface
reaction steps only. To develop the kinetic model, it
is assumed that, initially, both the reactants—glycerol
and acetic acid—diffused from the bulk liquid phase to
the external surface of the catalyst and gets adsorbed. In
the second step, the adsorbed molecules at the catalyst
surface react with each other to form the products at
the catalyst surface. Finally, the products are desorbed
from the surface followed by the diffusion to the bulk
liquid phase. Thus for model development, in addition
to the surface reactions step, the impact of resistance

International Journal of Chemical Kinetics DOI 10.1002/kin.21144
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Figure 2 Reaction pathway for acetylation of glycerol with acetic acid over 2MSO4
2−/γ -Al2O3 catalyst. Monoacetin

(monoacetylglycerol), diacetin (diacetylglycerol) and triacetin (triacetylglycerol).

offered in the adsorption and desorption steps are also
considered.

The probable LHHW type of the reaction mech-
anism for acetylation of glycerol with acetic acid is
shown in Fig. 3. After the reactant molecules were
adsorbed on the catalyst surface, the surface reaction
was triggered by the proton from HSO−

4/γ -Al2O3.
The double-bonded oxygen atom of acetic acid hav-
ing a lone pair of electrons gets attached to the pro-
ton on the sulfated alumina catalyst and which gen-
erated a fair positive charge on oxygen, which was

then transferred to the carbon through the resonance
effect. The positively charged carbon atom then facil-
itated the nucleophilic attack of the hydroxyl group of
glycerol accompanied by the deprotonation. The in-
termediate product again experienced protonation fol-
lowed by the removal of a water molecule and sub-
sequent deprotonation to form the respective mono-,
di-, and triacetylated glycerol [4]. The mechanism of
the formation of MAG is shown in Fig. 3. Similarly,
DAG and TAG were formed by the acetylation of
mono- and diesters formed following the same reaction

International Journal of Chemical Kinetics DOI 10.1002/kin.21144
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Figure 3 Reaction mechanism of glycerol acetylation with acetic acid to MAG over 2MSO4
2−/γ -Al2O3 catalyst. [Color figure

can be viewed at wileyonlinelibrary.com]

pathway. This was accomplished by the nucleophilic
attack of the hydroxyl group of MAG and DAG on the
positively charged carbon atom of acetic acid. How-
ever, it was inferred that the formation of DAG was
also possible from the direct acetylation of glycerol
in which two hydroxyl groups of glycerol simultane-
ously reacted with two molecules of acetic acid con-
taining the positively charged carbon atom followed
by the removal of two molecules of water and sub-
sequent deprotonation to form DAG. The mechanism
clearly showed that the proton from the solid cata-

lyst initiated the reaction, and this signifies the role
of acidity in this reaction. The mechanism also sug-
gested that the proton from the catalyst get restored
toward the end of each reaction, facilitating the ad-
equate number of acidic sites on the catalyst always
available with a specific amount of catalyst. Hence
an excess amount of catalyst cannot improve catalyst
activity.

The reaction mechanism for acetylation of glycerol
with acetic acid to produce MAG, DAG, and TAG can
be represented by the following steps:

International Journal of Chemical Kinetics DOI 10.1002/kin.21144
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Step 1: Adsorption of acetic acid (A) on the vacant
site (S) of catalyst:

A + S
k1

�
k−1

AS (3)

Adsorption of glycerol (G) on the vacant site (S) of
catalyst:

G + S
k2

�
k−2

GS (4)

Step 2: The surface reaction between adsorbed glyc-
erol (GS) and acetic acid (AS) to produce adsorbed
MAG (MS) and DAG (DS) on the surface of the cat-
alyst. Further, adsorbed MAG and DAG reacted with
adsorbed acetic acid to produce adsorbed DAG and
TAG, respectively.

GS + AS
k3

�
k−3

MS + DS + S (5)

MS + AS
k4

�
k−4

DS + S (6)

DS + AS
k5

�
k−5

TS + S (7)

Step 3: Desorption of MAG (M), DAG (D), and
TAG (T) from the catalyst surface created a vacant site
as follows:

MS
k6

�
k−6

M + S (8)

DS
k7

�
k−7

D + S (9)

TS
k8

�
k−8

T + S (10)

The following assumptions were made to derive the
simplified rate expression:

1. The resistance offered by mass transfer (inter-
nal and external) and internal heat transfer was
found to be negligible, and hence the surface re-
action is assumed to be the rate-controlling step
under isothermal conditions.

2. In all the experiments, acetic acid was in large
excess (acetic acid/glycerol mole ratio = 12:1),
the conversion of acetic acid was only 10–15%
after 5 h. Hence, it is assumed that the concen-
tration of acetic acid CA remains constant and
the pseudo–first-order reaction is assumed.

3. No catalyst deactivation was observed [29], and
hence the concentration of coproduced water is
neglected and the activity of catalyst is assumed
to be constant.

4. Adsorption and desorption steps were assumed
to be fast and in equilibrium.

5. The acetylation reaction is assumed to be irre-
versible.

The final rate expressions were developed through
the following steps:

(−r1) = k1

(
CGCS − CGS

K1

)
; K1 = k1

k−1
(11)

(−r2) = k2

(
CACS − CAS

K2

)
; K2 = k2

k−2
(12)

(−r3) = k3

(
CGSCAS − CMSCDSCS

K3

)
; K3 = k3

k−3

(13)

(−r4) = k4

(
CMSCAS − CDSCS

K4

)
; K4 = k4

k−4

(14)

(−r5) = k5

(
CDSCAS − CTSCS

K5

)
; K5 = k5

k−5

(15)

(−r6) = k6

(
CMS − CMCS

K6

)
; K6 = k6

k−6
(16)

(−r7) = k7

(
CDS − CDCS

K7

)
; K7 = k7

k−7
(17)

(−r8) = k8

(
CTS − CTCS

K8

)
; K8 = k8

k−8
(18)

International Journal of Chemical Kinetics DOI 10.1002/kin.21144
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CTotal = CS + K1CGCS + K2CACS

+ CMCS

K6
+ CDCS

K7
+ CTCS

K8
(19)

CS = CTotal(
1 + K1CG + K2CA + CM

K6
+ CD

K7
+ CT

K8

)

(20)

(−r3) = k3CGSCAS

= k3K1K2CGCAC2
Total(

1 + K1CG + K2CA + CM
K6

+ CD
K7

+ CT
K8

)2

(21)

(−r4) = k4CMSCAS

=
k4K2
K6

CMCAC2
Total(

1 + K1CG + K2CA + CM
K6

+ CD
K7

+ CT
K8

)2

(22)

(−r5) = k5CDSCAS

=
k5K2
K7

CDCAC2
Total(

1 + K1CG + K2CA + CM
K6

+ CD
K7

+ CT
K8

)2

(23)

(−r3) = k3CGSCAS

= k3K1K2CGCAC2
Total(

1 + K1CG + K2CA + CM
K6

+ CD
K7

+ CT
K8

)2

= k′
3CG(

1 + K1CG + K2CA + CM
K6

+ CD
K7

+ CT
K8

)2

(24)

(−r4) = k4CMSCAS

=
k4K2
K6

CMCAC2
Total(

1 + K1CG + K2CA + CM
K6

+ CD
K7

+ CT
K8

)2

= k′
4CM(

1 + K1CG + K2CA + CM
K6

+ CD
K7

+ CT
K8

)2

(25)

(−r5) = k5CDSCAS

=
k5K2
K7

CDCAC2
Total(

1 + K1CG + K2CA + CM
K6

+ CD
K7

+ CT
K8

)2

= k′
5CD(

1 + K1CG + K2CA + CM
K6

+ CD
K7

+ CT
K8

)2

(26)

where k ′
3, k ′

4, and k ′
5 are apparent reaction rate con-

stants.

Estimation of Kinetic Parameters

The mathematical model for the batch reactor was de-
veloped using the unsteady state material balance for
each component as follows:

Net rate of disappearance of glycerol, (−rG)

= −dCG

dt
= (−r3)

mC

V
(27)

Net rate of formation of MAG, (rM)

= dCM

dt
= [(−r3) − (−r4)]

mC

V
(28)

Net rate of formation of DAG, (rD)

= dCD

dt
= [(−r3) + (−r4) − (−r5)]

mC

V
(29)

Net rate of formation of TAG,

(rT) = dCT

dt
= (−r5)

mC

V
(30)

where mc is the weight of the catalyst and V is the total
reactant volume.

For the optimization, the objective function f was
defined as follows:

f =
N∑

i=1

⎡
⎢⎣

(
Ci

G,exp − Ci
G,sim

)2
+

(
Ci

M,exp − Ci
M,sim

)2

+
(
Ci

D,exp − Ci
D,sim

)2
+

(
Ci

T,exp − Ci
T,sim

)2

⎤
⎥⎦

(31)

where N is the number of samples and C i
exp and C i

sim
are the experimental and simulated concentrations for
glycerol, MAG, DAG, and TAG, respectively.

International Journal of Chemical Kinetics DOI 10.1002/kin.21144
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Figure 4 A simplified schematic flow diagram describing
GA.

The kinetic model represented by the set of ordinary
differential equations (ODE; Eqs. (27)–(30)) were first
solved using the Rosenbrock algorithm (ode23s) in
MATLAB. This ODE solver function was nested to the
main GA optimization function. The GA optimization
was triggered by the generation of initial population
of size 1000 for the rate constants. The parameters
were searched within positive real numbers. The resul-
tant values for the concentrations of reacting species at
specified time intervals were used in the least-square
objective function (Eq. (31)). The best points with least
values of the objective function were selected using the
selection function. Along with the selection function
with an elite count of (0.05*population size), an op-
timum crossover fraction of 0.8 was used to generate
the next population. The termination criteria for the
algorithm was chosen based on the fitness limit and
function tolerance. The algorithm stopped when ei-
ther of the two conditions satisfied: The value of the
fitness function for the best point in a population be-
comes less than or equal to fitness limit or when the
average change in the value of fitness function for a
specific number of generations becomes less than the

function tolerance. The values of the fitness limit and
the function tolerance were fixed at 1 × 10−3 and 1
× 10−5, respectively. The simplified GA optimization
algorithm is described in Fig. 4.

The simulated concentrations at different reaction
temperature were compared with the experimentally
observed concentrations (Fig. 5). Results suggested
that the model is very much consistent with the kinetic
data, producing good fit between the experimental and
estimated concentrations of all species. The descriptive
capability of the model with the estimated parameters
was verified using the coefficient of determination (R2)
and by the lack-of-fit (LOF) test. The coefficient of de-
termination (R2) compared the overall fit of the model
with that of representing the model as the average of all
experimental observations. The LOF test compared the
calculated weighted residuals (χ2) value with the refer-
ence χ2 with (N × M − P) degrees of freedom and 95%
confidence interval (where N is the number of sample
points, M is the number of measured responses, and
P is the number of estimated model parameters) [35].
The definition of R2 and χ2 is provided in Eqs. (32) and
(33), respectively. As shown in Table IV, the value of
R2 is close to unity and the weighted residuals less than
the reference χ2 indicated adequate representation of
data by the model.

R2
i = 1 −

∑N
j = 1

(
Cij,exp − Cij,pred

)2

∑N
j = 1

(
Cij,exp − C̄i

)2 ; i = 1 to M

(32)

χ2 =
M∑

i = 1

N∑
j = 1

(
Cij,exp − Cij,pred

)2

σ 2
Ci,exp

(33)

The estimated values of rate constants, k ′
3, k ′

4 and
k ′

5, are shown in Table V. The values of rate constants
followed the order k ′

3 > k ′
5 > k ′

4 at all three temper-
atures. In fact, the value of k ′

3 was much larger with
respect to k ′

4 and k ′
5 whereas the values of k ′

4 and k ′
5

were almost close. This agrees with the experimen-
tal observations: DAG as the dominant product is fol-
lowed by TAG and MAG after 5 h of reaction time.
Similar results were reported earlier for acetylation of
glycerol in the presence of Amberlyst catalyst at the
acetic acid to glycerol mole ratio of 3:1 [4]. In addi-
tion, the increase in reaction temperature improved the
values of rate constants and enabled the concentrations
of both glycerol and DAG to reach the equilibrium
much faster almost within 100 min of reaction time
(Fig. 1). The estimated rate constants were used to
obtain the activation energy and preexponential factor
using the Arrhenius equation (Fig. 6), and the obtained

International Journal of Chemical Kinetics DOI 10.1002/kin.21144
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Figure 5 Comparison of experimentally observed concentration and simulated concentration at the acetic acid to a glycerol
mole ratio of 12:1 and at different reaction temperature (A) at 80°C, (B) at 95°C, and (C) at 110°C. [Color figure can be viewed
at wileyonlinelibrary.com]

Table IV Statistical Analysis of Parameter Estimation in Terms of LOF Test and R2

R2

Temperature (°C) Glycerol MAG DAG TAG Weighted Residuals Ref. χ2 (95%)

80 0.988 0.998 0.998 0.999 6.331 50.998
95 0.998 0.999 0.995 0.994 3.675 50.998
110 0.986 0.988 0.996 0.993 9.827 50.998

results are shown in Table VI. The activation energies
for direct acetylation of glycerol to MAG and DAG,
acetylation of MAG to DAG, and acetylation of DAG
to TAG were found to be 7.2, 37.1, and 26.6 kJ mol−1,
respectively. The activation energy values were con-
sistent with the results reported earlier for the acetyla-
tion of glycerol to MAG, MAG to DAG, and DAG to

Table V Values of Apparent Reaction Rate Constants
at Different Temperatures

Temperature (°C) k ′
3 (h−1) k ′

4(h−1) k ′
5(h−1)

80 1.3658 0.0401 0.0616
95 1.4871 0.0589 0.0985
110 1.6555 0.1082 0.1249

International Journal of Chemical Kinetics DOI 10.1002/kin.21144
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Figure 6 Arrhenius plot to calculate activation energy for (A) acetylation of glycerol to MAG and DAG, (B) acetylation of
MAG to DAG, and (C) acetylation of DAG to TAG. [Color figure can be viewed at wileyonlinelibrary.com]

Table VI Estimated Values of Kinetic Parameters

Kinetic
Parameters

For Glycerol
to MAG
and DAG

For MAG
to DAG

For DAG
to TAG

Activation energy,
Ea (kJ mol−1)

7.2 37.1 26.6

Pre-exponential
factor, ko (h−1)

15.8 11731.1 544.6

TAG by using sulfuric acid as a catalyst [20]. The high
values of activation energy and pre-exponential factor
for the acetylation of MAG to DAG and DAG to TAG
suggested that higher temperature facilitated the prod-
uct distribution toward higher esters [4]. The high value

of reaction rate constant and low value of activation en-
ergy for the direct acetylation of glycerol to MAG and
DAG explained the rapid rate of formation of these
products at the initial stages of the reaction (Tables V
and VI).

CONCLUSIONS

A kinetic study of acetylation of glycerol was carried
out with a highly active and stable 2M SO4

2−/ γ -Al2O3

catalyst prepared by the impregnation method. The ex-
perimental study confirmed the reaction pathway as
a combination of pseudo–first-order series and paral-
lel reactions consisting of direct acetylation of glyc-
erol to MAG and DAG followed by the conversion

International Journal of Chemical Kinetics DOI 10.1002/kin.21144
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of MAG to DAG and DAG to TAG, following series
consecutive reaction pathway. The LHHW kinetic
model was developed by considering the surface reac-
tion as the rate-limiting step. Results showed that the
model correlated the rate equations satisfactorily and
produced good fit between the experimental and es-
timated concentrations of glycerol and products. The
apparent reaction rate constants were determined by
numerically solving the differential rate equations by
using ode23 tool in MATLAB coupled with GA, which
enabled the minimization of residual sum of squares
between the experimentally observed concentrations
and estimated concentrations for glycerol and prod-
ucts. The Arrhenius equation was used to calculate the
activation energy and pre-exponential factor for the
reactions from the estimated rate constants. The acti-
vation energy for direct acetylation of glycerol to MAG
and DAG, acetylation of MAG to DAG, and acetyla-
tion of DAG to TAG was found to be 7.2, 37.1, and
26.6 kJ mol−1, respectively. The activation energy was
higher for the acetylation of MAG to DAG. However,
DAG was also formed by the direct acetylation of glyc-
erol, having low activation energy. As a result, DAG
appeared as the dominant product.

NOMENCLATURE

CA Concentration of acetic acid at any time, mol
L−1

CAS Concentration of acetic acid at catalyst surface
CD Concentration of DAG, mol L−1

CDS Concentration of DAG at catalyst surface
CG Concentration of glycerol at any time, mol L−1

CG.S Concentration of glycerol at catalyst surface
CM Concentration of MAG, mol L−1

CMS Concentration of MAG at catalyst surface
CS Concentration of the vacant sites
CT Concentration of TAG, mol L−1

CTotal Total concentration of catalyst active sites
CTS Concentration of TAG at catalyst surface
Ea Activation energy, kJ mol−1

k0 Pre-exponential factor, h−1

k1 Forward reaction rate constant for adsorption
of glycerol on catalyst active site, h−1

k–1 Backward reaction rate constant for the adsorp-
tion of glycerol on the catalyst active site, h−1

k2 Forward reaction rate constant for adsorption
of acetic acid on catalyst active site, h−1

k–2 Backward reaction rate constant for the ad-
sorption of acetic acid on the catalyst active
site, h−1

k3 Forward reaction rate constant for acetylation
of glycerol to MAG and DAG, h−1

k–3 Backward reaction rate constant for acetylation
of glycerol to MAG and DAG, h−1

k4 Forward reaction rate constant for acetylation
of MAG to DAG, h−1

k–4 Backward reaction rate constant for acetylation
of MAG to DAG, h−1

k5 Forward reaction rate constant for acetylation
of DAG to TAG, h−1

k–5 Backward reaction rate constant for acetylation
of DAG to TAG, h−1

k6 Forward reaction rate constant for desorption
of MAG from catalyst active site, h−1

k–6 Backward reaction rate constant for desorption
of MAG from the catalyst active site, h−1

k7 Forward reaction rate constant for desorption
of DAG from catalyst active site, h−1

k-7 Backward reaction rate constant for desorption
of DAG from the catalyst active site, h−1

k8 Forward reaction rate constant for desorption
of DAG from catalyst active site, h−1

k–8 Backward reaction rate constant for desorption
of DAG from the catalyst active site, h−1

K1 Equilibrium constant for adsorption of glycerol
on catalyst active site

K2 Equilibrium constant for adsorption of acetic
acid on catalyst active site

K3 Equilibrium constant for acetylation of glyc-
erol to MAG

K4 Equilibrium constant for acetylation of MAG
to DAG

K5 Equilibrium constant for acetylation of DAG
to TAG

K6 Equilibrium constant for desorption of MAG
from catalyst active site

K7 Equilibrium constant for desorption of DAG
from catalyst active site

K8 Equilibrium constant for desorption of TAG
from catalyst active site

k′
3 Apparent reaction rate constant for acetylation

of glycerol to MAG and DAG, h−1

k′
4 Apparent reaction rate constant for acetylation

of MAG to DAG, h−1

k′
5 Apparent reaction rate constant for acetylation

of DAG to TAG, h−1

mc Weight of the catalyst, g
R2 Determination coefficient
T Reaction temperature, °C
V Total volume of reactants, L
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