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ABSTRACT

Glycerol mono oleic (GMO) is a kind of non ionic surfactant, its appearance is light
yellow liguid, and it is soluble in a hot alcohcl solution, also soluble in chloroform and
ether. It also can form emulsion in the water — oil mixed and also as an emulsifier in food.
GMO can be obfained from esterification of glycerol and oleic acid, by using solid acid
catalyst to form mono glycerin ester. Solid acid catalyst sulfated titania (T EOZ-SO,ﬁ
aerogel has been prepared through one-step synthesis by the sol-gel method using
sulfuric acid followed by the one-step CO; supercritical extraction. Highly porous aerogel
with a large surface area (469m?/g) and high porosity (pore volume 1.6cm’/g) has been
obtained. The anatase phase is-stable after calcination at temperatures up to 700°C, and
the specific surface area, {otal pore volume and average pore diameter of anatase phase
do not change significantly after caicination at 600°C. Thermally stable and highly acidic
sulfated titania aerogel is attractive as catalyst. The catalytic activity of the sulfated
anatase shows ability for application as a catalyst for etherification reaction of oleic acid
(C1sHz402) with glycerol (CsHsC3) 10 produce glycerol mono oleate.

Key word; Sulfated titania, glycerol mono oleate, sol-gel, supercritical extraction.

1. Introduction

Indonesia is a tropical country, which paim is one of the important
commodities which contributes to economic development in Indonesia, especially
in agro industrial sector. Palm oil estate covered 5.6 million ha (2004) and
produced up to 13 million tons of crude palm oil in 2006. Currently, Indonesia is
the second largest producer of palm oil in the world. However, according to the
prediction of the Oil paim World, Indonesia wili be the highest producer of palm
oil in 2010. Palm oil has been used as edible or cooking oil for many years. Now,
palm oil is also consumed as an industrial raw material. Oleochemical industries,
for example consume palm oil as one of their raw materials. On the other side,
palm oil is the most important renewable source of raw material in Indonesia.

Glycerol mono oleic is a kind of non ionic surfactant, its appearance is light yellow
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liquid, and it is soluble in @ hot alcohol solution, also soluble in chloroform and
ether, If also can form emuléion in the watef — oil‘mixéd énd élso‘ as an emulsifier
in food. Glycerol mono oleic can be obtained from esterification of glycerol and
oleic acid, by using right catalyst to form mono glycerin ester. This surfactant has
important role in cosmetic industry, food, beverage,' medicine and lubricant due
for used as emulsifier and stabilizer.,

The optimum process esterification of glycerol with oleic acid using
sulfuric acid as catalysts have been studied completely in Research Centre for
Chemistry, Indonesian Institute of Sciences, (RCChem-LIPl). The esterification of
glycerol mono oleic usiég sulfuric acid as catalyst happened on several steps,
whiéh were: esteriﬁcat@pn, Washing the product and df_acantation. After the ester
wa;% formed, the impurities (catalyst and reactants which are not reacted) in
glycerol mono oleic was separated by washing it with hexane and potassium
chlo_ride' so[utio;rl,'men the product was decanted. Those several steps were done
to aim glycercl mono oleic product free from sulfuric acid. While the reaction
happened, the catalyst was mixed with reactants and formed a homogeneous
solution. '

The ideas of studying esterification of glycerol with oleic acid by using
solid catalyst are to simplify the processes. The product should not been washed,
it c:anAbe separated direcﬂy after the esté:ﬁfication then have énalyzed; therefore
the process will be easier. For the industry scale, this idea woutld give benefit in
pur‘ffic;ation product.

The esterification of glycerol with oleic acid proceeds by the following

mechanism:
H i
I |
o) + H (o] _(‘O H o]
I H+ I l rds | .
CigH5 - C-OH -]+ Cpsllys-C, ;\O_H/IO -H,C —i- Cply3-C-O1 - Crillyp-C—~0—H *T © CpsHy -C- 07 CH,
Oleic acid f | |
HO-HC tO— H o HC-0OH
f
HO-HC O 1LC H,C-OH
glycerol ! = | glycerol mono oleic
HC-0H HF-OH
H,C - OH H,C - CH

Esterification of the carboxyl group is relatively slow; in order to make the
process faster it will need high temperature and catalyst to achieve equilibrium

conversion of time.
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The amd strengths for the sulfated metat oxndes as soi:d acud catalyst are
high. New types of non-zeolite solid superacids, nameiy single or banary metal
oxides (ZrO,, TiO,, Fe 0, T|O—,-—S[Oz, NiO—-ZrO, etc.) modified by suifate ions,
have been developed [1-7]. These materials exhibit extremely high activities for
various acid-catalyzed reactions such as skeletal isomerization ef butene, ring-
opening isomerization of cyciopropane, alkylation of benzene deﬁvati‘ves',
cracking of paraffins, and dimerizetion of ethylene [8-14]. ‘The sulfated TiO,, in
which covalent surface sulfates such as TiOSO, can be formed by the sulfuric
acid treatment, possesses aC|d centers of high acid strength in the range - 16 04
< Hg < -14.82 [1], similar to sulfated zirconia, and has redox sites of Tl4+/T i
well as SO;* type. Here H, is the Hammett ecrd:ty function. Ho ls’used to.
describe the strength of supera-cids which is actuén[iy eqttivatent to pH for
agueous sol’utions. t-‘towever,‘the disadvantage of anatase phase.‘TiOz is its
relatively low Surféce area, usuai!y smaller than 55m2/g 18], and the poer' |
stabrhty of anatase at high temperatures stable oniy helow 500°C [161
The aerogets prepared by the sol-gel method foliowed by supercntlcall
drying, consist of nanoparticles and have large surface area and high porosity.
The first step in the preparation is the formation of art alcogel through ttte ‘sol-get
chemistry,. hydrolysis and subsequent condensation in alcohotic rsblutions." For
catalytic uses, the lsolvent must be removed from the gel. D}Jrirtg cohventione!
drying, a liquid-vapor interface is formed in the pores, and the 'cor;espohding
surface tension coltapses’the oxide network, thereby reducing its eorosity and
surface area. However, in the supercritical drying process, the liquid solvent is
replaced with a supercritical fluid, and the liquid-vapor interface is eliminated.
This supercritical fluid can then be safely removed from the pores leaving the
oxide network intact. The resulting material, aerogel, can have high porosity,
>90%, very low density and extremely large surface area [17]. |
in this paper, we report the one-step synthesis of sulfate-promoted and
highly porous titania aerogel. Sulfuric acid was added to the titanium alkoxide
precursor solution, and sulfate is included in the oxide network of the alcogel,
making a titania-sulfate cogel. This cogel was supercritically dried resulting in
highly porous fitania-sulfate aerogel. To understand how sulfate promotion
generates superacidity, the structure of the sulfate species on the surface of
these materials has been determined. The un-sulfated titania aerogel has been

prepared with nitric acid catalyst for comparison. The catalytic activities of
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resulting materials were evaluated for the esterification of oleic acid with glycerol

to produce glycerol mono oleate.

2. Experimental procedure

The sulfated-TiO; wet gel was prepared by hydrolysis of titanium tetra-n-
butoxide (TNB), Ti(n-OC4Ha)s, in a methanol solution with sulfuric acid catalyst.
The molar ratios used for the synthesis were [TNB]: [H2Ol: solvent = 1:13.4:12.7
and [H:SO4: [TNB] = 0.06. At first, TNB was dissolved into methanol at room
temperature. A mixture of the catafyst'so[ution, remaining methanol, H,O and
H,SO4, was added to the TNB solution, and then stirred for th. The solution
gelled in 24h after addition of the catalyst solution. The un-sulfated-TiO, wet gei
was prepared in the same condition using HN03 as catalyst for hydrolysis. The
solution gelled in 2min after addition of the cataiyst solution. The gel fime was
defined as the time required after mixing for the vortex created by the stirring to
diséppear completely. After éging at room temperature for 221h, the wet gels were
supercritically extracted by flowing supercritical carbon dioxide at 60°C and
22Mpa for 4h using a supercritical extraction system (Supercritical Fluid
Extraction System, Newport Scientific Inc.) |

The spgéiﬁc surface area, pore volume and pore size distribution of the
gels, before and after calcination, were estimated by the BET and Barret-Joyner-
Halenda (BJH) method [18] using N. adsorption-desorption curves. Infrared
spectra of the sulfated gels were measured by the KBr disc method with a Fourier
transform infrared spectrometef (FTIR, BIO-RAD FTS-60A). Crystallization
behaviors of the aerogels were investigated by X-ray diﬁractometry {Rigaku,

RAD-C) after calcination at temperatures in the range from 500 to 800°C with a

heating rate of 10 °C min™', holding time of 2 h and a cooling rate of 10°C min”",

(o)

[ Oleic acid ]_""*

l Glycerol } »

Figure 1. Flow diagram of estenflcatlon of glycerol with oleqc acid using solid
catalyst
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" Oleic acid, glycerol and’ sulfated ‘titania” or zeolite were charged :ihtq the

esterification unit. After the desired temperature was r'eacﬁéd,'the first sérﬁp!e

was withdrawn, get cooled, filtrated then analyzed. This moment was considered

as the beginning of the process. During the reaction, sampling was performed

every one héur for 7h. Each sample was analyzed for its acid 'sa.pc‘)niﬁcation‘

values and percentage. of the produced esters, conversion 6f GM_O (yfeld).

Experiments were conducted with 'constant molar ratios of.oleic écid and giyceroi
(1:1) at 180 °C using sulfated titania catalyst.

3. Résuits

Fig. 2 shows the FT-IR spectra of the sulfated gel as—extracted,‘ calcined
at 500, 600, 700 and 800°C for 2h in the range from 4000cm™ to 400cm™. The
broad absorption band around 3400 cm™ for all samples indicates the OH groups,
the occluded water and surface = Ti-OH groups with H-bonding. Infféred spectra
of' sulfated metal oxides generally show a strong absorption band at 1380-
1370cm™ and broad bands at 1250-900cm™ [19]. The former is attributed to the
stretching frequency of S=O and the latter bands are the characteristic
frequencies of SO. The as-extracted sample shows the presence of the
absorption bands in the range from 1250 to 800cm™, 1250, 1128, 1058, and
900cm™, and strong peaks at 1635cm™ and at 1461cm™, attributed to the
characteristic frequencies of S0O,%, and stretching of -OH and vibration of Q(_)_:-H,
respectively. After calcination at 500°C, the peak at 14616m" disép_peared, .but
the peaks at 3400cm™ and at 1635cm™ ascribed to OH group still existed and

!

strong peak at 583cm™ attributed to metal-oxygen bonds of Ti-O was found.
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Figure 2. IR absorption spectra of sulfated titania aerogel after calcination
at various temperatures (a) as-prepared, (b) 500°C, (c) 600°C, (d) 700°C, and (e)
800°C
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The X-ray powder diffraction pattem for the sulfated titania aerogel
calcined at 500°C shows: the diffraction peaks of anatase (Fig. 3-1b). The
anatase structure was .stable after calcination up to 700°C (Fig. 3-1d). After
calcination at 750°C, small peaks of rutile structure began to found (Fig. 3-2).
After calcination at 800°C, the diffraction peaks of anatase disappeared (Fig.3-
1e),

The X-ray diffraction peaks of anatase were found for the un-su'"ated
titania aerogel as-extracted (Fig. 4a). The anatase structure was stable after
calcination at temperatures up to 500°C (Fig. 4b). After calcinations at 600°C, the
small diffraction peaks of rutile were found (Fig. 4c). After calcination at 700°C,
the_angtase peaks digappeared (Fig. 4d).
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Figure 3-1 XRD patterns of sulfated titania aerogel; (a) as-extracted,

(b) 500°C, (c) 600°C, (d) 700°C and (e) B00°C. * :anatase +:-rutile
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Figure 3-2 XRD patterns of sulfated titania'aerogel after calcination at
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Figure 4 XRD patterns of un-sulfated titania aerogel; (a) as-extracted, (b)
500°C, (c) 800°C, (d) 700°C and (e) 800°C. ¢ ; anatase *rutile

Table 1 shows the specific surface area, cumulative pore volume and
average pore diameter of the sulfated- and the un-sulfaied TiO; gels as-extracted
and after calcination at various temperatures for 2h. The specific surface area,
average pore diameter and.pore volume of the as-extracted sulfated titania
aerogel were 469m’g’, 11.9nm and 1.60cm?®g”, respectively. The specific
surface area and the pore volume of the sulfated titania are larger than those of
the un-sulfated titania, 195m*g™ and 0.55cm>g™", respectively, more than two and

three times, respectively (Table 1).

Table1 1. Specific surface area, cumulative pore volume, and average pore diameter of
the titania gels after calcination at various temperatures, ®

As- 500°C 600°C 700°C 800°C .
extracted .
oele
Ti0,-50, Aerogel
Surface area (m’g™") 469 175 117 63 7
Pore volume (cm’e™) 1.60 0.94 0.74 0.40 0.07
Average pore diameter 11.9 19,1 24 21 39.7
{nm)
TiO. Aerogel
Surface area (m’g™") 195 90 58 19 5
Pore volume (cm’g™) 0.55 0.49 0.35 0.16 0.05
Average pore diameter 12.8 18.7 20.0 36.5 51.6
(nm)

a , The accuracy of N; adsorption measurements was 0.1%, and the reproducibility of these
values for each sample was within 10%.
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After calcination at 500°C, the specific surface area and the pore volume
of the sulfated titania, about 175m?g™ and 0.94cm®g™, are two times larger than
those of the un-sulfated titania. After calcination at 600°C, the specific surface
area and pore volume of the sulfated titania, about 117m?*g™ and 0.74cm’g™, are
two times larger than those of the un-sulfated titania. After calcination at 700°C,
the specific surface area and pore volume of the sulfated titania, about 65m?g™
and O.4cm3g'1, are more than three and two times larger than those of the un-
suifated titania, respectively. After calcination at 800°C, the specific surface area
and the pore volume of the sulfated titania are almost the same as those of the
un-sulfated titania Table 1). The specific surface area and the cumulative pore
volume of the sulfated titania were much larger than those of the un-sulfated
titania, and gradually decreased with increasing caicination temperature up fo
700°C. The average pore size of the sulfated and the un-sulfated titania aerogels
increased with increasing calcination temperature (Table 1).

Figure 5 shows the effect of activation temperature of the sulfated titania
{catalyst concentration 0 75 %) on the catalytic activity for the reaction of oleic
acid with glycerol to produce glycerél mono oleate at 180°C.
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Figure 5 Effect of activation temperatures of the sulfated titania on the
catalytic activity on production of glycerol mono oleate

4. Discussion

The specific surface area of the sulfated and un-sulfated titania aerogel
(Table 1) are as large as those of the usual titania aerogels, e.g. the specific
surface area was about 160 m?g” for the as-dried aerogel prepared by
supercritical drying in ethano! [19]. The simple process of one-step CO,

supercritical extraction of titania gels is as good as the usual supercritical drying
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method. The advantage of this method is a simple one-step-prdcess, and it

needs shorter processing time, safety and low cost. The direct extraction of

solvent in wet gels with supercritical CO, will be a good alternative method for the
usual “aerogel” method.

Anatase nanoparticles are found for the as-extracted aerogel as
discussed previously [20] (Fig. 4a). On the other hand, the sulfated gel is
amorphous as-extracted. The infrared absorption bands 1250, 1128, 1058, and
900 cm™ are found for the as-extracted sulfated titania agrogel, and they are
assigned to the bidentate sulfate [14] coordinated to Ti*", indicating the formation
of titanium sulfate, Ti,SO4(Scheme 1). The crystallization of anatase is restrained

by the formation of sulfate phase.

" Ti—0 G

o
S
Ti—O/ \o
Scheme 1 Bridged bidentate (Dehydrate form)

The pore volume of .the un-sulfated aercgel drastically decreased to
0.35cm®q™ after calcination at 600°C, and that of the sulfated aerogel drastically
decreased to 0.40cm®g™ after calcination at 700°C (Table 1). The average pore
diameter of the un-suifated aerogel increased to 20nm after calcination at 600°C,
and that of the sulfated aerogel decreased to 21 nm after calcination at 700°C,
and the specific surface area of the un-sulfated aeroge! decreased to 58m?g™,
and that of the sulfated aerogel decreased to 65m’g'(Table 1). The diffraction
peaks of rutite are found after calcination of the un-sulfated aerogel at 600°C (Fig.
4c). With the phase transformation from anatase to rutile, the increase in grain
size and pore size and the further decrease in surface area are observed (Table
1). After calcination at temperatures higher than 700°C, no peaks of anatase can
be found (Fig. 4, d and e). The specific surface area dropped to 19 m*g™ and
average pore size increased drastically to 36.5nm after calcination of the un-
sulfated aerogel at 700°C. The diffraction peaks of rutile are found after
calcinations of the sulfated aerogel at 750°C (Fig. 3-2). The specific surface area
dropped to 7m’g” and average pore size increased drastically to 38.7nm at
800°C .or the sulfated aerogel, due to the grain growth of rutile crystals (Table 1).
The anatase phase in the sulfated gel is thermally stable at higher temperatures,
up to 700°C, than in the un-sulfated gel. After calcination at 500°C, the

absorption bands attributed to sulfate become weak, but they are still observed
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after calcination at 700°C (Fig. 2). The grain growth of anatase in the sulfated
aerogel was restrained by the sulfation, and the phase transformation from
anatase to rutile was retarded. After calcination at 500°C, the peak at 1461cm™,
attributed to the vibration of -C-H, disappeared, but the peaks at 3400cm™ and at
1635cm™ ascribed to OH group still existed. These results show that the organic
residue can be eliminated by calcination at 500°C, but OH group remains as well
as the sulfate phase.

The IR absorption peaks in the range from 900 to 1250cm™, attributed to
S04 group, are not found after calcinations at 800°C. The decomposition
temperature of the specific suifate phase of the sulfated aerogel is much higher
than that of the sulfated TiO, prepared by the sol-gel and impregnation method,
540°C [20]. This result is attractive from the catalytic view point, and the
difference may be atiributed to the difference in the structure of sulfate phases.
Sulfate ion is adsorbed on titania gel by the impregnation method. On the
contrary, the specific sulfate is formed by the sol-gei reaction using sulfate
catalyst. In addition, decomposition of the sulfate in small pores proceeds at high
temperatures like organics residues in gels. The acidity and acid strength of
sulfated TiO, catalysts have been well studied [5, 6, and 21]. In general, a
considerable number of Brensted and Lewis acid sites are formed by modifying
TiO; with H,SO4  In terms of the Hammett acidity parameter, H,, the acid
strengths of these modified catalysts are typically more negative than -14.5,
which makes these catalysts stronger than 100% H,SOs (H, = -11.83).
Formation of such superacid sulfated TiO, catalysts has been attributed to the
inductive effect of the S=0 bonds of the surface sulfate complex. These
superacid properties have been considered to be responsible for the high
catalytic activity of catalysts modified with sulfuric acid in various acid-catalyzed
reactions such as the skeletal isomerization of butane, ring-opening isomerization
of cyclopropane, alkylation of benzene derivatives, cracking of paraffins, and
dimerization of ethylene [8—14].

The reaction of esterification of glycerol with oleic acid using solid catalyst
followed the same kinetics of esterification using sulfuric acid, also followed the
kinetics of esterification of Levulinic acid with butanol [22] and kinetics of
esterification of stearic acid with glycerol [23]. The basic reaction is represented

by the following stoichiometric equation:
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K1
aC1BH34OZ + bC3H803 m CC21H4004 + deO
(1)
Cleic acid Glyeerol kz giycerol mono oleic Water

Where k; is the forward reaction rate constant and k; is the reverse reaction rate
constant. According to equation (1) it is assumed that the reaction between
glycerol with oleic acid is an elementary reversible reaction. Elementary reaction
is a reaction between one molecule reactant with one molecule reactant. If the
rate equation corresponds to a stoichiometric equation are called elementary
reactions. The molecularity of an elementary reaction is the number of molecules
involved in the reaction, and this has been found to have the values of one, two
and occasionally three, note that the molecularity refers only fo an elefnentary
reaction, the order reaction is equal with coefficient stoichiometric reaction in
elementary reaction [24]. in elementary reaction the molecuiarity is equal with
total order reaction.

Qleic acid reacts readily with glycerol in the presence of catalytic amount
of sulfated titania acids to vyield compounds called Glycerol mono cleate
(GMO)(Fig. 5). The as-prepared sulfated TiO, aerogel shows the high activity.
The catalytic aclivity of the sulfated anatase shows ability for application as a
catalyst for etherification reaction of oleic acid (C1sH3402) with glycerol (CsHgOs)

to produce glycerol mono cleate.

5. Conclusions

Sulfated titania (TiO,-SO.%) aerogel has been prepared through the one-
step synthesis by the sol-gel method using sulfuric acid as hydrolysis catalyst
followed by the one-step CO, supercritical extraction.
(N Anatase phase in the sulfated aerogel is stable up to 700°C. The porous
structure of the sulfated aerogel is thermally stable in comparison with the un-
sulfated aerogel. The sulfate phase, bridged bidentate TiSQy, restrains the
crystallization and the grain growth of anatase, and retards the phase
transformation from anatase to rutile.
(3) The catalytic activity of the sulfated titania shows ability for esterification
reaction of oleic acid (CqeH340,) with glycerol (CsHsO3) to produce glycerol mono

oleate.
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