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HIGHLIGHTS

GRAPHICAL ABSTRACT

« The selective acetylation of glycerol
with acetic acid was investigated.

« TAG was produced with very high
selectivity of 55% with minimal MAG
formed.

« 3%Y/SBA-3 catalyst was the best
catalyst to achieve glycerol
conversion of 100%.

« The best reaction conditions are;
T=110°C, time = 2.5 h, catalyst
loading = 0.05 g.
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The selective formation of fuel oxygenates via glycerol acetylation with acetic acid over a series of
yttrium containing SBA-3 catalysts is reported. The products of glycerol acetylation are mono-, di- and
triacetyl glycerol (MAG, DAG, and TAG, respectively) with TAG being the favored. The Y/SBA-3 was pre-
pared by grafting yttrium into the framework of SBA-3. XRD, SAXS, FTIR, SEM-EDX, and surface area and
porosity analyzer were used to confirm the properties of the catalysts. The 3%Y/SBA-3 presented unique
catalytic performance achieving complete glycerol conversion with corresponding selectivity of 34% and
55% toward DAG and TAG. Over 0.05 g of this catalyst, the reaction conditions were economized to reac-
tion temperature of 110 °C, molar ratio of glycerol to acetic acid of 1:4, and reaction time of 2.5 h. The
catalytic activity was mainly attributable to the catalyst’ strong acidity and its high surface area with
large pore size that facilitate the diffusion of substrates and products. The reaction kinetics model over
this catalyst has been developed using experimental data. The stability of the catalyst was examined
via leaching and reusability tests through four consecutive batch runs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The importance of bio-based fuels to partially replace the fossil
fuels and for sustainable growth cannot be overemphasized. Today,
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the increasing concern about the global warming and the dwin-
dling of global energy supplies have motivated the search for alter-
native fuels that can partially replace the finite fossil fuels and
assist to reduce the noxious emissions. As an alternative to the pet-
ro—diesel, biodiesel is acquiring a peerless interest due to its sus-
tainability, low toxicity, high BTUs per gallon and high cetane
number, which translated into higher combustion efficiency in an
internal combustion engine [1]. Commercially, biodiesel is pro-
duced via the catalytic transesterification of triglycerides of fatty
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acids (C;,—-Cyy) with short chain alcohol such as methanol [2]. Inev-
itably, the process generates about 100 kg of glycerol as a byprod-
uct for each ton of biodiesel produced [3].

A surplus of glycerol has been produced as a consequence of
the biodiesel industry growth, leading to the depreciation of its
commercial value and thereby, affecting the industrial feasibility
of biodiesel. Therefore, the valorization of this glycerol is inti-
mately intertwined with the new and emerging solutions to ame-
liorate the biodiesel economy and to cut down its global prices
[4]. Recently, great interest has been devoted to convert this pol-
yol into value-added products via different routes such as valori-
zation [5], dehydration [6,7], esterification [8], hydrogenolysis [9],
and acetalization [10]. Besides, glycerol acetylation with acetic
acid is acquiring special attention due to the industrial impor-
tance of the final products. Mono-, di-, and triacetyl glycerol
(MAG, DAG and TAG, respectively) are the reaction products,
which have found various applications ranging from moisturizers
to fuel additives. Particularly, TAG is the most attractive acetin
due to its importance as an antiknock agent to gasoline and to
its role in improving the cold flow properties and the viscosity
of biodiesel [11].

Commercially, glycerol acetylation is performed under batch
processes that are catalyzed by conventional BrOnsted acids like
H,S04, H3PO4 or HCl as homogeneous catalysts. Such processes
are usually accompanied by several technical and environmental
drawbacks such as the catalyst separation, product purity,
reactor corrosion, and the effluent disposal. As an alternative,
different solid acid catalysts including supported heteropolyac-
ids, B-MoO3/SBA-15, WO,/TiO,-ZrO,, sulfated Zirconia, sulfated
activated carbon, and mesoporous silica functionalized with sul-
fonic acid groups have been employed for this reaction. It was
found that the acidity of the catalyst (especially the BrOnsted
acid sites) has a key role toward the selective formation of the
favored DAG and TAG products. Despite that these reported cat-
alysts have shown high activity for glycerol acetylation; the low
thermal stability and the unsatisfactory selectivity to TAG are
still big challenges to the proper design of suitable heteroge-
neous catalyst for this reaction. In fact, the inevitable water for-
mation in this reaction may lead to weakening the acidic sites
[8] and thus, the water-tolerant property of solid acid catalyst
is a necessity to perform glycerol acetylation well. In addition,
the leaching of the active components to the reaction medium
(due to the high polarity of the reaction mixture) is another
unresolved problem in many of the previously reported catalytic
systems [12,13]. The main reason for the poor hydrothermal sta-
bility and the leaching of the metallic species could be assigned
to the catalyst preparation techniques. It was reported that cat-
alysts prepared by wet impregnation (WI) method suffered a
notable leaching and showed low selectivity to TAG [12]. Con-
trary to the WI which proceeds through the adsorption (chemi-
and/or physisorption) of metal clusters onto the support surface,
grafting technique proceeds through surface reaction (condensa-
tion, protolysis) of the supports’ functional groups (e.g. OH™) and
the metal precursor. Therefore, it is widely accepted that catalyst
preparation by grafting of metal species may result in hindering
of migration, agglomeration and sintering during the subsequent
thermal treatments. Moreover, the catalyst would be of highly
dispersed metal ions within its structure or framework. We have
reported in our earlier contribution in the preparation and
characterization of the yttrium containing SBA-3 catalyst along
with its application during the transesterification of glycerol
with methyl acetate [14]. Thus, this work emphasizes on the
application of an outstanding heterogeneous catalyst of strong
BrOnsted acidity during the selective acetylation of glycerol to-
ward the formation of DAG and TAG under economized process
conditions.

2. Materials and methods
2.1. Materials

Anhydrous glycerol of high purity (>99%) was obtained from
Sigma, Germany. Glacial acetic acid (100%) and HPLC grade ethanol
(99.7%) were supplied by Merck, Malaysia. Tetraethylorthosilicate
(TEOS), Yttrium nitrate hexahydrate (Y(NO3)3-6H,0) of 98% purity,
Cetyltrimethyl ammonium bromide (CTMABTr), and Pluronic F127
(EO106P070EO106) Were purchased from Sigma-Aldrich, Malaysia.
Hydrochloric acid (HCl 37%) was obtained from Mallinckrodt,
USA. Standard diacetyl glycerol (~50%) and triacetyl glycerol
(~99%) were supplied by Sigma-Aldrich, Germany. All reagents
were used without further purification. Deionized water was used
throughout this work.

2.2. Preparation of the heterogeneous catalysts

In this work, the mesoporous silicate material (SBA-3) was pre-
pared by hydrothermal method and used as catalysts’ support. The
synthesis details of the mesoporous SBA-3 support and its func-
tionalizing with yttrium species was explained in our previous re-
port [14]. The Y-grafted SBA-3 was prepared by grafting of yttrium
species into the lattice of the SBA-3 support, being Y(NOs3)s-6H,0
was added during the support preparation. The obtained catalysts
were denoted as (X%)Y/SBA-3, where X refers to the Y mass fraction
in the catalyst. To assess the effectiveness of the preparation tech-
nique, another group of catalysts prepared by impregnation tech-
nique were considered in this study.

2.3. Characterization of the catalysts

The prepared catalysts were characterized for their textural
properties (BET surface area, pore volume, and pore size) over
Micromeritics ASAP 2020 (USA) surface area and porosity analyzer.
X-ray diffraction (XRD) patterns of the pristine SBA-3 and the Y
functionalized catalysts (fresh and reused catalysts) were acquired
on Bruker D8 Focus X-ray diffractometer (Bruker, Germany) over
10° < 20 < 90°. Small angle X-ray scattering (SAXS) diffractograms
were used to provide useful information about the repeating unit
of the crystallite structure and the interplaner spacing which
may be necessary in understanding the crystalline system of
ordered materials. The X-ray tube was operated at 40 kV and
30 mA over scattering angle range of 0.5° <260 < 5° with scan
speed of 0.01°/min at room temperature. FTIR spectra of the
support and catalyst samples (fresh and reused catalysts) were
acquired on Perkin-Elmer System 2000 spectrometer by using
the standard KBr technique over the range of 1500-400 cm™'.
Scanning electron microscopy (SEM) was used to study the
morphology of the synthesized materials using Zeiss Supra TM
35 VP scanning electron microscope (Zeiss, Jena, Germany) coupled
with FEI as a source of electrons and accelerated at 300 kV.
Energy-dispersive X-ray spectroscopy (EDX) was performed in
conjunction with SEM to determine the metallic composition of
the catalyst. It is important to mention that the results of
SEM characterization for the pristine SBA-3 support and the
so modified Y/SBA-3 catalysts were reported in our earlier report
[14].

The acidity of prepared catalysts was determined by a neutral-
ization titration procedure. Catalyst powder (0.12 g) was dispersed
in 25 mL of 0.02 M NaOH solution and the resulting suspension
was gently stirred at room temperature for 48 h. Finally, the mix-
ture was filtered off using membrane filter (0.2 pum pore size) fitted
to vacuum system, and the alkali filtrate solution was titrated
against 0.02 M HCI solution. The following formula was used to
calculate the concentration of acidic sites (C):
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(Initial moles of NaOH — Final moles of NaOH)
Mass of Catalyst (g)

C (mmol/g) =

2.4. Catalytic reactions

The activity of the catalysts was tested in glycerol acetylation
with acetic acid in high-pressure Teflon lined stainless steel reactor
(100 cm?®) equipped with motor stirrer within temperature range
of 80-120 °C. First, 5 g of anhydrous glycerol and 6.2-24.8 mL of
acetic acid (corresponding to the varying molar ratios of glycerol
to acetic acid) were charged to the reactor. To the reactor, 0.20 g
(except in the study of the effect of catalyst weight) of the catalyst
was added. The reaction media was heated up to the appropriate
reaction temperature and stirred at a rate of 350 rpm. After the cat-
alytic experiment, the catalyst was separated by centrifugation and
regenerated by washing it with ethanol and then air dried at 105 °C
for 12 h to recuperate its catalytic activity. For comparison, a blank
experiment (without adding the catalyst) was performed under the
same reaction conditions.

2.5. Analysis of the reaction products

Reaction products were identified using GC/MS Perkin Elmer
system (Clarus 600 gas chromatography attached to a Clarus
600T mass spectrometer) equipped with DB-5 column. Aliquots
were analyzed by gas chromatography (GC; Shimadzu 2010 plus
chromatograph, Japan) equipped with a flame ionization detector
(FID) and a ZB5-HT (30 m x 0.25 mm x 0.25 pm) GC capillary col-
umn. The products were collected after the completion of each
reaction and no sampling was done during the reaction due to
the higher reaction temperature (>110°C), a temperature at
which acetic acid is in vapor form. The products (MAG, DAG and
TAG) selectivity and glycerol conversion were calculated using ace-
tonitrile-based internal standard. About 0.20 pL of the final sample
was injected into the column in which the column temperature
was initially set at 60 °C (2 min) followed by ramping of 10 °C/
min to 260 °C and then heated at 30 °C/min to 300 °C. The FID
and injection temperatures were fixed at 350°C and 250 °C,
respectively. Helium at 1.3 ml/min was used as carrier gas. The
injection split ratio was 10. Glycerol conversion (Xg;,) and the prod-
uct selectivity (S;) were calculated using the following formulae:

moles of glycerol taken — moles of glycerol unreacted
moles of glycerol taken

Xgly(%) =

x 100
(1)

Si(%) = moles of product;
Total moles of products
The calculation of MAG and DAG moles followed the single
point internal standard method based on the internal response fac-
tor of each component (IRF;), as follows:

% 100 2)

_ Areags * Moles;
IRF: = A rea, » Moless ®)

. Area;
Moles of species i = Moles;s * Areass * IRF; (4)

3. Results and discussion
3.1. Catalyst characterization

The characterization results (Textural properties, XRD, SAXS,
FTIR, SEM, and EDX) of the catalysts were presented and discussed

in our earlier report [14]. In this paper, we report the characteriza-
tion of the most significant values of such properties for the fresh
and spent catalysts (after employing them in glycerol acetylation
with acetic acid). For all catalysts, relatively high surface areas
were observed (ranged from 1462 for SBA-3 to 1622 m?/g for
3.5%Y/SBA-3 catalyst) and a pore diameter ranged from 25.4 to
28.6 A. It was noted that the grafting of Y clusters resulted in
catalysts with higher surface area than that of the pristine SBA-3
support, being the 3%Y/SBA-3 catalyst sample possessed a surface
area of 1568 m?/g compared to only 1462 m?/g for the SBA-3
support. As also stated by Jung et al., the observed increment in
the surface characteristics after the grafting of yttrium ions into
the lattice of SBA-3 material is caused by an inhibitory effect to
the sintering of nano-sized yttrium components [15]. After
recycling the 3%Y/SBA-3 catalyst, it was characterized to investi-
gate the effect of the reaction conditions on the textural properties
and surface acidity. For the spent catalyst, the surface area de-
creased from 1568 to 1502 m?/g, the pore volume from 0.81 to
0.77 cm®/g, and the pore diameter from 25.4 to 25.1 A. These
changes in surface properties are minute and could strongly assert
the mechanical stability of the catalyst particles under the stirring
conditions.

Out of all catalysts, the 3%Y/SBA-3 catalyst has possessed the
strongest BrOnsted acidity of 1342 umol/g. And it was observed
that the surface acidity of this catalyst reduced to 1288 pumol/g
after the fourth recycle. This can possibly be attributed to the
hydration effect of the co-produced water from the acetylation
reaction.

The XRD patterns of the pristine SBA-3 and the so-developed
3%Y/SBA-3 catalyst were presented and discussed in our previous
report [14], but a comparison was made with the spent 3%Y/SBA-
3 catalyst after reusing it in glycerol acetylation (Fig. 1a). This com-
parison is important to understand the effect of the co-produced
water on the catalyst system. Fig. 1b shows the SAXS diffracto-
grams of the fresh and spent 3%Y/SBA-3 catalyst, which were ex-
plained in that report. The SAXS patterns showed three well-
resolved Bragg angles in hexagonal lattice symmetry, indicating
the ordered structure of SBA-3 material before and after the mod-
ification with yttrium species. This observation is corroborated
with the physical explanation reported elsewhere [16]. X-ray
investigations were also made to evaluate the stability of the spent
3%Y/SBA-3 crystalline structure, Fig. 1. No serious changes were
observed in both patterns compared to that of fresh 3%Y/SBA-3 cat-
alyst, indicating the hydrothermal stability of this catalyst under
the reaction conditions.

The synthesized catalysts (fresh and spent 3%Y/SBA-3) were
also characterized by FTIR analysis to investigate the chemical
interactions between the support surface and the guest Y species
(Fig. 2). The FTIR spectra of these catalysts have showed some char-
acteristics IR absorptions as below:

IR band
463 and 865 cm ™!

Attributable to the
symmetric Si-O-Si tetrahedron in the
structural siloxane bond [16],

1077 cm™! asymmetric Si-O-Si tetrahedron in the
structural siloxane bond [17],

962 cm™! stretching vibration modes of Y-0O-Si,
[15,18]

577 cm™! presence of Y-O bonding within the

structure [19],

It is obvious from the nature of the chemical bonding that the
structure of the fresh and the spent 3%Y/SBA-3 catalyst has con-
tained the active yttrium species as building components. This
could evidently assert the stability of the catalytic activity of this
catalyst during glycerol acetylation with acetic acid. By interpreting
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Fig. 1. XRD patterns of SBA-3, fresh and spent 3%Y/SBA-3 catalyst.
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Fig. 2. FTIR spectra of SBA-3, fresh and spent 3%Y/SBA-3 catalyst.

the results of XRD and FTIR analysis of the spent catalyst, one can
trustfully describe this catalyst as “water-tolerant”, due to its resis-
tance to the hydrolysis effects of the co-produced water.

SEM images of the synthesized materials (SBA-3, fresh and
spent 3%Y/SBA-3 catalysts) are presented in Fig. 3a-c. The obtained
images confirmed the spheroid morphology of the SBA-3 material
and clearly showed the attachment of Y species to the support

structure. It was difficult to identify the distribution of the guest
elemental components over the support surface due to the aggre-
gation of the catalyst particles in bunch clusters. SEM image of
the spent 3%Y/SBA-3 catalyst showed no appreciable morphologi-
cal changes after the acetylation reaction (Fig. 3c). The elemental
content of the fresh and the spent 3%Y/SBA-3 catalyst was deter-
mined with EDX. Table 1 summarizes the metallic profile of this
catalyst. It is obvious that the loading of Y in this catalyst is
2.96 wt.%, which found to be close to the theoretical value of
3 wt.%. This could merely assure the precision of the preparation
procedure and supports the claim of the stability of the obtained
catalyst structure under the reaction conditions.

EHT = 5.00kV
Date :8 Aug 2012

Signal A = SE2
Time :11:06:09

Mag= 1.00 K X

10ym* WD= 6mm

EHT = 5.00 kV Signal A = SE2
Date :8 Aug 2012 Ti 59:31

Fig. 3. SEM images of (a) SBA-3, (b) Fresh 3%Y/SBA-3 catalyst, and (c) Spent 3%Y/
SBA-3 catalyst.
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Table 1
EDX elemental analysis results for the fresh and spent 3%Y/SBA-3 catalyst.

Catalyst Elemental content (%)

Theoretical By EDX

Y Si (o] Y Si ]
3%YSBA-3 3 63 34 2.96 65.4 31.64
3%YSBA-3R - - - 2.89 64.8 32.23

3.2. Catalytic activity: acetylation of glycerol with acetic acid

The catalytic performance of variously loaded Y/SBA-3 catalysts
was evaluated during glycerol esterification by means of glycerol
conversion and product selectivity. The path of such a reaction in-
volves the conversion of glycerol to MAG, whereas DAG and TAG
products were formed through consecutive acetylation reactions
[20]. This mechanism suggests that a product with a lower MAG
content will be of higher DAG and/or TAG content (based on high
glycerol conversion). Scheme 1 illustrates the reaction pathway
of glycerol acetylation with acetic acid over heterogeneous
catalyst.

A series of SBA-3 catalysts with varying loading of Y (1-3.5 wt.%)
were employed to facilitate the acetylation reaction of glycerol with
acetic acid. The results of the catalytic activity are summarized in
Table 2. For comparison to the grafted catalysts, another series of
Y/SBA-3 catalysts were prepared by impregnation of Y on SBA-3
support. For the grafted samples, it was noticed that the catalytic
activity increases as the amount of yttrium grafted increases up
to the level of 3 wt.%. While the catalyst with 3.5wt% of Y
possessed lower catalytic activity than the latter. This might be
explained by the number of accessible active sites, which increases
with increasing the Y concentration up to the level of anchoring
points saturation. Therefore, the catalyst with 3.5 wt.%Y showed a
decrease in catalytic activity, leading to the conclusion that
3 wt.%Y represents the optimum metal loading. Furthermore, the
performance of the 3.5%Y/SBA-3 catalyst did not bring about the de-
sired effect as the reaction could have been limited by the mass
transfer during the reaction.

The obtained selectivity to DAG and TAG over 3%Y/SBA-3 cata-
lyst were found to be higher than that obtained with SBAH-15(15)

C

>
HO OH + 3¢~ “OH

Glycerol Acetic acid
O
P
H;C~ O
HyC._ _O [o N
O O

Triacetyl glyceride

cat.H"

catalyst [21], which might be ascribed to the selective behavior of
yttrium during the consecutive acetylation reactions of MAG to
DAG and TAG. The 3%Y/SBA-3 was readily active, achieving com-
plete conversion of glycerol with corresponding selectivity of
11%, 34% and 55% toward MAG, DAG and TAG, respectively. The
economized reaction conditions were; reaction temperature of
110 °C, molar ratio of glycerol to acetic acid of 1:4, and reaction
time of 2.5 h.

Physically, the performance of 3%Y/SBA-3 catalyst could be ex-
plained by the extremely high surface area (1568 m?/g) and the
stability of the crystalline structure of the SBA-3 material after
the grafting of Y species (as also proved by SAXS results, [14]).
The high surface area of the support has resulted in the uniform
prevalence of Y species into its framework. It is worthy to mention
that the amount of Y(NOs); used in the 3%Y/SBA-3 catalyst prepa-
ration was decomposed to synergistically interlocked Y-O-Si and
Y-0O components, that are therefore believed to be the active com-
ponents within the structure of this catalyst.

The catalytic performance of 3%Y/SBA-3 was compared with
that of other catalysts (AC-SA5 and SBAH-15(15)), which have been
reported in our earlier contributions [21,22]. It can be simply
observed that the catalytic activity increases in the order of
AC-SA5 < SBAH-15(15) < 3%Y/SBA-3. Apart from the effects of the
reaction conditions, the observed trend could be explained by the
effects of group of factors (physical and chemical). Physically, it
was found that the catalyst surface area increases in the same
trend which gives a logical explanation that this parameter
strongly affects the catalytic activity, as the acetylation of glycerol
is a consecutive reaction and higher surface area could favor the
second and the third reactions [23,24]. In addition, the crystallinity
(which refers to the degree of structural order in a solid) of the cat-
alyst was found to be more ordered for 3%Y/SBA-3 catalyst than
SBAH-15(15) catalyst (as proved and discussed by XRD and SAXS
results) and surely of AC-SA5 since it is a highly amorphous
material.

Moreover, the intra-microporosity introduced within the p6m
wall structure of the 3%Y/SBA-3 catalyst was higher than that of
p6mm structure of SBAH-15(15) catalyst which is possibly related
to the crystal phase density that was found to be higher for the
p6mm material. This microporosity is importance especially for
the internal diffusion limited reactions (as the case of glycerol

(0]

- Jl
HO o~ TcHs
o
I

o  CHs

HO OH

Monoacetyl glyceride

L9
H3C O N
3¢ m O CH3
O O
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Scheme 1. Glycerol acetylation with acetic acid.
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Table 2

Comparison of the catalytic activity of different silica based heterogeneous catalysts with different MPA concentrations during glycerol acetylation with acetic acid using variant

glycerol to acetic acid molar ratio (1:4; 1:6; 1:8) at 110 °C after 3 h.

Catalyst Conversion (%) Selectivity (%)
MAG DAG TAG
1:4 1:6 1:8 1:4 1:6 1:8 1:4 1:6 1:8 1:4 1:6 1:8
Blank test 20 27 31 71 54 43 28 42 52 1 4 5
1% Y/SBA-3 65 74 76 95 91 75 5 8 20 0 1 5
2%Y/SBA-3 68 75 79 82 78 71 1 13 12 7 9 17
2.5%Y/SBA-3 82 85 87 54 43 42 26 28 28 20 29 30
3%Y/SBA-3 100 100 97 11 10 19 34 35 25 55 55 56
3.5%Y/SBA-3 94 95 86 24 23 20 39 40 29 37 37 51
1%Y/SBA-3 (Im) 79 90 91 30 22 21 47 53 51 23 25 38
3%Y/SBA-3 (Im) 88 96 96 19 15 12 50 47 47 31 38 41
SBAH-15(15)* - 100 - - 14 - - 67 - - 19 -
AC-SA5" - - 91 - - 38 - - 28 - - 34
a Ref. [21].
b Ref. [22].
acetylation) and thereby, the 3%Y/SBA-3 catalyst was found to be SAG %
more active than SBAH-15(15) catalyst toward the formation of [ DAG %
higher glycerol acetates (DAG and TAG). These observations are z::.ﬁ:ﬁm%
in good agreement with those reported in the literature [25-28]. - -
On the other hand, several chemical parameters affect the rate vz -
of glycerol acetylation with acetic acid; being the steric hindrance
and the interaction with the active sites on the catalyst surface as Wl 1%
the two main factors. Indeed, glycerol acetylation can be an
example for the steric hindrance between adjacent groups which - 1% ;'\;
restrict torsional bond angles [23,28]. Thence, a well-engineered e wl =1
catalytic material with high surface area could effectively contrib- z 17 .2
ute toward reducing this hindrance by providing extra catalytic .E §
sites that enhance the interaction between the reactive molecules. 3 ol 460 §
The interaction of the reactive molecules with the active sites a o
could also be another factor, as the catalytic site may be buried / 450
within a large molecule and leading to the active site decease wh
[28,29]. Thence, the grafting of the active metal species within J40
the structure of the support may assist in decreasing the number \
of deceased sites, as these sites will not be on the catalyst surface 0 30
only. 0.05 0.10 015 0.20 025
Catalyst weight (g)

For the uncatalyzed experiments, the value of glycerol conver-
sion may be explained according to the collision theory which pre-
sumes that the collisions can only occur when certain molecules of
the reactants hit with each other. The chemical reaction can only
take place by the successful collisions which require having a cer-
tain amount of energy, at the moment of impact to break the pre-
existing bonds and form all new bonds. Involving a catalyst into
the reaction media might reduce the activation energy required
for the chemical reaction to occur, and hence more collisions have
sufficient energy for the reaction to take place. The reaction rate
therefore increases.

3.3. Effect of reaction parameters

3.3.1. Effect of catalyst weight

Fig. 4 shows the results for the reaction profile studied using
varying amounts of 3%Y/SBA-3 catalyst. The reactions were carried
out using a molar ratio of glycerol to acetic acid of 1:4 at 110 °C for
3 h. The conversion of glycerol increased in the same trend with
AC-SA5 and SBAH-15(15) catalysts, but the selectivity to DAG
and TAG was much higher than those previously observed for
AC-SA5 and SBAH-15(15) catalysts (Table 2). It is interesting to ob-
serve that the formation of TAG was noted with all of the catalyst
dosages. This might be explained by the selective behavior of Y
components in the 3%Y/SBA-3 catalyst. Over this catalyst, the
selectivity to TAG (55%) was higher than those obtained using

Fig. 4. Effect of catalyst weight (g). Reaction conditions: molar ratio of glycerol/
acetic acid: 1:4; reaction temperature: 110 °C; reaction time: 3 h.

other catalysts (over AC-SA5 was 34% and over SBAH-15(15) was
19%), which evidently explains the selective behavior of Y and its
activity during the consecutive acetylation reactions. The conver-
sion of glycerol was 44% at the catalyst weight of 0.05 g (corre-
sponding to 1wt.% catalyst loading with respect to glycerol
weight), but it gets 100% as the catalyst amount increased to
0.20 g. In conclusion, yttrium clusters grafted in SBA-3 support
showed better catalytic activity than p-MoOs3 attached to SBAH-
15 support during the acetylation of glycerol.

3.3.2. Effect of molar ratio

The effect of glycerol/acetic acid molar ratio was investigated
using the proportions 1:4, 1:6 and 1:8 at a fixed reaction temper-
ature of 110 °C. An excess of carboxylic acid utilized in acetylation
reaction might shorten the time required to reach reaction equilib-
rium and provide more acetylating agent which enhances the for-
mation of DAG and TAG through the consecutive acetylation
reactions [30]. Table 2 also presents the results of glycerol conver-
sion and product selectivity during the acetylation of glycerol with
acetic acid using variant molar ratios of glycerol/acetic acid over Y
grafted SBA-3 catalyst. The 3%Y/SBA-3 catalyst was reliably active
at low glycerol/acetic acid molar ratio of 1:4, achieving complete
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conversion of glycerol with corresponding selectivity of 11%, 34%,
and 55% toward MAG, DAG, and TAG, respectively. On the contrary
to the AC-SA5 and SBAH-15(15) catalysts, the selectivity to DAG
and TAG did not increase as the molar ratio increased to 1:6 over
the 3%Y/SBA-3 catalyst. As the molar ratio increased to 1:8, a min-
ute decrease in glycerol conversion and a notable decrease in DAG
selectivity were observed, which might be explained by the effect
of the excess acid added that enhanced the backward reaction of
glycerol to MAG. The decrease in DAG selectivity can be explained
by the hydrolysis effect of the co-produced water, as also observed
with SBAH-15(15) catalyst. The results of glycerol conversion and
product selectivity for glycerol acetylation with acetic acid over
the 3%Y/SBA-3 catalyst can be considered as the best ever achieved
compared to those reported in the literature. The catalytic perfor-
mance of 3%Y/SBA-3 catalyst at a low molar ratio might be ascribed
to its extreme textural characteristics and the stability of its crystal
phase, as confirmed by the results of catalyst characterization (BET,
XRD and SAXS). The presence of Y-O bonds within this catalyst
may also define the nature of the active sites within this catalyst,
as also proved by FTIR results.

The reaction of alcohol with acetic acid has been proposed as an
equilibrium-limited reaction [31]. To displace the reaction to equi-
librium, two possible routes were widely used: first by reactive
distillation to displace the co-produced water from the reaction
medium and second by employing an excess of carboxylic acid
[32]. In this work, the rate of acetylation was accelerated by using
excess acetic acid with strong acid catalysts.

3.3.3. Effect of reaction time

The effect of reaction time on the reaction profile over the 3%Y/
SBA-3 catalyst was equally investigated and the results are shown
in Fig. 5. After 30 min of the reaction, 62% of glycerol was con-
verted to MAG and DAG only. The reaction went to completion
after 60 min, as all glycerol converted to acetylated products. The
selectivity to MAG was observed to decrease as the reaction pro-
ceeded, whereas that of DAG kept increasing up to 90 min. The for-
mation of TAG was started after 30 min, which could be attributed
to the direct acetylation of MAG to TAG. After 90 min, the forma-
tion of TAG has been initiated by the acetylation of some of the
produced DAG, as indicated by the dropped curve of DAG after
90 min. Thereafter, the selectivity to MAG was decreased steeply
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/
/ -9~ Conversion (%)
/ —v— Sel. MAG (%)
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Fig. 5. Effect of reaction time during glycerol acetylation over 3%Y/SBA-3 catalyst.
Reaction conditions: molar ratio of glycerol/acetic acid: 1:4; reaction temperature:
110°C.

due to its expense by the second acetylation toward DAG and pos-
sibly to TAG. This behavior could help in explaining the reaction
pathway over a 3%Y/SBA-3 catalyst, which was observed to slightly
differ than those over AC-SA5 and SBAH-15(15) catalysts, which
assumed the formation of the acylium ion intermediate and the
formation of TAG was started after 30 min. In this pathway, the for-
mation and disappearance of that intermediate were faster, since
the formation of MAG, DAG, and TAG was clearly noted after
30 min with no by-products detected. In conclusion, reaction time
of 150 min was required to achieve complete glycerol conversion
with 89% of combined selectivity to DAG and TAG over a 3%Y/
SBA-3 catalyst, and found to be shorter than that required with
SBAH-15(15) catalyst to achieve complete glycerol conversion with
84% of the combined selectivity.

3.3.4. Effect of reaction temperature

The effect of reaction temperature on glycerol acetylation cata-
lyzed by 3%Y/SBA-3 catalyst was also equally investigated and the
obtained results are presented in Fig. 6. Increasing the reaction
temperature from 90 to 110 °C resulted in a substantial increase
in glycerol conversion from 65% to 100% and further heating did
not affect this value. It was found that the formation of TAG is a
temperature dependent reaction, being the selectivity to TAG at
temperatures of lower than 90 °C was almost less than 7%. This
observation is logical and corroborating with others reported else-
where [28,33]. The research community has devoted serious atten-
tion to reduce the reaction temperature and attain high DAG and
TAG productivity either by employing other acetylating agents or
by using different catalytic materials [8,3].

3.4. Activity stability tests

3.4.1. Leaching test

The leaching test of the metallic species from the catalyst struc-
ture was implemented according to the hot filtration method. The
3%Y/SBA-3 catalyst was immersed in a known volume of acetic
acid and the mixture was then heated to the reaction temperature
(110 °C) and kept under constant stirring rate of 530 rpm for 3 h.
Afterward the catalyst was removed and known mass of glycerol
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Fig. 6. Effect of reaction temperature on glycerol conversion (%) and selectivity (%)

during glycerol acetylation over 3%Y/SBA-3 catalyst. Reaction conditions: molar
ratio of glycerol/acetic acid: 1:4; reaction time: 2.5 h.
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was added to each reactor. The acetic acid-glycerol mixtures were
subjected to the best reaction conditions, allowing them to react in
the absence of the catalysts. Thereafter, the reaction samples were
analyzed to determine the conversion of glycerol and comparing
these values to that obtained from blank test. The 3%Y/SBA-3 cat-
alyst has showed no appreciable leaching of the metallic compo-
nents to the liquid phase, which strongly validate the claim for
its stability.

3.4.2. Reusability tests

The 3%Y/SBA-3 catalyst was equally subjected to various exper-
imental tests to investigate its stability. For instance, after each
batch run, the catalyst was separated and thoroughly washed with
methanol until all traces of adhering liquids were removed. Fig. 7
shows the obtained results for the tests over four repeated cycles.
As would be observed from the figure, the catalytic activity was
stable up to the third run, but notably decreased in the fourth re-
cycle, as indicated by the decreased conversion of glycerol from
100% to 80% and the selectivity to TAG from 55% to 50%. This
behavior could be explained due to the effects of reaction condi-
tions and the mass transfer limitations. It can be clearly seen that
3%Y/SBA-3 catalyst has met some criteria of the research goals in
terms of leaching and reusability and could possibly be commer-
cialized for industrial scale. Therefore, it was believed that the sur-
face area could be the reason for the improved catalytic activity of
3%Y/SBA-3 catalyst. The surface acidity was determined to be 1342,
960, and 890 pmol/g for 3%Y/SBA-3 catalyst, SBAH-15(15), and AC-
SA5 catalysts respectively. The surface acidity is therefore consid-
ered as a prominent factor explaining the trend catalytic activity
increase.

3.5. Kinetics study and determination of reaction kinetics parameters

3.5.1. Reaction kinetic model and analysis of the kinetics data

The experimental kinetics study of glycerol acetylation with
acetic acid was carried out by carrying out the reaction at various
temperatures and collecting the reaction samples at varying time
intervals. The other parameters like the initial reactants molar ratio

Conversion (%)
EED TAG (%)
&R DAG (%)
1 MAG (%)

100

80

60
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40
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Fig. 7. Reusability test performed for 3%Y/SBA-3 catalyst. Reaction conditions for
each run: catalyst loading: 0.20 g; reaction time: 2.5 h; reaction temperature:
110 °C; molar ratio of glycerol/acetic acid: 1:4. MAG: monoacetyl glyceride; DAG:
diacetyl glyceride; TAG: triacetyl glyceride; Xg,: glycerol conversion (%).

and catalyst amount that may affect the kinetics study were kept
constant.

As the acetylation reaction was performed by reacting glycerol
(G) with excess amounts of acetic acid (B), a pseudo-first order
reaction was proposed. The generalized reaction rate can be ex-
pressed as —r¢ = —dCg/dt = k; cgcg. Since B is present in excess,
its concentration has virtually remained constant during the stated
reactions. Therefore, the reaction’s rate depends in particular on
the concentration of glycerol (G) as it is the limiting reactant. Tak-
ing into account both the external and internal mass transfer resis-
tance, the rate of disappearance of glycerol can thus be determined
using the proposed pseudo-first order reaction rate equation, as
follow
9 knan(Cos — Co (5)
where ky,, a,, Cop and Cg s are the mass transfer coefficient, external
surface area of the catalyst, concentration in the bulk liquid and
concentration on the catalyst surface, respectively. By assuming
that the reaction rate on the catalyst surface is much faster than
that in the bulk liquid system, the reaction therefore is under mass
transfer limitations and not under kinetic control, hence it is the
rate determining then Cg;=0. Since the external surface area of
the catalyst and the mass transfer coefficient are constant within
the reaction system, then k; = k,, a,,. Thus, the differential form of
the reaction rate equation can be written as:

dG
dt

and by integration gives
In (C%) = —kqt, and since C¢ = Cg, (1 — X¢); then:

—In(1 = Xg) = kst (7)

= ki1(Co) (6)

where X; is the fractional conversion of glycerol. The plot of
—In(1 — X;) versus t will be a straight line with a slope of (k;), from
which k;;, was calculated by neglecting the external mass transfer
limitations. The plots of glycerol concentration, C; versus time for
the different temperatures were considered to determine the reac-
tion rate order.

3.5.2. Experimental kinetics study over 3%Y/SBA-3 catalyst

Studies on the reaction kinetics study of glycerol acetylation
with acetic acid are rarely found in literature [34,35]. The previous
studies were performed using sulfuric acid as a homogeneous cat-
alyst. No peer studies have been reported for studying the kinetics
of this reaction over heterogeneous catalyst. The knowledge of
kinetics study is necessary as it help to determine the reaction or-
der, reaction rate, and the activation energy. Thence, the well-
known Arrhenius model with account for the batch constant vol-
ume reactor system is employed to determine the rate law param-
eters. The determination of the reaction order, and the specific
reaction rate constant (k) is usually achieved by measuring the
concentration as a function of time and analyzing the obtained
data using the integral, differential or the least square method.

In this work, it was assumed that glycerol aetylation behaves
like a first order irreversible reaction, in which glycerol was as-
signed as the limiting reactant. The plots of C; against t at different
temperatures are presented in Fig. 8. As expected, glycerol concen-
tration was observed to decrease as the reaction time prolonged.
According to the plots, the order of the reaction was found to fol-
low zero and pseudo-first orders with well fitted data which indi-
cate a shift from lower to higher order as C; drops in the system.
The overall reaction rate was found to follow the pseudo-first
order.

The experimental data of fractional glycerol conversion (X;)
were plotted in the form of —In(1 — X;) against the reaction time
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(t) at different temperatures, as shown in Fig. 9a-c. The plots fol-
lowed a linear trend with a correlation factor, R?, of 0.983 and with
a slope value of 0.0242 (min~!) with respect to Fig. 9b. The pres-
ence of acetic acid in an excess amount favored the forward (irre-
versible) reaction, which implies the presence of glycerol in low
concentration in the equilibrium composition. To this end, the sur-
face reaction can be considered as the rate limiting step (RLS). The
reaction required an excess of acetic acid (glycerol: acetic acid of
1:4) to compensate its slow rate and it would be expected under
this condition, the reaction order with respect to acetic acid ap-
proaches zero. The above observation is in good agreement with
literature reports [34,35]. They observed that the reaction order
with respect to acetic acid approaches zero and thus, the rate equa-
tion depends only on glycerol concentration.

According to Fig. 9a-c, three possible values of k; could be ob-
tained, that are k;=0.0188 (min~'), R®>=0.993; k;=0.0242
(min~!), R? = 0.983; and k; = 0.0228 (min~!), R? = 0.986. Arrhenius
equation was then used to calculate the activation energy for the
acetylation reaction of glycerol with acetic acid, that is

kq E./1 1
"o R\ T, ®
where R is the universal gas constant (8.314 ] mol~! K~!). The over-
all acetylation reaction of glycerol with acetic acid would be as-
sumed to behave like a one-step reaction. Thus, the reaction rate
(—r¢) for the reversible reaction shown in Scheme 2, is given by:
dcC

—r = —d—tc = ki CoCy — kyCuCpCr (9)
where Cg, Cy, Cp, and Cr referring to concentrations of acetic acid,
MAG, DAG, and TAG, respectively. Since the concentration of glyc-
erol relates to the fractional conversion (X;), by the relation Cg = Cg,
(1 — Xg), the initial concentration of acetic acid is denoted by Cg,.
Thus,

Cp = Cpo — 9CgoXg, Cm =CgXs, Cp=CcoXc, and

Cr=Cgo X, it produces:

dX
—T¢ = Ccod—tc = kfCoo(1 — X)(Cpo — 9CoXc) — ky(CcoXc)? (10)
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Fig. 8. Plots of glycerol concentration versus time at different temperatures.

Reaction conditions: molar ratio of glycerol/acetic acid: 1:4; catalyst amount:
0.40 g; reaction temperature: 110 °C; reaction time: 2.5 h.
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C3HgO3 + 9 CoH40, = CsHi9O4 + C3HsOH(CH3COO), + CoH 1406 + 4H20

Scheme 2. The overall reversible reaction of glycerol with acetic acid.

At equilibrium, r; = 0, and X; = X, therefore Eq. (10) becomes:
0 = k;Coo(1 — Xge)(Cao — 9CcoXc) — ko (CooXce)® (11)

where kr and k;, are the forward and the backward rate constants,
respectively. Since the equilibrium constant (k.) represents the ratio
between the forward and the backward rate constants, and by solv-
ing Eq. (11) for k., it gives:
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Table 3
The calculated values of the kinetic model parameters.

Parameters Symbol/units Calculated value
Pre-exponential factor A (min~1) 0.883 x 103
Activation energy E, (kJ/mol) 21.54

Gibbs free energy AG (J/mol) —676.82
Equilibrium constant ke 117
Diffusivity D. 422 %1078
Thiele modulus ®s 0.462
Effectiveness factor n 0.971
Adsorption coefficient Oads 0.38
Adsorption constant K, (cm/mol) 0.085

CooXee
(] - XGe)(CBo - 9CBoXGe)

ke = (12)

Based on the herein derived kinetic models, the corresponding
values of the kinetics and thermodynamics parameters were calcu-
lated for the acetylation process at the reaction conditions using
POLYMATH 5.1 software and presented in Table 3.

3.5.3. Rate limiting step

Derivation of the kinetic model:

The acetylation reaction of glycerol with acetic acid is a sequen-
tial reaction that encompasses three consecutive steps; conversion
of glycerol to MAG, MAG to DAG, and DAG to TAG. The overall
chemical reaction equation is represented in Scheme 2, which
can also be rewritten in coded form as:

G+9B=M+D+T+4W (13)

where G is the glycerol, B is acetic acid, M is monoacetyl glycerol, D
is diacetyl glycerol, and T is the triacetyl glycerol.

The proposed mechanisms for the formation of M, D, and T are
explained in serial steps based on the Langmuir-Hinshelwood
kinetics with the surface reaction being the rate limiting step
and neglecting the concentration of the co-produced water. When
writing the rate laws for these steps, we treat each step as an ele-
mentary reaction, the reactions would be:

Adsorption:

1. Glycerol (G) will first attack the vacant site (S) on the catalyst
surface

y
G+S ::)1 G.S (Adsorption of glycerol on the surface)

kq

16 =kiCsCp — kllfc (14)

where C, is the concentration of vacant sites over the catalyst sur-
face, and C¢ is the concentration of glycerol on the catalyst surface.

2. Adsorption of acetic acid on the surface

K
B+SsB.S
ky

Ic = kchEv - k’fs (15)

Accordingly, the net rate of adsorption (r¢) related to the molar
concentration of total sites (Cp,), becomes

' = kICG(ém - fv) - k,]f(} (16)
—~ C
rc = k] |:CGC;; — KaGdJ (17)

In case of simultaneous reaction is considered and species G and
B are adjacent to each other. Thus, the adsorption process and sur-
face reactions will occur according to the type given below.

3. G.S+ B2 M.S (The formation of MAG)

rs = kyCoCp — k5 Ciy (18)
M.S + B2 D.S (The formation of DAG)

rs = ksCuCs — K;Cp (19)
D.S + B T.S (The formation of TAG)

ry = ksCpCp — K,Cr (20)

In the case that the reaction takes place between adsorbed G
and adsorbed B, then

4. GS+BS©MS+S

From the reaction above, it is assumed that only the adsorbed G
immediately adjacent to adsorbed B will react to yield the product.
Thus, the net rate of the reaction can be expressed by:

Is = k3fc§—3 — k;fl\/]&

m

(@)

ks [== 1= =
Iy = e {CGCB - KCMCy} (21)
The surface reaction will occur at equilibrium (rs=o0) if the

resistance is neglected, and then:

CuC,
Ks = | == 22
: (CGCB> (22)
Desorption:

The products desorption from the process of glycerol acetyla-
tion takes place in the following form:

5 MS+DS+TS“M+D+T+3S

vy = k4EM — l{4CM?y (23)
I'p = k4ED — k4CD?y (24)
It = k4ET — k4CTEy (25)

The equations of desorption rate show that it is reversible to the
adsorption process. The concentrations of the adsorbed species can
be obtained considering that the reaction rate constant for the for-
mation of intermediates is large compared to the reaction rate.
Therefore,

Tads  Kaas

T ke 20 (26)
Which represents pseudo-equilibrium, then:

Ce, = KcCcC, (27)

With k4 = kg, at equilibrium, ry, = rp=rr=0 ang the equations of
desorption give the expressions for Cy;, Cp and Cr.

Cy = K4CuC, (28)
Cp = K4CpC, (29)
Cr = K,C1C, (30)
and since,

Cn=C,+Cc+Cs+Cu+Cp+Cr (31)

Therefore, by assuming the surface reaction controls and com-
bining Egs. (9), (15), (16), (17), and (18), it yields:
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T, - Cn
YT 14 KgCs + KpCp + kd(CM +Cp + CT)

Substituting for C,, the rate of surface reaction will be ex-
pressed as:

(32)

=2
rate = r, = & (KGKBCGCB _ M) (33)
Cn K;

The value of C, depends on the surface acidity, and will be given
by

Cc 15 Sinh(3g,r/1s)

Ces r Sinh(39,) (34
where

_1s [kipy (35)
(ps - 3 De

@s is the thiele-type modulus for spherical particle pellet, k; is the
pseudo-first order rate constant, p,, is particle density (g/cm?). Since
the effectiveness factor (77) represents the ratio between the reac-
tion rate for pellet (r,) and the diffusion rate of reactant into the pel-
let (rs), then rp, = 57 15 or 1, = i k1Cgs. Thus, the following model would
be generated:

1 1 1
= @, (tanh3qos h 3_<,05) (36)

Based on the above equation, the r, can be obtained from r,=#
ki1Cos as;

1 1 1
= (s, =5, o 7

The controlling resistance was evaluated based on the relative
magnitude of mass transfer coefficient k,, obtained from Eq. (6),
n, and kq. The kinetics and thermodynamics parameters were cal-
culated for the acetylation process at the optimized reaction condi-
tions using POLYMATH 5.1 software. These values and other
important parameters are summarized in Table 3.

In accordance with the assumptions made, that are: (i) The sites
on the catalyst surface are the same; (ii) The rate of uncatalyzed
reaction is slower than the catalyzed one and thus its neglected;
(iii) The surface reaction is the rate limiting step (Eq. (33)); and
(v) The adsorption and desorption of the reactants and the prod-
ucts were faster and at equilibrium. Thus, the reaction rate equa-
tion in the rate controlling step could be expressed as:

=2
rate = r, = & (KGKBCGCB _ M) (38)
Cn K

4. Conclusions

The selective acetylation of glycerol with acetic acid was per-
formed over a series of heterogeneous catalysts, prepared by graft-
ing yttrium (1-3.5 wt.%) into the framework of SBA-3 support. The
3%Y/SBA-3 catalyst exhibited the best catalytic activity achieving
complete glycerol conversion with corresponding selectivity of
11%, 34% and 55% toward MAG, DAG and TAG, respectively. The
economized reaction conditions are; 110 °C, molar ratio of glyc-
erol/acetic acid of 1:4, and 2.5 h. The catalytic performance of
3%Y/SBA-3 catalyst should be attributed to its strong acidity and
high surface area with large pore size that facilitated the diffusion
of substrates and products. The reusability tests confirmed the sta-
bility of the catalytic activity of the 3%Y/SBA-3 catalyst. The char-
acterization results of the spent 3%Y/SBA-3 catalyst unveiled no
serious changes to the structural and chemical characteristics. It

is therefore recommended to scale up this process for industrial
applications.
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