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ARTICLE INFO ABSTRACT

Keywords: In this work, the chemical equilibrium of glycerol (G) acetylation with acetic acid (AA) to form mono- (MAG), di-
Biomass (DAG) and tri- (TAG) acetylglycerols has been studied. These compounds are biodegradable and renewable
Glycerol options as high-quality bio-additives to improve the antiknock properties and the viscosity of fuels and biofuels.
::teetrlicﬁaczlt?on Due to the absence of thermodynamic data, the physicochemical and thermodynamic properties of the

compounds were determined, such as the specific heat, and the enthalpy and entropy of formation, by employing
a second-order group-additivity predictive method. The values obtained were validated with few experimental
data available in the literature (298 K, 101.325 kPa), showing differences in the range 0.2-8.9%.

The compositions at equilibrium were calculated by minimizing the total Gibbs free energy of the system and
considering the non-ideality of the liquid phase. For this purpose, different temperatures (350-500 K), reactant
molar ratios (1-12) and initial water contents (0 and 40 wt%) were studied. The results revealed the global
exothermicity of the system, showing that total glycerol conversion (~100%) and high yields to TAG (>90%) can
be achieved in the 350-500 K range by employing AA:G molar ratios between 9 and 12. As the presence of water
in the glycerol solution produces a decrease of the glycerol conversion and selectivity to TAG, its removal from
the reaction medium should be considered. A comparison between our results with the reported data based on
different catalytic systems indicates that this model could successfully describe the chemical equilibrium of the
system.

Chemical equilibrium
Gibbs free energy minimization

Credit author statement particularly considered as a useful platform molecule, due to its reac-

tivity in different reactions, such as reforming [2], acetalization [3],
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1. Introduction

Nowadays, the need to reduce the dependence on fossil fuels has led
scientists to center their research on sustainable, economic chemical
processes. In this context, biomass-derived products based on organic
polyfunctional molecules have been employed to substitute fine prod-
ucts traditionally synthetized by the petrochemical industry. Glycerol
obtained as a byproduct during the synthesis of biodiesel [1], has been

hydrogenolysis [4], and so on, to produce valuable chemical products.

One of the promising methods to convert glycerol into high-value
chemicals is the production of acetylglycerols from glycerol (G) acety-
lation with acetic acid (AA) or acetic anhydride (AAN). Since AAN is
more expensive and harder to be handled in practice than AA, the latter
is considered more suitable in terms of environmental and cost features
[5].

Glycerol acetylation with acetic acid involves consecutive steps of
reversible reactions, leading to the formation of monoacetyl glycerol (1-
MAG and 2-MAG), diacetyl glycerol (1,2-DAG and 1,3-DAG) and tri-
acetyl glycerol (TAG), employed in cosmetic, food and construction
industries, as well as in the synthesis of biodegradable polymers
(Scheme 1) [6,7]. In particular, 1,2-DAG, 1,3-DAG and TAG have been
reported as high-quality bio-additives, which allow improving the
antiknock properties of gasoline and the viscosity of biofuels, thus
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enabling the replacement of methyl tert-butyl ether (MTBE) and ethyl
tert-butyl ether (ETBE), which are obtained by the petrochemical route
[8,9]. In this sense, the products of glycerol acetylation are a biode-
gradable and renewable option, being less toxic than MTBE and ETBE
[10].

Glycerol acetylation with acetic acid is catalyzed by acids, in ho-
mogeneous and heterogeneous phase. In the former, organic and inor-
ganic acids have been employed, such as p-toluene sulphonic acid [11]
and HySO4 [12,13], respectively, catalyzing the reaction by the Fischer
esterification [14]. The employment of these acids, which are toxic and
corrosive, has several drawbacks related to the design and operation
[15,16]. On the one hand, reactor design requires accurate materials in
order to resist corrosion. On the other hand, post-reaction treatments are
needed, involving the neutralization with alkali, the elimination of the
salt formed and the separation of the products of interest from the liquid
effluent [17].

To overcome these limitations, acid solids with Brgnsted acidity have
been employed, which follow a mechanism similar to that of homoge-
neous catalysts, involving a first step in which the acid is adsorbed onto
the solid, followed by the attack of the OH- group to the carboxylic
group [18,19]. Several solids have been reported, such as cation ex-
change resins [20], supported heteropolyacids [21], functionalized
mesoporous materials [22] and other acid solids [23,24].

Most of these reported catalysts have demonstrated high glycerol
conversions (60-90%) with low selectivity to the desired products (1,2-
DAG, 1,3-DAG and TAG), depending on the catalyst nature and con-
centration. Activity results employing these catalytic systems have
revealed that both glycerol conversion and selectivity depend on the
reaction conditions, such as temperature, reactants molar ratio (AA:G),
water initial content and time of reaction [25]. These conditions must be
optimized in order to maximize the desired products yield, but most
publications are focused on the characterization of the catalyst and its
relationship with the kinetic aspects of the reaction. From the point of
view of the reaction, the species involved (G, AA, W, 1-MAG, 2-MAG, 1,
2-DAG, 1,3-DAG, TAG) represent a complex system, whose chemical
equilibrium can be determined by employing the Gibbs free energy
minimization method, which allows determining the equilibrium com-
positions of all species of the system, using Lagrange multipliers to
incorporate the element conservation constraints [26].

Due to the absence of thermodynamic data in handbooks or data-
bases for some of the chemical species in liquid phase (1-MAG, 2-MAG,
1,2-DAG, 1,3-DAG), predictive methods should be employed to deter-
mine enthalpy, entropy and free energy of formation, based on the
chemical groups that conform the molecules.

The objective of this work is to study the chemical equilibrium of
glycerol acetylation with acetic acid to form acetylglycerols. For this
purpose, knowledge of thermodynamic properties is required, but they
are not yet available in the literature. Because of that, the specific heat as
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a function of the temperature and the enthalpy and entropy of formation
of all compounds involved in the reaction were calculated by employing
predictive methods. With this information, the expressions of enthalpy,
free Gibbs energy and entropy of reaction as a function of the temper-
ature were obtained. The glycerol conversion at equilibrium was
calculated at different temperatures by varying the initial AA:G molar
ratio and water initial content, considering the non-ideality of the liquid
phase. The thermodynamic and physicochemical information calculated
in this contribution is essential because it is not available in simulation
software. To the best of our knowledge, this is the first theoretical study
on the chemical equilibrium of acetylglycerols synthesis.

2. Methodology
2.1. Definition of chemical species

In this method, chemical reactions are not specified in the traditional
sense of stoichiometric equation, but present substances and their initial
contents, pressure and temperature are defined. Then, the final
composition was determined by employing the minimization of the total
Gibbs free energy of the system, considering the mass balance of the
elements. The following chemical species were considered for the
thermodynamic calculus: glycerol (G), acetic acid (AA), water (W), 1-
monoacetyl glycerol (1-MAG), 2-monoacetyl glycerol (2-MAG), 1,2-
diacetyl glycerol (1,2-DAG), 1,3-diacetyl glycerol (1,3-DAG) and tri-
acetyl glycerol (TAG).

2.2. Determination of the thermodynamic properties at the pressure and
temperature of the system

In order to carry out the thermodynamic calculus, it is necessary to
select a model for the standard chemical potential of each species, and
here we use the standard molar Gibbs energy of formation. The calcu-
lation of this property involved determining the enthalpy and entropy of
formation at standard conditions (T® = 298.15 K, P® = 101.325 kPa) and
their correction with the specific heat expressions so as to obtain their
values at the system conditions. The molar enthalpy of formation (Ah®;)
and the molar entropy of formation (4s’s;) of each compound at stan-
dard conditions were determined by employing Equations (1) and (2),
respectively, using the group contribution method developed by
Domalski and Hearing, which is the most accurate and generally
applicable procedure for liquids [27].

In order to determine Ah’s; (Eq. (1)), it was considered that each
compound i was constituted by v; chemical groups (j = 1 ... J) with
molar enthalpy of formation Ah?jj. In order to determine As’; (Eq. (2)), it
was considered that each compound i was constituted by v; chemical
groups (j = 1 ... J) with absolute molar entropy si;, to which it was
necessary to subtract the absolute molar entropy of the constituting
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Scheme 1. Reactions involved in the glycerol acetylation with acetic acid.
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elements of the compound. In this sense, s;, stands for the absolute molar
entropy of element m, and coefficient o, stands for the number of atoms
of element m (C, Hy and O5) present in the compoundi (m =1 ... 3). The
values of Ahfj, sfj Ahf; and s; are presented in the Supplementary In-
formation (Table S1).

J
Ay, =" yaky, @
=1

J 3
Assfvi = Z vj SXf,/' - E XS’ 2
Jj=1 m=1

In order to calculate the enthalpy and entropy of formation at the
system conditions, specific heat expressions of the chemical species were
determined as a function of temperature (cg‘i (T)). In this work, the group
contribution method developed by Rizicka and Domalski was employed
[28], which allowed calculating the specific heat of the compounds in
liquid phase, considering the interaction between an atom and its
neighbor in a molecule. The specific heat expressions were determined
by employing Eq. (3).

b () T e(TY
c,i(T) = R|B + Dios + Elim 3)
J
B =Y ub (3a)
j=1
J
D = Zyjdj (3b)
Jj=1
J
E = Zz/,-ej (30)

Parameters bj, dj and e; were obtained from the handbook of Poling-
Prausnitz-O’Connell [29] and are presented in the Supplementary In-
formation (Table S2). For water, the specific heat expression was ob-
tained from the literature [65].

The specific heat change was expressed for each compound
(Acop‘i (T)) with respect to the specific heat of the elements (C, H, and
0,) that constitute them (Cg,m(T))’ considering the stoichiometric co-
efficients oy, which indicate the number of C atoms and Hy and O,
molecules present in each compound (Eq. (4)). The specific heat of C, Hy
and O, were obtained from the National Institute of Standards and
Technology (NIST) [30] and are reported in the Supplementary Infor-
mation (Table S3).

A (T) = ¢ (T) = ancy,(T) C))

In order to obtain the molar Gibbs free energy of formation at the
system conditions (operative P and T), the values of Ah%;; and As®;
calculated at standard conditions were corrected by employing Egs. (5)
and (6).

T

AR = ARy + / A,(T) dT (5)
A
A (T
Copi
ASOf,i :ASS_N + / %

Ts

dT 6)

Finally, the molar Gibbs free energy of formation at the system
conditions of each compound i (Agofvi) was calculated using Eq. (7).

Agofyi = Ahof.,- — TAsofy,- )
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2.3. Mathematical model: thermodynamic calculus for the chemical
equilibrium

For a system at constant temperature and pressure, the equilibrium
state can be calculated by minimizing the free Gibbs energy with respect
to the number of moles of each compound. In this work, the equilibrium
calculus was solved as an optimization problem, employing the
Lagrange method of undetermined multipliers with suitable constraints,
such as the non-negativity of the number of moles and mass balance.

The minimization problem must satisfy the following conditions:

i Mass conservation, given by the elemental mass balance (Eq. (8)):
N
Zﬂ,‘ ajk — Ak =0 (8)
i=1

In Eq. (8), Ak stands for the number of moles of element k (defined by
the initial moles of the compounds), n; stands for the number of moles of
compound i at equilibrium, and a; stands for the number of atoms of
atoms of element k present in compound i. Also, N stands for the number
of compounds in the system.

ii Non-negativity of the number of moles (Eq. (9)):
m >0, i=1..N 9

The temperature and pressure ranges studied in this work were
selected to ensure that all species were in the liquid phase (T = 350-500
K and P = 2 MPa). For this reason, the phase equilibrium was omitted,
and only the chemical equilibrium was considered.

Eq. (10) is obtained by defining the standard state of the compounds
as pure liquids at the temperature of system (T) and a pressure of 1 atm
P% and expressing the partial fugacity of compound i (fi) as a function
of the activity coefficient (y;) and the molar fraction of compound i (x;).
Table S4 in the Supplementary Information lists the groups and group
parameters of the UNIFAC method employed in the determination of the
activity coefficients [64].

(i, T) x, fL(P, T K
Ag})vi-i-RTln(}/l(x' ) xi i (P, )> +Zﬂkaik =0 (10)
k=1

f;-L (P()7 T)

Eq. (10) represents N equations at equilibrium (one per each com-
pound i), and Eq. (8) represents K equations (one per each element k). If
the sum of molar fractions is added, a total of N + K+1 equations are
obtained. The unknown variables of the system are the N molar frac-
tions, the K Lagrange multipliers (A;) and the total amount of moles (n),
being a total of N + K+1 unknown variables. The system of equations
was solved by applying the nonlinear conjugate gradient algorithm in
Mathcad 14 Professional Software.

As the reactions occur in liquid phase, it can be assumed that the
specific volumes of each compound (v&) do not strongly depend on the
pressure studied in this work, thus the fugacity coefficient (F;) of Eq. (10)
can be expressed as Eq. (11).

Fi= SPT) T)) = exp

7idP = i(P - P an
TP T rT |~ “PlRr

PO
The Yamada and Gunn correlation (Eq. (12)) was employed to

calculate the saturated molar liquid volume of the compounds (v}),
according to Poling-Prausnitz-O’Connell recommendations [29,31].

2/7
-
v = v, (0.29056 — 0.08775 w,-)< ' ) (12)

The critical properties (T¢j, Pci, Vi) were calculated according to the
Joback method [32] employing the group contribution values (t¢j, p;
and vj) presented in the Supplementary Information (Table S5). The
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normal boiling point was calculated according to Nannoolal method
[33] employing the corrections for intramolecular group-group in-
teractions reported in the Supplementary Information (Table S6). The
acentric factor (o) was calculated using the Ambrose and Walton ex-
pressions [34]. Results of physicochemical properties, normal boiling
point and acentric factor of reagents and products are presented in the
Supplementary Information (Table S7).

Once the compositions at equilibrium and the number of moles were
determined, glycerol conversion (Xg) was calculated employing Eq.
(13), where ng are the initial moles of glycerol and ng are the moles of
glycerol at equilibrium.

0 _
:M.IOO (13)

Xo(%) ==~

The selectivity towards the different products (S;) was calculated
using Eq. (14), without considering the water formed during the reac-
tion, where n; stands for the moles of product i calculated at equilibrium
and nygo are the moles of water at equilibrium.
8i(%) = —— 100 (14)

Z,»flﬂi — Nmo

3. Results and discussion
3.1. Physicochemical and thermodynamic properties

Fig. 1 shows the specific heat variation of each compound (cp?(T)) as
a function of temperature. Water is not shown here as it was obtained
from the literature.

In Fig. 1, a slight dependence of the specific heat of the compounds
on the temperature can be observed. It has been reported that the spe-
cific heat of liquids does not strongly depend on temperature, except at
reduced temperatures (T;) above 0.8 [35]. In this work, 0.3 < T; < 0.7,
which would explain the results obtained.

It can also be observed that the specific heat variation for glycerol is
slightly higher than that of the reaction products. Phillips and Mattarnal
demonstrated that the addition of carboxylic groups to a saturated hy-
drocarbon chain of a compound reduces the specific heat proportionally
to the number of added groups [36]. The results of Fig. 1 indicate that
the variation of the specific heat with temperature decreases as an -OH
group of glycerol is substituted by an acetyl group (-COCHs), until
becoming practically linear and constant. For example, for TAG, R? =

10
L » G
9 | e AA Ve
- |—A—1-MAG
8 |—v2-MAG
- —<4— 1,2-DAG
7+  |»—1,3-DAG
L |—e—TAG
6

i

cp,0 (kJ K’ g")

Temperature (K)

Fig. 1. Specific heat as a function of temperature for each compound involved
in the reaction.
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0.9961. Similar results have been reported by Zhu et al. who employed
modulated differential scanning calorimetry to determine the specific
heat of saturated liquid triacetylglycerol and determined that it varies
linearly with temperature [37].

After determining the specific heat expressions for the compounds,
their thermodynamic properties of formation were calculated (Fig. 2).
Fig. 2a and b presents the values obtained for molar enthalpy of for-

mation (Ahof,i(T)> and molar entropy of formation (4s%;(T)) as a

function of the temperature. As observed, molar enthalpy and entropy of
formation show a slight variation with temperature, a fact that is ex-
pected as the specific heat does not vary too much with temperature. As
a consequence of that, it can be seen that the Gibbs free energy of for-
mation varies linearly with the temperature, which is in agreement with
AG = AH - TAS, the terms AH and AS being almost constant. Tables S8,
S9 and S10 contain the data corresponding to Fig. 2a, b and 2c,
respectively.

In order to evaluate the reliability of the procedure employed in this
work, the calculated values for the physicochemical and thermodynamic
properties were compared with the data available in the literature,
which are summarized in Table 1. Unfortunately, there is very little
information about the properties of most acetylglycerols (1-MAG, 2-
MAG, 1,2-DAG, 1,3-DAG), which allows comparing only the calcu-
lated values with the available data in the literature at standard condi-
tions. Thus, the values calculated in this work may be useful for future
work on this matter. As it can be observed, from Table 1, the agreement
is remarkably good.
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Fig. 2. Thermodynamic properties as a function of temperature for all the
compounds involved in the reaction system: (a) molar enthalpy of formation
(Ahgi) (b) molar entropy of formation (As?,i) (c) molar free energy of formation
(agh.
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Table 1
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Comparison of the results obtained in this work with those reported in the literature. (*) NIST database; n.a: non available.

Compound Predicted value (298.15 K) Reported value (298.15 K) * Difference (%)

cp® (J K1 mol™Y) Ah{ (kJ mol™1) As? (kJ K~ mol ™) cp® J K ! mol™) Ah{ (kJ mol™1) As? (kJ K~ mol ™) cp? Ah{ As?
G 241.97 —673.7 —0.641 221.90 —669.6 —0.641 8.3 0.6 0.0
AA 121.60 —482.6 -0.324 123.10 —483.5 —-0.319 1.2 0.2 1.6
1-MAG 291.36 —875.2 —0.815 n. a. —903.5 n. a. - 3.2 -
2-MAG 273.92 —868.6 —0.811 n. a. n. a. n. a. - - -
1,2-DAG 323.54 -1070 —0.945 n. a. -1121 n. a. - 4.5 -
1,3-DAG 340.98 -1077 —0.949 n. a. n. a. n. a. - - -
TAG 373.16 —-1272 —1.088 384.70 —1331 —-1.124 3.1 4.4 3.2

3.2. Acetylation reaction - Chemical equilibrium

The thermodynamic analysis of the chemical equilibrium was carried
out in a temperature range of 350-500 K and AA:G molar ratios between
1 and 12. The pressure employed was 2 MPa, in order to make sure that
all the compounds were in liquid phase. In these conditions, and for the

f(P,T)
£ (P°,1)
The results, shown in the Supplementary Information (Figure S1),
indicate that this coefficient value is close to unity for all the compounds
in the temperature range studied.

The acetylation reaction proceeds through the activation (proton-
ation) of the carbonyl group of the acetic acid molecule, which is
possible thanks to a strong acid catalyst (Brgnsted acid generally). Then,
the carbon atom of the activated carbonyl group is attacked by an -OH
group of glycerol (nucleophilic attack), forming a C-O bond between the

specific volumes for each compound, coefficient was calculated.

(a)

90
80
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60

Glycerol conversion(%)

425

400"

Temperature (K) 375 350
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(©)

60+

Selectivity to DAG (%)

475 TS
450
025N

Temperature (K)

carbon atom of the carbonyl group and the oxygen atom of the -OH
group. After that, this intermediate loses a water molecule to form
monoacetyl glycerol (1-MAG and 2-MAG). The following reaction of
MAGs with an AA molecule leads to the formation of diacetyl glycerol
(1,2-DAG and 1,3-DAG), and finally TAG [38,39]. Tonutti et al. reported
that, from the perspective of G, MAG, DAG and TAG, it is a serial
mechanism, and, from the perspective of AA and W, it consists of three
parallel reactions [40]. A possible reaction mechanism is presented in
Egs. (15)-(21).

G+ AA o I-MAG + W (15)
G + AA & 2-MAG + W (16)
I-MAG + AA < 1,3-DAG + W a7
1-MAG + AA < 1,2-DAG + W (18)
14
12
9 ;
b i =
= o
g 8
z :
=
5 g 6
O H
o :
® s
: 4
500 z
12
) 11
425 0 2
400
Temperature (K) 350 1 2 3 AA:G molar ratio
(d) 00
1007 -
S s
O 804
S 70
=
2 604
5 60
E
g 40 50
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500~ & 40
<012
n 11
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5 1
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— 8
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AA:G molar ratio

4 == 5
Temperature (K ¢ 4 -
P 5 350 1 2°

Fig. 3. Gibbs free energy minimization results as a function of temperature and the AA:G initial molar ratio: (a) Glycerol conversion; (b) Selectivity to MAG (1-MAG
+ 2-MAG); (c) Selectivity to DAG (1,2-DAG + 1,3-DAG); (d) Selectivity to TAG. P = 2 MPa.
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2-MAG + AA « 1,2-DAG + W (19)
1.3-DAG + AA & TAG + W (20)
1,2-DAG + AA & TAG + W 21

Glycerol acetylation with acetic acid is an equilibrium reaction, so
parameters such as temperature and reactants initial molar ratio can
shift the equilibrium, favoring product formation. Fig. 3 shows the
variation of glycerol conversion and selectivity to different products as a
function of temperature and the AA:G initial molar ratio.

Regarding the thermal effect, the glycerol conversion decreases
when the temperature is higher, revealing the global exothermicity of
the system, as it has been reported by other authors in the literature [19,
23,41-43].

As the reactions involved are reversible, it is expected that an
increment in the AA concentration produces a shift of the equilibrium to
the product formation, which would explain the increment of glycerol
conversion when the AA:G molar ratio is higher, with the consecutive
formation of 1,2-DAG and 1,3-DAG from 1-MAG and 2-MAG, and TAG
from 1,2-DAG and 1,3-DAG. This effect has been reported by several
authors by employing different catalysts, such as polydivinylbenzene-
based solid acids [25], sulphuric acid-functionalized siliceous zirconia
[44], heteropolyacids supported on polymeric material poly-
vinylpyrrolidone [45], Fe304/Si02—SO%' [46] and SbCls [47].

As it can be observed, the AA:G molar ratio affects glycerol conver-
sion more sharply than the temperature, and the higher variation is
observed at AA:G between 1 and 4. For example, at 353 K and 493 K, for
a AA:G = 1, glycerol conversions of 43% and 39% are obtained,

Results in Engineering 15 (2022) 100502

respectively, while for the same temperatures and AA:G = 4, glycerol
conversions of 98.6% and 94% are obtained, respectively.

In this range of AA:G molar ratios, a 68% of maximum selectivity to
TAG is obtained, which is the product that has received special interest
because of its potential as oxygenate fuel additive for diesel or gasoline
[11].

The results in Fig. 3 show that the glycerol conversion and selectivity
to TAG increase when higher AA:G values are employed (Fig. 3a and d),
jointly with a decrease in the selectivity to 1-MAG, 2-MAG, 1,2-DAG and
1,3-DAG (Fig. 3b and c). This is a consequence of the reaction system: as
TAG is produced from 1,2-DAG and 1,3-DAG, which are also produced
from 1-MAG and 2-MAG, an increase in TAG selectivity must produce a
decrease in MAG’s and DAG’s selectivity. For this reason, AA:G molar
ratios between 9 and 12 in the 350-500 K range should be employed to
obtain total glycerol conversion (~100%) and high yields to TAG
(>90%).

As water is a byproduct of the acetylation reaction, its presence in
crude glycerol could affect the glycerol conversion and selectivity.
About this, glycerol coming from the biodiesel synthesis is diluted in
water, with a glycerol concentration of 60-80 wt%. Thus, the water
effect over those parameters as a function of the temperature and AA:G
molar ratio was studied, considering a water content of 40 wt% (Fig. 4).
As it can be observed, as the water content increases, the glycerol con-
version and the selectivity to TAG decrease. This effect is more
remarkable for low AA:G molar ratios and high temperatures (Fig. 4b
and d). For example, at 353 K and 0 wt% of water, equilibrium con-
versions for AA:G = 1, 2, 3, 6 are 44, 75, 93 and 99.8%, respectively,
while with 40 wt% of water and the same values of AA: G, glycerol
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Fig. 4. Results of the Gibbs free energy minimization, considering the effect of the water initial content as a function of temperature and AA:G molar ratio. (a)
Glycerol conversion; (b) Glycerol conversion: enlargement of the AA:G region between 1 and 6. (c) Selectivity to TAG and (d) Selectivity to TAG: enlargement of the
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conversions are 37, 67, 87 and 99.4%, respectively. The figures of
selectivity to MAG’s and DAG’s are shown in the Supplementary Infor-
mation (Fig. S2).

As it can be observed, water produces a negative effect over the
glycerol conversion and selectivity to TAG, so it is necessary to remove it
from the reaction media in order to shift the equilibrium, favoring
product formation. In this sense, Liu et al. synthesized a HZSM-5/MCM-
41 catalyst and reached complete conversion of glycerol, with a selec-
tivity to TAG of 91.3% at 125 °C and AA:G = 8, after 48 h of reaction.
Our results show that selectivity to TAG would be 87.3% under the same
conditions, but this difference could be due to the fact that water was
continuously removed, shifting equilibrium to product formation [48].
On the other hand, Li et al. simulated a reactive distillation process for
TAG production. Their results indicated that it is possible to obtain a
complete glycerol conversion with high selectivity to TAG at the bottom
of the column, using an AA:G molar ratio of 4, 50 theoretical stages for
the reactive section, a reflux ratio between 4 and 6 and a top pressure of
35 kPa [43].

With the aim of verifying the results, the values obtained in this work
were compared with those reported in the literature and experimentally
obtained by other authors (Table 2).

As it can be observed, the solid catalysts presented in Table 2 ach-
ieved the glycerol conversion values predicted in this work. However,
despite using an excess of AA, most of them cannot achieve the selec-
tivity to TAG obtained in the present study. This phenomenon can be
attributed to the nature of the serial mechanism (Egs. (15)-(21)) in
combination with the properties of the catalysts employed to perform
the reactions. It is worth mentioning that the esterification reaction
between glycerol and acetic acid occurs even without employing any
catalyst, due to the autocatalytic effect caused by the acetic acid. In fact,
Tonutti et al. reported that, after 5 h of reaction without catalyst at 393 K
and an AA:G = 6, the glycerol conversion obtained is 100% with a
selectivity to MAG and DAG of 45% and a selectivity to TAG of 10%. This
information is essential to objectively compare the catalytic perfor-
mance of different solids [40]. In this sense, the results in Table 2
indicate that almost all catalysts can achieve total glycerol conversion,
as the first step in the reaction mechanism is not the limiting one in
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kinetic matter. However, most of them are limited to achieving high
selectivity to TAG, indicating that the formation and consumption of 1,
2-DAG and 1,3-DAG are the slowest steps, as demonstrated by Tonutti
et al. [40]. This could be attributed to the catalyst surface and their
properties.

In this regard, Liu et al. demonstrated the importance of the acidity
of the catalyst and the efficiency of diffusion of reactants and products in
order to obtain high selectivity to TAG, because the size of this molecule
(molecular diameter of ~4.5 nm) requires space to diffuse into the
catalyst pores [48].

These requirements could explain some results shown in Table 2. For
example, if the catalytic performance of the solid Sby05 (which presents
a pore size of 18 nm and a Brensted acid density of 0.035 mm g™!) is
compared with the blank test, it can be observed that the catalytic effect
is almost negligible: 10% of glycerol conversion is achieved with the
blank test, while 16.5% is obtained with this solid. This result can be
attributed to the low acid density of the catalyst employed [53]. In
addition, Ekinci and Oktar reported the hydrothermal synthesis of an
MCM-41 catalyst, modified with silicotugnstic acid (STA) and zirconia
(ZrO3) (Table 2). The results showed a complete glycerol conversion,
with a selectivity to TAG of 21%. Even though the presence of STA
guarantees the existence of strong Brgnsted acid sites, this solid presents
a pore diameter of 1.9 nm, making more difficult the diffusion of re-
actants and products, fact that would explain the results obtained [54].

Considering these aspects, the efforts related to the synthesis of
better catalysts should be focused on the obtention of higher selectivity
to TAG, instead of improving the activity of the solid.

Fig. 5 represents the yield to TAG, calculated as the product between
selectivity and glycerol conversion, for different catalytic systems as a
function of the average pore diameter and the density of acid sites. The
data was obtained from Table 2 considering only the catalysts whose
textural and acidic properties were properly reported in the literature, as
they seem to be critical in the formation of TAG.

As it can be seen from Fig. 5, the distribution of the dots indicates
that, in order to obtain high yields to TAG, a catalyst should present
suitable acid and textural properties. Materials such as phenolic resins
(Amberlyst-15, Amberlyst-70), acidic mesoporous carbons (-SOsH/

Table 2
Comparison of the results of this work with those reported in the literature. m.: catalyst mass referred to glycerol (wt%). NI: Non-Informed.
Catalyst AA: G T (°C) m, (%) t(h) X (%) Stac (%) Ref.
Exp. Theor. Exp. Theor.

PDSA-treated montmorillonite 3 120 NI 1 96 90.9 56.0 52.1 [49]
SbCls 4 80 5 0.25 100 95.7 22.0 57.2 [47]
BuSnCl; 4 80 5 3.0 100 95.7 30.8 57.2 [50]
Y/SBA-3 4 110 4 2.5 100 93.7 55.0 56.1 [51]
Sulfonated carbonized rice husk 4 150 5 5.0 90 96.5 37.0 64.8 [52]
Blank Test 6 120 - 1.0 50 98.9 5.00 72.3 [40]
Blank Test 6 120 - 5.0 98 98.9 10.0 72.3 [40]
Amberlyst-70 6 105 5 10 100 99.8 87.6 82.9 [20]
Amberlyst-15 6 105 5 10 100 99.8 83.9 82.9 [20]
C-glycerol 6 110 9 2.0 97.0 99.0 23.0 73.0 [41]
Sb,0s5 6 120 NI 3.5 96.3 98.9 12.6 72.3 [53]
Propyl-SO3H-SBA-15 6 120 4 2.5 96 99.7 32.0 82.5 [22]
SO3/Ce04-Zr0, 6 120 5 1.0 100 98.9 16.5 72.3 [44]
STA-ZrO,-MCM-41 6 200 4 4.0 100 96.9 21.0 68.1 [54]
Arenesulfonic acid functionalized bentonite 7 100 7 3.0 100 99.8 74.0 82.9 [55]
SSZ-550 9 80 3 0.7 100 99.9 93.0 85.7 [63]
Si0,-H3PO4 9 100 5 4.0 100 99.9 22.8 84.6 [56]
Amberlyst-35 9 105 5 4.0 100 99.9 35.0 84.6 [5]

HZSM-5 9 110 11 4.5 85.6 99.8 7.70 84.0 [571
HUSY 9 110 11 4.5 78.4 99.8 5.60 84.0 [57]
CsPWA 9 110 7 2.0 98.2 99.8 17.0 84.0 [42]
Sucrose-SBA-15-BDS 9 110 9 6.0 95 99.9 22.0 89.7 [58]
S03 /y- Al,03 9 110 5 5.0 97.0 99.8 23.1 84.0 [59]
Dowex 650C 9 120 4 6.0 99.6 99.8 37.0 83.5 [60]
-SO3H/C-Si-Zr 9 150 9 5.0 97.0 99.9 93.8 88.7 [61]
20 mol% MnO3/SiO, 10 100 10 8.0 100 99.9 50.0 90.6 [62]
H4SiW12040/ZrOy 10 120 6 4.0 100 99.9 32.3 89.7 [39]
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Yield to TAG (%)

Fig. 5. Yield to TAG as a function of the average pore diameter and density of
acid sites, extracted from reported data. [1]- [411; [2]- [571; [3]- [53]; [4]-
[58]; [5]- [381; [61- [59]; [71- [221; [81- [62]; [9]- [49]; [10]1- [511; [11]- [52];
[12]- [60]; [13]- [5]; [14]-[55]; [15]- [20]; [16]- [61].

C-Si-Zr) and sulphated siliceous zirconia catalysts (SSZ-550) combine a
high density of acid sites with large average pore diameters, which al-
lows obtaining high yields to TAG, similar to those predicted when the
chemical equilibrium is reached [20,49,51,55,61].

As an example of this, yields to TAG of 88% and 84% can be obtained
using Amberlyst-70 and Amberlyst-15, which are acidic ion-exchange
resins with high density of Brgnsted acid sites (2.55 and 4.70
mmolg ! respectively) and average pore diameters of 22 nm and 30 nm,
respectively [20].

Other catalytic systems such as mesoporous carbon composites
(-SO3H/C-Si-Zr) with acid sites densities of 7 mmol g’1 and pore sizes
of 10-20 nm, were suitable for obtaining TAG, achieving a selectivity of
~94% under the experimental conditions shown in Table 2. This value is
slightly higher than the selectivity predicted in this work (88.7%), fact
that could be explained considering the hydrophilicity of the solid [61].
Finally, Abida et al. synthesized a mesoporous sulphated siliceous zir-
conia catalyst (SSZ-550), which displayed high glycerol conversion
levels and high selectivity to TAG (93%), due to the presence of strong
Brensted acidic sites (~5 mmol g1) in the form of sulphate groups
(SO4-H™) [63].

4. Conclusions

In this work, the chemical equilibrium of the esterification reaction

List of symbols
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of glycerol (G) with acetic acid (AA) to form mono- (MAG), di- (DAG)
and tri- (TAG) acetylglycerols was studied. Physicochemical and ther-
modynamic properties as a function of temperature (cg, Ahf, As and
Agd) of the compounds involved in the reaction were successfully
calculated by implementing a group contribution method. The specific
heat of glycerol at standard conditions (298 K and 101.325 kPa) presents
a difference of 8% with respect to the reported value, and, for the rest of
the compounds, this difference is between 1 and 3%, demonstrating the
validity of the results obtained.

The minimization of the Gibbs free energy method was employed to
obtain the compositions at the equilibrium, considering the non-ideality
of the liquid phase by employing the UNIFAC method. The results
showed that the glycerol conversion decreases when the temperature is
higher, revealing the global exothermicity of the system. However, this
variation is not too significant, attributed to the slightly variation of the
specific heat of all compounds with temperature. Furthermore, the AA:G
molar ratio affects glycerol conversion more sharply than temperature,
showing the highest variation for AA:G molar ratios between 1 and 4.
Nevertheless, the selectivity to TAG is lower under these conditions, so
higher AA:G molar ratios should be employed in order to obtain a higher
selectivity to the most substituted product.

The presence of water in the glycerol solution was also studied,
indicating that it produces a decrease of the glycerol conversion and
selectivity to TAG, which demands adequate strategies to remove water
from the reaction medium.

With the aim of maximizing the selectivity to TAG, high molar ratios
of AA:G should be used as well as catalytic systems with a combination
of high density of acid sites and adequate pore size that ensure the
accessibility of products and reagents to the active sites.
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TS Standard temperature

p* Standard pressure

T Temperature

P Pressure

Ah®; Molar enthalpy of formation of compound i at standard conditions

As’¢; Molar entropy of formation of compound i at standard conditions

Vi Number of chemical groups of type j in the molecule i

Ah®ej Molar enthalpy of formation of the chemical group j at standard conditions
Asgj Molar entropy of formation of the chemical group j at standard conditions
st Absolute molar entropy of chemical group j

St Absolute molar entropy of element m

cg,i Specific heat of compound i at temperature T
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A, ; Specific heat change of compound i with respect to the elements
cg‘m Specific heat of the element m

Om Number of C atoms and Hy and O5 molecules present in compound i
Ah®; Molar enthalpy of formation of compound i at temperature T
As%; Molar entropy of formation of compound i at temperature T
g%, Molar Gibbs free energy of formation of compound i at temperature T
n; Number of moles of compound i at equilibrium

k Type of element (C, H, O)

K Total number of elements in the system

Ag Number of moles of element k

ajx Number of atoms of element k present in compound i

N Number of compounds in the system

1, Partial fugacity of compound i

Yi Activity coefficient of compound i

Xj Molar fraction of compound i

R Gas constant

M Lagrange multiplier of element k

Vb Specific volume of compound i in liquid phase

- Fugacity of pure compound i in liquid phase

Tei Critical temperature of compound i

P Critical pressure of compound i

Vei Critical volume of compound i

®; Acentric factor of compound i

Xg Glycerol conversion

ng Initial number of moles of glycerol

ng Number of moles of glycerol at equilibrium

Si Selectivity to compound i

n; Number of moles of compound i at equilibrium

NyH20 Number of moles of water at equilibrium

T, Reduced temperature

Appendix A. Supplementary data
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.rineng.2022.100502.
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