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Abstract: A series of active and selective MCM-41 supported
catalysts have been successfully prepared and used for bio-
derived glycerol esterification with acetic acid to produce
fuel additives. In the synthesis of MCM-41, an acidic hydro-
thermal synthesis route was used, and silicotungstic acid
(STA) and zirconia (ZrOz) were added to the catalyst structure
by wet impregnation. X-ray diffraction, nitrogen adsorption-
desorption methods, scanning electron microscopy with
energy-dispersive spectroscopy, and inductively coupled
plasma-mass spectrometry analysis were used for charac-
terizations of the catalysts. Diffuse reflectance infrared Fou-
rier transform spectroscopy analyses of pyridine-adsorbed
catalysts owns Lewis and Brgnsted acidity hosting in one,
which promotes the esterification reaction of glycerol into
glycerol esters with high selectivity. Esterification of glyc-
erol reactions were performed at temperature intervals of
105°C-200°C, with an amount of catalyst equal to 0.5 g, and
glycerol/acetic acid molar ratio of 1:6 in a stirred autoclave
reactor operated batchwise. STA and ZrO,-impregnated
MCM-41 catalysts showed better performance with a com-
plete glycerol conversion and high selectivity to triacetin.

Keywords: esterification; glycerol; heteropolyacid; MCM-
41; zirconia.

1 Introduction

Biodiesel is a renewable clean energy produced by the
transesterification of vegetable oils with methanol or
ethanol in the presence of alkaline catalyst [1]. It has
received much attention due to the growing demand for
energy and its benefits for the environment. One of the
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major drawbacks of the biodiesel industry is the produc-
tion of large amounts of glycerol. Esterification of glycerol
with acetic acid is a good alternative for transforming the
residual glycerol to high value-added products. Mono, di,
and triacetyl glycerol (MAG, DAG, and TAG, respectively)
are the main products obtained in glycerol esterification.
The reaction pathway is given in Scheme 1. The acetylated
derivatives of glycerol are valuable chemicals that have
great industrial applications. The monoacetins are used
as a food additives and smokeless powder in the manufac-
ture of explosives [2]. They are also valuable chemicals in
the pharmaceutical chemistry [3]. Diacetin has been used
as an intermediate in the synthesis of structural lipids, as
a plasticizer coating, and also has applications in the food
industry as well as in fuel additives [3-5]. The mixture of
monoacetin and diacetin has applications in cryogenics
and biodegradable polyesters, and it is used as a chemi-
cal product in the food and cosmetics industries [6—8]. Tri-
acetin is used as a fuel additive for increasing the octane
number in gasoline [9]. In addition, it has applications in
cigarette filters and gelatinizing agents. Mixtures of these
valuable glycerol derivatives (mono-, di-, and triacetins)
have applications as solvents for printing ink and dye
stuffs, such as plasticizers and as softening agents [2].
Esterification reactions can be performed in the pres-
ence of both homogenous and heterogeneous acid cata-
lysts. Although homogeneous catalysts are widely used in
industry for economic reasons, ecological factors favor the
use of heterogeneous catalysts. Being noncorrosive and
easy to separate from the reaction mixture, heterogeneous
catalysts are more preferable in these reactions [10].
There are only a few studies dealing with the esteri-
fication of glycerol with acetic acid. A variety of catalysts
such as heteropolyacids (HPA) immobilized zeolites, ion
exchange resins, and niobic acid have been used in esterifi-
cation reactions [10-15]. Our previous study was about the
esterification of glycerol with acetic acid over ion exchange
resins: Amberlyst-15, Amberlyst-16, Amberlyst-36, Amber-
lite IR-120, and Relite EXC8D [11]. Previous studies showed
that the change in product selectivity is attributed to reac-
tion temperature, reaction time, and glycerol to acetic acid
molar ratio [11]. In esterification reactions, catalytic activ-
ity of acidic ion-exchange resins is quite high. However,
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Scheme 1: Glycerol-acetic acid esterification reaction pathway.

they have a very low operating temperature. Because tem-
perature is an important parameter for the rate of reaction,
thermal stability is an important parameter for the proper
selection of catalyst. Using ordered mesoporous silica,
MCM-41, as a catalyst support, offers high thermal stability
in catalyst synthesis. Catalytic function to the support is
achieved by incorporation of active sites in the silica walls
or deposition of active species on the inner surface of the
material. The advantages of using ordered mesoporous
solids as catalyst support are the relatively large pores facil-
itating mass transfer and very high surface area allowing a
high concentration of active sites per mass of material [16].
Recently, MCM-41 has been studied in the esterification of
glycerol with fatty acids such as lauric and oleic acids [17,
18], as well as in the etherification of glycerol to polyglyc-
erols [19]. In the present study, esterification of glycerol
with acetic acid was studied over the MCM-41 supported
catalyst. MCM-41 shows weak acidity. Various metal oxides

and metal ions such as zirconia (ZrO,), vanadium, iron,
and others, can be substituted into the MCM-41 for enhanc-
ing catalytic activity [20]. In the present study, zirconia was
selected for enhancing the acidity and stability of MCM-41.
The synthesized catalysts were characterized and used in
glycerol esterification reaction with acetic acid.

It is known that Brgnsted acidity has an important role
in catalyst activity in esterification reactions [21]. HPA are
typically strong Brgnsted acids and catalyze a wide variety
of reactions in both homogeneous and heterogeneous
phases [14]. However, HPAs have some disadvantages such
as low surface area, low thermal stability, and solubility
in polar media. Supporting HPAs on mesoporous support
such as MCM-41 provides large surface area, higher thermal
stability and insolubility in reaction medium. To catalyze
the esterification of glycerol with acetic acid, silicotungstic
acid (STA) incorporated ZrO,-MCM-41 (STA-ZrO,-MCM-41)
catalyst were successfully prepared and characterized. Its
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activity was compared with ZrO,-MCM-41 in the esterifica-
tion of glycerol with acetic acid. Reactions were performed
at temperature intervals of 105°C—200°C in a batch reactor.
MCM-41 based catalysts have higher thermal stability
compared with acidic resins. Regarding the esterification
reactions of glycerol, this work is important for catalyst syn-
thesis with higher triacetin selectivity.

2 Materials and methods
2.1 Catalyst preparation

MCM-41 was synthesized following the acidic route using the hydro-
thermal synthesis method, and STA and zirconia (ZrO,) were added to
the catalyst structure by wet impregnation. The hydrothermal proce-
dure used in MCM-41 synthesis was described in our previous publica-
tion [22]. Conventionally, hydrothermal synthesis of MCM-41 is carried
out in a basic medium at a pH of approximately 11; however, in the
present study, MCM-41 was synthesized using an acidic direct hydro-
thermal synthesis route. In this procedure, hexadecyltrimethylammo-
nium bromide (CTMABr, 99% pure; Merck) was used as a surfactant,
and tetraethylortosilicate (TEOS, 99% pure; Merck) was used as a sil-
ica source. Surfactant solution was prepared by continuous mixing of
13.2 g of CTMABr in 87 ml of deionized water at 30°C. Then, a solution
of tetraethylortosilicate was slowly added to this mixture under con-
tinuous stirring. The pH of the solution was adjusted (~1.6) and the
produced gel was transferred into a Teflon-lined autoclave for hydro-
thermal synthesis at 120°C for 96 h. The solid product was filtered and
then washed until the pH of the wash liquid was almost neutral. The
solid material was then dried under vacuum and calcined in a flow of
dry air. During calcination, the furnace temperature was increased at
a rate of 1°C/min until 550°C, and then calcination was continued at
this temperature for 6 h. ZrO, and STA were impregnated into MCM-
41 supports using an incipient wetness impregnation method. The
impregnated amounts for both ZrO, and STA were determined accord-
ing to the literature [21]. In the first set of experiments, ZrO,/MCM41
catalysts were prepared. An appropriate amount of ZrO(NO,),.x H,0
(zirconium(IV) oxynitrate hydrate) (99% pure; Sigma Aldrich) was
dissolved in deionized water to obtain 20% (w/w) ZrO, over MCM-
41 samples. The resulting mixture was stirred at 80°C in a magnetic
stirrer for 2-3 h. After impregnation, samples were typically dried at
110°C overnight and the calcination procedure was repeated.

STA-ZrO,-MCM-41 catalyst was prepared by following the same
procedure. An appropriate amount of H,[SiO,(W,0,),]xH,0 (STA
hydrate) (Sigma Aldrich, St Louis, MO, USA) was used to obtain 15%
STA (w/w) over ZrO,/MCM41. Then, samples were typically dried at
110°C overnight and the calcination procedure was repeated. How-
ever, STA-ZrO,-MCM-41 catalyst was calcined at 300°C due to the low
thermal stability of STA [23].

2.2 Catalyst characterization

The X-ray diffraction (XRD) patterns of MCM-41 supported catalysts
were obtained using Bruker/D8 Advance diffractometer with CuKo.
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radiation (1=1.5418 A), and scintillation detector. Diffraction pat-
terns were recorded at steps of 0.01°/s. The phase composition was
determined by comparing measured d-spacing values. All measure-
ments were made at room temperature.

The BET surface area values and pore size of the catalysts were
determined by nitrogen adsorption-desorption experiments (Quan-
tachrome Corporation, Autosorb-1-C/MS). Pore size distributions and
pore diameter were calculated using the Barret-Joyner-Halenda (BJH)
method.

Surface morphology and elemental composition on the surfaces
of the catalysts were determined by a scanning electron microscopy
with energy-dispersive spectroscopy (SEM-EDS; QUANTA 400F Field
Emission). The composition of silica, zirconium, and tungsten were
measured using inductively coupled plasma-mass spectrometry (ICP-
MS; Perkin Elmer DRC II).

The Fourier transform infrared (FTIR) spectrum of catalyst
before reaction and after reaction were determined. To determine
the Lewis or Brgnsted acidic sites of the catalysts, the samples were
initially treated with pyridine and then analyzed using diffuse reflec-
tance (diffuse reflectance infrared Fourier transform spectroscopy or
DRIFTS). Experiments were conducted on a Perkin Elmer instrument
in the range of 380-4000 cm™.

2.3 Esterification and activity measurements

Reaction studies were performed at identical conditions. A 0.5
g catalyst loading, which corresponded to 0.9 wt% of the total
reaction mixture, was used in reactions and experiments were
performed with a 1:6 glycerol/acetic acid molar ratio. The reac-
tion system was composed of an autoclave operated autogenously
with a magnetic stirrer. The reaction temperature was controlled
with £1°C precision in the course of experiments. The effect of the
reaction temperature on glycerol conversion and product selectiv-
ity was investigated at temperature intervals of 105°C-200°C. To
monitor the reaction, samples were withdrawn periodically at dif-
ferent time intervals and analyzed by gas chromatography (Agilent
6890 N) equipped with HP Innowax column and a flame ionization
detector. The conversion of the glycerol and the selectivities were
calculated as follows:

% Conversion of glycerol = (number of glycerol moles reacted/
total number of moles of glycerol in the feed)x100

% Selectivity = (number of moles of desired product/

number of glycerol moles reacted)x100

Reaction studies were carried out three times for the reproduc-
ibility of conversion data.

3 Results and discussion

3.1 Catalyst characterization results

The XRD patterns of the MCM-41 supported catalysts are
shown in Figure 1. MCM-41 was known to have a well-
ordered lattice structure with hexagonal unit cell. A limited
number of reflections situated at the low angle region is a
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Figure 1: XRD patterns of MCM-41 and MCM-41 supported catalysts.

characteristic of the structure. The sharp Bragg peak cor-
responding to d(100) was observed at 20 value of 2.4°. By
the impregnation of ZrO,, a slight decrease was observed
in characteristic Bragg peak. The XRD patterns of ZrO, and
STA impregnated catalysts showed much wider d(100)
values than the corresponding peak observed for pure
MCM-41. The wide band corresponds to wide distribution
of pore sizes [24].

The nitrogen adsorption-desorption isotherms of the
MCM-41 supported catalysts exhibited typical type IV
isotherms according to International Union of Pure and
Applied Chemistry classification and revealed the hyster-
esis effect as shown in Figure 2. The surface area of the
pure MCM-41 that was synthesized using the acidic route
hydrothermal synthesis was 760 m?/g. By the impregna-
tion of ZrO, and STA, the surface area was decreased to
502 and 358 m?/g, respectively. Physical properties of the
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Figure 2: N, adsorption-desorption isotherms of MCM-41 supported
catalysts.
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catalysts are listed in Table 1. The characteristic lattice
parameter (the repeating distance “a” between two pore
centers) was calculated from the following equation [22]:

a= 2d(100)/\/§ (1)

The pore wall thickness ¢ was then estimated from
the average pore diameter (dp) and the lattice parameter
(a) [22]:

60=a-0.95d, ®))

The average pore diameters of the bare MCM-41 and
Zr0, and STA-impregnated catalysts were determined
by the BJH pore size distributions as 2.7, 2.0, and 1.9 nm,
respectively. The pore volume was decreased significantly
with the impregnation of ZrO, to the silica, which indi-
cates pore filling. However, the pore wall thicknesses also
increased due to the impregnation of ZrO,. Impregnation of
ZrO, on MCM-41 resulted in the dispersion of zirconia inside
the pores that, in our opinion, facilitated the formation of
larger wall thickness and improved mechanical strength.

Figure 3 shows the particle morphology of the MCM-41
supported catalyst using the SEM method. ZrO, was well-
ordered and distributed uniformly on the support surface
as seen in Figure 3A. Due to the impregnation method
used for the catalyst preparation, agglomeration could be
naturally seen on the surface; however, there is no accu-
mulation seen on the support surface. In Figure 3B, the
image of STA-ZrO,-MCM-41 catalyst, the small particles
can be clearly seen on the surface. This was due to the
presence of STA, which was attached to the mesopores
and surface of the catalyst uniformly. Si, Zr, and W con-
tents in the MCM-41 supported catalysts were obtained
by SEM-EDS and ICP-MS. Zr and W contents were meas-
ured and showed much closer values using both methods
given in Table 2. According to the results on SEM-EDS
and ICP-MS, ZrO, and STA impregnation onto the catalyst
structure was successfully conducted.

The acidity of the catalyst plays an effective role in
esterification reactions. Therefore, DRIFTS analysis was
conducted on the pyridine-adsorbed MCM-41 supported
catalysts to determine the Brgnsted and Lewis acid sites.
In Figure 4, the DRIFT spectrum of pyridine-adsorbed
catalysts were given. The peaks between 1540 cm™ and
1640 cm' validate the presence of Brgnsted acid sites [25].
The wide peak at 1630 cm™ became more apparent with
the incorporation of STA. Also, a small peak at 1540 cm™!
was observed in STA and zirconia impregnated catalysts.
Another peak at 1486 cm™, which revealed the presence
of Lewis-Brgnsted acid sites, was obtained with these
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Table 1: Physical properties of the MCM-41 supported catalysts.

DE GRUYTER

Physical property/catalyst MCM-41 Zr0,-MCM-41 STA-Zr0,-MCM-41
d(100) 3.84 3.68 3.68
Lattice parameter “a” (nm) 4.43 4.25 4.25
Surface area (BET) (m?/g) 760 502 358
Pore volume (cm?/g) 0.86 0.67 0.52
Average pore diameter (nm) 2.7 2.0 1.9
Pore wall thickness (nm) 1.9 2.3 2.4

Figure 3: SEM images of MCM-41 supported catalysts (A) ZrO,-MCM-41, (B) STA-Zr0 -MCM-41.

Table 2: The elemental analysis data of MCM-41 supported catalysts.

Element % EDS measurements ICP-MS measurements
Zr0,-MCM-41 STA-Zr0,-MCM-41 Zr0,-MCM-41 STA-Zr0,-MCM-41
Si 38 38 32 30
Zr 17 8.8 11.5 8.8
w - 7.8 - 8
sTA-zro,Mom-41  catalyst, the impregnation of STA and zirconia increased
_ the acidic sites of the catalysts.
s STA is an HPA catalyst that considered to be a highly
2 W — Z10,;-MCM-41 attractive solid acid catalyst, having superior acidic char-
g acteristics. The major disadvantages of STA is its very low
(%2}
g W — MCM-41 surface area, low thermal stability, and solubility in the
'_

]

1700 1600 1500 1400

Wavenumber (cm™)

Figure 4: DRIFT spectrum of pyridine-adsorbed catalysts.

catalysts. Finally, the peak obtained at 1440 cm™ vali-
dated the presence of Lewis acid sites for all catalysts [25].
According to the DRIFTS analysis of the pyridine-adsorbed

presence of polar solvents. Supporting STA on mesoporous
support such as MCM-41 provides large surface area,
higher thermal stability, and insolubility in reaction
medium. FTIR analysis of fresh and used catalysts was
carried out to understand whether the STA was dissolved
in the reaction medium and separated from the support.
FTIR analysis of STA-impregnated ZrO,-MCM-41 catalysts
are shown in Figure 5. A series of characteristic peaks
were observed between 700 and 1200 cm™ for used and
fresh catalysts, respectively. These peaks belonged to the
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Figure 5: FTIR Spectrum of STA-ZrO_-MCM-41.

primary structure of [SiW 0, | of the catalysts [23]. The
typical FTIR bands obtained at 1100 cm™ correspond to
Si—0-Si present in the structure of both STA and MCM-41.
The peak observed at 799 cm™ showed binding of oxygen
and tungsten (W-Oc-W corner shared). In the FTIR analy-
sis of used catalysts, the peak at 905 cm™ belonged to the
(W-Ob-W edge sharing) [23]. It was seen from the FTIR
spectrum (Figure 5) that STA had essentially retained its

molecular structure after the reaction.

3.2 Glycerol esterification results

Esterification of glycerol with acetic acid was conducted
in the presence of MCM-41 and MCM-41 supported cata-
lyst at a constant temperature (105°C) and the results are
shown in Figure 6. Reaction parameters such as initial
reactant ratio (glycerol/acetic acid molar ratio, 1:6),
mixing rate (1000 rpm), and catalyst amounts (0.5 g) were
determined according to our previous studies in which

100
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404 —+—2Z10,-MCM-41

Glycerol conversion (%)

20 ~—MCM-41

200 300
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Figure 6: Glycerol conversion of the reactions catalyzed by MCM-41
supported catalysts.
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ion exchange resins, such as Amberlyst-15, were used as
catalysts [12]. The reaction took place for 345 min and the
products were analyzed at different time intervals. After
the impregnation of ZrO, and STA to MCM-41, the result-
ing catalyst was seen to be more active at shorter times.
The glycerol conversion reached 100% by the end of the
345th minute in the reaction catalyzed by ZrO,-MCM-41.
It was seen that STA impregnation to ZrO,-MCM-41 had
accelerated the reaction, which had reached completion
by the end of the 305th minute. Product distributions at
the end of the 345th minute were the same for all MCM-41
supported catalysts used in the reactions: 52% MAG, 41%
DAG, and 7% TAG selectivity were obtained. Similar to our
study, zeolite esterification of glycerol with acetic acid was
studied over dodecatungstophosphoric acid immobilized
into a silica matrix at 120°C and it was reported that after
7 h of reaction time, the glycerol conversion was 87%, with
a selectivity of 59% to diacetin, 36% to monoacetin, and
4% to triacetin [26]. Based on these results, the MCM-41
based catalysts used in this study are obviously active for
the esterification reactions.

The presence of Brgnsted acid sites in the STA struc-
ture plays an important role in the esterification reactions
[10]. However, when used as a catalyst, HPAs dissolve in
polar mediums after the reaction. In the case of STA-ZrO,-
MCM-41, the characteristic peaks of STA were preserved as
indicated in the FTIR spectrum (Figure 5). In other words,
STA remained in the catalyst structure after the reaction.

To increase TAG selectivity, reaction experiments were
performed in the presence of STA-ZrO,-MCM-41 at 200°C.
The results indicated accelerated reaction by increas-
ing the reaction temperature with completion of glycerol
conversion at the end of 245 min. The results are listed in
Table 3. In our previous study on esterification of glycerol
with acetic acid catalyzed by Amberlyst-15, it took 245 min
to reach complete conversion at 105°C [12].

Esterification of glycerol with acetic acid is a consecu-
tive reaction. The enhancement of temperature acceler-
ated further esterification of MAG to form DAG and TAG. As
aresult of increasing temperature, the selectivity values of
DAG and TAG were increased whereas the selectivity value
of MAG was decreased. The TAG selectivity increased from
4% to 21%. This selectivity value was higher than the one
determined in the presence of Amberlyst-15. In our pre-
vious study, it was observed that the activity of Amber-
lyst-15 had not been stable at temperatures higher than
110°C in acetic acid media because of the temperature
constraints. On the other hand, MCM-41 supported cata-
lysts retained their activity until 200°C.

The use of MCM-41 supported catalysts enabled
us to accelerate the reaction and control the product
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Table 3: Catalytic activities of the catalysts (reaction time, 245 min).
Catalyst Reaction Glycerol Selectivity (%)
temperature (°C conversion (%,

perature (°0) version (%) MAG DAG TAG
Amberlyst-15 [13] 105 100 30 57 13
MCM-41 105 25 34 55 11
Zr0,-MCM-41 105 70 60 34 6
STA-Zr0,-MCM-41 105 86 58 38 4
STA-Zr0,-MCM-41 200 100 37 42 21

distribution by simply changing the reaction temperature.
The use of a catalyst with a high temperature stability is
very important for such consecutive reactions. The work
being undertaken is important in terms of using an alter-
native catalyst for esterification reactions.

4 Conclusions

The esterification of glycerol with acetic acid can be con-
sidered as a good choice for the utilization of glycerol.
Liquid phase esterification reaction of glycerol with acetic
acid has been studied in the presence of STA and ZrO,
incorporated mesoporous MCM 41 catalysts. According
to the physical characterization tests, the crystal struc-
ture of MCM-41 was obtained and high surface areas were
achieved at the end of synthesis. The Brgnsted acid sites
of the catalysts were determined using DRIFTS. Reaction
results indicated that glycerol could be successfully esteri-
fied with acetic acid in the presence of STA and zirconia
incorporated MCM-41 catalysts. STA-ZrO,-MCM-41 catalyst
showed good activity in the esterification reaction provid-
ing 100% glycerol conversion and 21% selectivity to the
TAG in a reaction time of 245 min at 200°C. Because the
glycerol conversion is well correlated with the acidity of
the catalysts, STA-impregnated catalysts were more active
due to the Brgnsted acid sites.
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