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Several silicas (MCM-41, SBA-15 and HMS) were acid-modified by incorporating aluminium or by
introducing phosphorus species or sulfonic groups. The modified silicas maintained mesostructural
ordering and a narrow pore size distribution. However, Their surface area and pore volume was lower
than that of unmodified samples. The incorporation of aluminum in the structure of MCM-41 and SBA-15
increased the amount of Brgnsted acid sites, leading to greater catalytic activity (i.e., higher conversion
values) for glycerol etherification with isobutene than pure silicas, but their relatively weak acid strength
resulted in low selectivity to di- and tri-tertiary butyl ethers of glycerol (h-GTBE). The introduction of
phosphoric groups, with higher acidity strength, improved the selectivity to h-GTBE, and glycerol triether
MCM-41 was detected in low amounts. Interestingly, HMS synthesized with dodecylamine and later sulfonated
SBA-15 exhibited total conversion and 84% of selectivity to h-GTBE (26% to glycerol triether) after 24 h of reaction.
HMS The presence of textural mesoporosity in HMS reduced diffusion limitations, and consequently increased
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the incorporation of sulfonic groups and their accessibility, leading to higher catalytic activity.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In the last few years, the catalytic etherification of glycerol
(glycerine or 1,2,3-propanetriol), in the presence of tert-butanol or
isobutene, to obtain di- and tri- tertiary butyl ethers of glycerol (h-
GTBE) has been extensively studied [1-19]. h-GTBE can be used as
oxygenated fuel in place of the environmentally highly toxic methyl
tertiary butyl ether (MTBE), and to remarkably reduce emissions of
particulate matter [20]. Additionally, this reaction is a challenging
option for glycerol revalorization.

To date, the best catalytic results for etherification of glyc-
erol have been achieved with strong acid ion exchange resins
(Amberlyst type) as catalysts [ 1-4]. The incorporation of organosul-
fonic acid groups in mesoporous materials can generate effective
solid acid catalysts with enhanced catalytic properties. Mesoporous
silica SBA-15 functionalized with organosulfonic acid groups,
introduced by conventional heating, resulted in high conversion
and moderate selectivity values to h-GTBE for glycerol etherifi-
cation with isobutene [5,6]. In a previous study, we prepared an
organosulfonic acid functionalized SBA-15 by direct synthesis in
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one step microwave process. The resulting catalyst achieved total
conversion and 91% to selectivity to h-GTBE (with 36% of selectivity
to the glycerol triether) after 4 h of reaction for the etherification of
glycerol with isobutene [16]. Apart from these studies of organosul-
fonic acid-functionalized SBA-15, there are no reports on the use
of other mesoporous silicas such as MCM-41 or HMS modified by
incorporation of Al, phosphorus species or sulfonic groups, as cat-
alysts for glycerol etherification.

The incorporation of Al into the walls of MCM-41 or SBA-15
can generate active sites for adsorption, ion exchange and catalysis,
which may function in aqueous media in a manner similar to that
of aluminosilicate zeolites [21,22]. Zeolites are extensively used
as acid catalysts, adsorbents and ion exchangers but their microp-
orosity limits their applications to small molecules, and processes
involving larger organic or biological molecules are excluded.
Mesoporous molecular sieves have attracted much interest because
of their potential application in reactions or separations involving
bulky molecules. Aluminium is usually introduced into MCM-41
and SBA-15 by direct synthesis [23,24] or by post-synthesis grafting
methods [25,26].

Another alternative to improve acidity in mesoporous mate-
rials and zeolites is to introduce phosphorus species. Kawi and
co-workers proposed incorporation of phosphorous moieties onto
MCM-41 via impregnation in H3PO4 solution [27]. More recently,
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McKeen and co-workers incorporated organic sulfonic, carboxylic
and phosphoric acid groups into zeolite Beta, MCM-41 and MCM-
48 [28] and observed that the order of proton conductivities in the
functionalized materials was sulfonic acid groups > phosphoric acid
groups > carboxylic acid groups.

HMS is a hexagonal mesoporous silica which shows significant
differences compared to MCM-41 in that it exhibits complementary
extra-framework (i.e., textural) mesopores in addition to frame-
work pores. Textural mesopores are important because they greatly
facilitate mass transport to the framework. For this reason the cat-
alytic reactivity of HMS is usually superior to MCM-41, especially
for reactions involving large substrates in a liquid reaction medium
where the reaction rates are limited by diffusion [29,30]. It is now
known that the degree of textural mesoporosity is quite sensitive
to both the solvent and the nature of the surfactant used in the
synthesis of HMS [31].

The aim of this work was to generate several mesoporous silicas
with varying amount and strength of Brensted acid sites and test
their catalytic activity for glycerol etherification with isobutene.
The acidic properties of the mesoporous silicas were varied via
a number of routes, namely; (a) incorporation of aluminium via
post-synthesis alumination of MCM-41 and SBA-15, (b) introduc-
tion of phosphorus species in MCM-41 and SBA-15, (c) sulfonation
of MCM-41 via direct synthesis, and (d) post-synthesis sulfonation
of several HMS samples synthesized with surfactants of varying
length.

2. Experimental
2.1. Catalyst preparation

2.1.1. Synthesis of mesoporous silicas: MCM-41 and SBA-15

MCM-41: Tetramethylammonium hydroxide (TMAOH) and
cetyltrimethylammonium bromide (CTAB) were dissolved in
distilled water by stirring at 308K to generate a template
solution. Fumed silica was added to the template solu-
tion under stirring for 1h to have a molar composition of
1Si:0.25 CTAB:0.2 TMAOH:40 H, O. After further stirring for 1 h the
resulting gel was aged at room temperature for 20 h and then trans-
ferred to a Teflon-lined autoclave and heated at 423K for 48 h.
The solid was recovered by filtration, washed, dried in air at room
temperature, and calcined at 823 K for 8 h.

SBA-15: An amount of 4.0 g triblock copolymer poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(EO29P0O29EO,g) was added to a solution of 25 g HCl (35% wt%) and
125¢g water under stirring. After stirring for 2h, the copolymer
was completely dissolved after which 8.6 g tetraethyl orthosilicate
(TEOS) was added. Following continuous stirring at 313K for 20 h,
the reaction mixture was transferred to a Teflon-lined autoclave
and heated at 373K for 24 h. The resulting product was obtained
by filtration, washed repeatedly with a large amount of water, air
dried at room temperature and calcined at 773 K for 6 h to remove
the surfactant.

2.1.2. Synthesis of mesoporous aluminosilicates: AI-MCM-41 and
Al-SBA-15

For the alumination process, 1.0 g of calcined pure silica (MCM-
41 or SBA-15) was added to 50 ml hexane (dry) containing the
required amount of aluminium isopropoxide (Si/Al ratio=5) and
stirred at room temperature (AI-MCM-41) or 343 K (Al-SBA-15) for
24 h. The resulting powders were obtained by filtration, washed
with dry hexane, dried at room temperature and calcined at 823K
for 4 h.

2.1.3. Synthesis of phosphoric acid-functionalized MCM-41,
SBA-15

Phosphorus species were introduced onto the surface of the
calcined silica samples by impregnating 1g of mesoporous sil-
ica (MCM-41 or SBA-15) with 4.5 ml of H3PO4 solution (Si/P=25),
according to the method reported by Kawi et al. [27]. In order to
prevent the framework from being destroyed in the strong acid
solution, the phosphoric acid impregnated samples were rapidly
dried under stirring. Finally, the sample was dried in the oven at
373K for 8 hand calcined at 673 K for 3 h. Samples were designated
as MCM-41-P and SBA-15-P.

2.1.4. Synthesis of ethylphophoric acid-functionalized SBA-15

SBA-15-P2: Another phosphoric acid-functionalized SBA-15
sample was prepared by direct synthesis as follows; 4.0 g triblock
copolymer poly(ethylene glycol)-blockpoly(propylene glycol)-
block-poly(ethylene glycol) (EOoPO20EO,g) was added to 125 ml
of 2 M HCI at room temperature under stirring. Then, the solution
was heated to 313K and 9g of TEOS was added dropwise. After
45 min, 2.8¢g of diethylphosphatoethyltriethoxy silane (DEPTES,
Gelest) was added dropwise (to prevent phase separation). The
sample was then heated under continuous stirring at 313K for
2h by refluxing under microwave heating. The reaction mixture
was then transferred to a Teflon-lined autoclave and heated in a
conventional oven at 373 K for 24 h. The resulting product was fil-
tered, washed repeatedly with a large amount of water, and dried in
air overnight. The surfactant template was removed by extraction
with ethanol under reflux for 24 h. Finally, diethylphosphatoethyl
groups were cleaved and converted to phosphoric acid groups by
refluxing 1g of diethylphosphatoethyl functionalized SBA-15 in
21 ml of concentrated HCl at 313K for 24 h.

2.1.5. Synthesis of propylsulfonic acid-functionalized MCM-41

MCM-41-S: A template solution was prepared by dissolving
tetramethylammonium hydroxide (TMAOH) and cetyltrimethy-
lammonium bromide (CTAB) in distilled water at 308 K. The silica
source, fumed silica, and (3-mercaptopropyl)trimethoxysilane
(MPTMS) were then added to the template solution under stirring
for 1h. After further stirring for 1h the resulting synthesis gel of
composition 1 Si: 0.1 MPTMS: 0.25 CTAB: 0.2 TMAOH: 40 H,0 was
aged at room temperature for 20 h. Then, the gel was transferred to
aTeflon-lined autoclaved and heated at 423 K for 48 h. The solid was
recovered by filtration, washed, dried in air at room temperature,
and refluxed in ethanol for 24 h. Material with immobilized mer-
captopropyl groups was oxidized with H,0, in a methanol-water
mixture. Typically, 2.04 g of aqueous 35% H,0, dissolved in three
parts of methanol was used per g of material. After 24 h, the sus-
pension was filtered and washed with water and EtOH. The wet
material was resuspended (1 wt%) in acidified H,O (0.1 M H;S04)
for another 4 h. Finally, the solid was extensively rinsed with H,O0,
dried at 333K, and stored in a desiccator.

2.1.6. Synthesis of arenesulfonic acid-functionalized HMS

HMS was synthesized at 338 K from a gel containing 0.02 TEOS,
0.005 amine, 0.088 EtOH and 2.56 H,0. The amine (dodecylamine
(dda), hexadecylamine (hda) or octadecylamine (oda)) was first
dissolved in an alcohol-water mixture. TEOS was then added and
the mixture was stirred at 338 K for 24 h. The amine template was
removed by calcining at 873K for 4h to generate HMS samples
designated as HMS(dda), HMS(hda) and HMS(oda) for templating
via dodecylamine (dda), hexadecylamine (hda) or octadecylamine
(oda), respectively. Then, the HMS samples were treated with
1.5 g of (2-(4-chlorosulfonylphenyl)ethyltriethoxysilane (CSPTMS)
by refluxing at 313 K for 2 h to introduce the organosulfonic groups.
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Sulfonated samples were designated as HMS(dda)-S, HMS(hda)-S
and HMS(oda)-S.

2.2. Catalysts characterization

Powder X-ray diffraction (XRD) patterns were performed using
a Bruker AXS D8 Advance powder diffractometer with Cu Ko radi-
ation (40kV, 40 mA), a 0.020° step size, and a 1 s step.

Elemental composition (Si/Al ratio) was determined with a
Philips MiniPal PW4025 X-ray fluorescence (XRF) instrument and
an average taken over three runs.

Textural properties were determined via nitrogen sorption
analysis at 77K using a conventional volumetric technique by
a Micromeritics ASAP 2020. Before analysis the samples were
oven-dried at 423K and evacuated overnight at 423K under
vacuum. The surface area was calculated using the standard
Brunauer-Emmett-Teller (BET) method using adsorption data in
the relative pressure range from 0.05 to 0.2. The total pore volume
was estimated on the basis of the amount of nitrogen adsorbed at
arelative pressure (P/P,) of ca. 0.99.

The acid content of aluminosilicates was determined using
established procedures that employ thermal desorption of cyclo-
hexylamine (CHA) [31]. The mass loss associated with desorption of
the base from acid sites was used to calculate the total acid content
(mmol of CHA/g of sample) assuming that each acid site interacts
with one base molecule. To obtain the content of strong acid sites,
the CHA-containing samples dried at 353 K were further heated in
an oven at 523 K prior to TGA analysis.

The acid capacity of sulfonated samples was measured through
the determination of cation-exchange capacities using aque-
ous sodium chloride (2 M) solutions as cationic-exchange agent.
Released protons were then potentiometrically titrated [32].

Thermogravimetric analysis (TGA) technique was used to con-
firm and quantify the introduction of the sulfonic acid groups
(sulphur content) for all sulfonic acid-functionalized samples and
the amount of phosphoric groups (phosphorous content) in sam-
ple SBA-15-P2 since the weight loss observed between 360 °C and
660°Cin the TGA has been related in the literature to the loss of the
incorporated organic acid groups [28,32]. Thermogravimetric anal-
yses were performed in a TA instruments equipment from 50°C to
800°C at 10°C/min under airflow.

Scanning electron microscopy (SEM) were performed on a scan-
ning electron microscope, JEOL JSM6400, operating at accelerating
voltage of 25kV and work distances of 10 mm, and magnification
of 10,000 x.

2.3. Catalytic activity

Etherification experiments were performed in the liquid phase
in a stainless steel stirred autoclave (150 mL) equipped with tem-
perature controller and a pressure gauge. Stirring was fixed for all
experiments at 1200 rpm to avoid external diffusion limitations.
Liquid phase pressurized isobutene (glycerol/isobutene molar ratio
of 0.25) was injected into the reactor, previously charged with
glycerol and catalyst (0.5g), using nitrogen at 10bar as pushing
agent. The temperature was then raised to 348 K and the pressure
increased accordingly following the liquid-vapour equilibrium.
Catalytic experiments were made at 24 h. The reaction products
were analyzed by gas chromatography using a chromatograph
model Shimadzu GC-2010 equipped with a SupraWax-280 column
and a FID detector. Glycerol conversion and selectivity to MTBG
(glycerol monoethers) were determined from calibration lines
obtained from commercial products. For DTBG (glycerol diethers)
and TTBG (glycerol triether), which were not available commer-
cially, we isolated them from the products of the etherification
reaction by column chromatography (1:9 ethyl acetate/hexane)

and identified them by 13C and 'H NMR for proper quantification
[16] with the assistance of the characterization data reported by
Jamroéz et al. [33].

3. Results and discussion
3.1. Catalysts characterization

XRD patterns of synthesized and modified MCM-41 and SBA-15
samples were typical of well-ordered hexagonal materials whereas
HMS samples showed only one peak typical of a wormhole type
pore structure (Fig. 1). The structure of mesoporous silicas was
generally well maintained after Al insertion, or after incorporation
of phosphoric or sulfonic groups. Some decrease of ordering was,
however, apparent for organosulfonic acid functionalized samples
for which a relatively greater loss in long-rangemesostructural
ordering was observed (Fig. 1).

Si/Al ratios of aluminosilicates (AlI-MCM-41 and Al-SBA-15)
were slightly higher (7.3 and 7.8, respectively) than the theoret-
ical gel ratios (Si/Al=5). Both aluminated samples retained good
mesostructural ordering and narrow pore size distribution, as
deduced from the nitrogen sorption isotherms and pore size distri-
bution curves shown in Figs. 2 and 3. The aluminated samples had
lower surface area and pore volumes than their corresponding pure
silicas (Table 1). The thicker pore walls of the Al-grafted materials,
coupled with the presence of non-framework Al in the pores may
be responsible for this decrease. The introduction of aluminium
in the structure increased the acidity of the materials (Table 1),
as expected. The differences in acidity observed between the two
aluminosilicates can be related to their different Si/Al ratio.

XRD and N; sorption analysis results of the phosphoric acid-
functionalized samples (MCM-41-P, SBA-15-P, SBA-15-P2) showed
that the structure and uniform framework could still be well main-
tained after external introduction of phosphorous species onto the
pore surface via post-synthesis impregnation in phosphoric acid
solution or direct synthesis (Figs. 1-3). Therefore, the incorporation
of phosphorus species under the conditions used did not degrade
the mesoporous structure of the materials. However, we observed a
decrease in the surface area and pore volume (Table 1), which can
be attributed to the presence of phosphoric groups in the pores.
The phosphorous content was higher for the sample prepared by
direct synthesis (Si/P=15.6), as determined from TGA, than for the
samples in which phosphoric acid groups were introduced by post-
synthesis impregnation (Si/P=25).

Finally, after sulfonation, a significant decrease in surface area,
pore volume and average pore size was obtained for all samples
(Table 1). This is as expected since sulfonic acid groups extend into
the pores, reducing pore diameter and volume. However, the uni-
form silica framework was maintained, as indicated by the nitrogen
sorption isotherms and pore size distribution curves shown in
Figs. 4 and 5. The higher decrease of surface area observed for
sample HMS(dda)-S, which was synthesized using dodecylamine as
surfactant, with respect to the other sulfonated HMS samples could
be attributed to a higher content of sulfonic groups. Interestingly,
HMS(dda)-S exhibited additional capillary condensation at partial
pressures >0.90 due to the filling of textural mesopores (Fig. 4),
which was not observed for the other HMS samples synthesized
with surfactants of higher carbon chain length. The degree of text-
ural porosity in HMS depends both on the nature of the surfactant
and the solvent polarity used during the synthesis, as previously
reported [30,34]. The textural mesopores are important because
they greatly facilitate mass transport to the framework mesopores
[29,30].

Fig. 6 shows the particle morphology of sulfonated HMS sam-
ples. Sulfonated HMS synthesized with dodecylamine exhibited
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Table 1

Textural properties, acidity and sulfur content of the materials.

Catalyst Surface area (m?/g) Average pore diameter (nm) Total pore volume (cm?/g) Acid capacity(meq H*/g)? Sulfur content”
MCM-41 989 3.93 1.04 - -
SBA-15 1212 7.31 1.30 - -
HMS(dda) 612 4.03 1.96 - -
HMS(hda) 703 4.07 1.27 - -
HMS(oda) 632 4.79 1.30 - -
Al-MCM-41 808 3.63 0.86 0.81 -
Al-SBA-15 488 6.92 0.65 0.55 -
MCM-41-P 696 3.80 0.63 - -
SBA-15-P 704 7.57 0.82 - -
SBA-15-P2 643 7.85 0.71 - -
MCM-41-S 807 3.37 1.29 0.24 0.20
HMS(dda)-S 497 4.01 1.65 0.63 0.64
HMS(hda)-S 693 4.06 1.10 0.15 0.13
HMS(oda)-S 628 4.81 1.15 0.10 0.08

2 Determined by thermal desorption of cyclohexylamine for Al-containing samples and by potentiometric titration for sulfonated samples.

b (mmol organic sulfonic acid group per g sample) calculated from TGA.

smaller particle sizes than sulfonated HMS synthesized with hex-
adecylamine or octadecylamine. These small particles (<200 nm)
are consistent with the complementary textural mesoporosity
observed from N, sorption data.

TGA confirmed that all sulfonated samples possessed sulfonic
groups since a weight loss between 360 °C and 660 °C was observed

(Fig. 7). This weight loss has been related to the loss of organic sul-
fonic groups [16-18,32,35], and allowed us to calculate the sulfur
content as mmol organic sulfonic group/g sample (Table 1). It is
important to note that for sulfonated HMS samples, HMS(dda)-
S showed much higher sulfur content than HMS(hda)-S and
HMS(oda)-S (Table 1, Fig. 7). This confirms a higher incorporation



M.D. Gonzdlez et al. / Catalysis Today 227 (2014) 171-178

1,40E+01 |
1,20E+01 |
1,00E+01 |

8,00E+00 |-

em?*/[g log(nm))]

3. 6,00E+00 |

4,00E+00 |

-dV,/dlog(D,)

2,00E+00 |

0,00E+00
0 1

2,00E+01

MCM-41

10 100 1000

Dp (nm)

1,80E+01 |
1,60E+01
1,40E+01
1,20E+01 |
1,00E+01
8,00E+00
6,00E+00 |
4,00E+00
2,00E+00 |
0,00E+00

-dVy/dlog(Dy), em*/[g log(nm)]

0 1

Fig. 3. Pore size distribution graphics of MCM-41, AI-MCM-41, MCM-41-P, SBA-15,

g

SBA-15

10 100

Dp (nm)

1600
——HMS(dda)

1400 | —>—HMS(dda)-S
1200
1000

800

600

Adsorbed volume (cm? STP/g)

400

200

0 1
0,2

0,4

0,6

0,8

1,0

Relative pressure (p/po)

1000

Adsorbed volume (cm? STP/g)

175

1LA40E+01 |- Al-MCM-41 1,40E+01 | MCM-41-P
120E4+01 | _120E+01 |
T E
s
%1,00&01 ! B LOOEHOL |
ot o
= 8,00E+00 |- S B00EH00
E o
o
~3.6,00E+00 | ~36,00E+00 |
g 4
S 4,00B+00 | 514,00E+00 .
N
> > L
% 2,00E+00 | . 200E+00
0,00E+00
G00E00 0 1 10 100 1000
0 10 100 1000
Dp (nm)
Dp (nm)
2,00E+01 2,00E+01
1,30E+01 | Al-SBA-15 1,80E+01 | SBA-15-P
_ 1,60E+01 | 1,60E+01 |
g 1408401 | E 1408401 |
] %
<, L20E+0L | 2 120E+01 |
< =
mg 1,00E+01 mE 1,00E+01 |
-3, 8,00E+00 = 8,00E+00 |
(a) =&
IES G0OER00 S 6,00E+00 |
=)
EQ_ 4,00E+00 §Q4,00E+00 |
>
? 2,00E+00 % 2,00E+00 |
QiMEZI0 0,00E+00
o 1 10 100 1000 0 1 10 100 1000
Dp (nm) Dp (nm)

Al-SBA-15 and SBA-15-P.

1600 1600
—e—HMS(hda) ~*~HMS(oda)
1400 | ~—HMS(hda)-S 1509 F—HM(edar5
1200 21200
=
v
I % 1000 |
1000 B
()
800 I 5 800}
o
>
600 3 600 r
g
o
200 Z 00 |
60 200 |
5 . . . . 0 ' ' s :
GG o8 ©F @& o8 45 00 02 04 06 08 10

Relative pressure (p/po)

Relative pressure (p/po)
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of sulphonic groups in HMS(dda)-S. The acidity of sulfonated sam-
ples, determined potentiometrically, was higher for the samples
that showed higher amounts of sulfonic groups, in agreement with
TGA results (Table 1).

3.2. Catalytic activity

Initially, several tests were performed at low reaction time
(4h). The results showed low conversion and high selectivity to

MTBG, without detection of TTBG for all catalysts except for catalyst
HMS(dda)-S, which had moderate conversion and yielded moder-
ate amounts of DTBG and low amounts of TTBG. Thus, we decided
to test the catalysts at longer reaction time in order to try to obtain
higher amounts of h-GTBE.

Table 2 and Fig. 8 show the catalytic activity results of pure sili-
cas and modified MCM-41, SBA-15 and HMS catalysts, respectively,
for the etherification reaction of glycerol with isobutene after 24 h
of reaction. The reaction products were mono-tert-butyl glycerol
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Table 2
Catalytic activity of pure silica samples.

Catalyst Conversion (%) Selectivity to MTBG (%) Selectivity to h-GTBE (%)?

MCM-41 20 87 13
SBA-15 23 89 11
HMS(dda) 30 88 12
HMS(hda) 25 93 7
HMS(oda) 23 95 5

MTBG: glycerol monoethers.
@ Selectivity to glycerol diethers since glycerol triether was not detected.

ether (MTBG), di-tert-butyl glycerol ether (DTBG) and tri-tert-butyl
glycerol ether (TTBG). Additionally, diisobutylene was detected in
very low amounts for all samples.

Pure silica (MCM-41 SBA-15, HMS) showed the lowest conver-
sion and lowest selectivity to h-GTBE due to their low content of
acid sites (Table 2). The incorporation of aluminium in the struc-
ture of MCM-41 and SBA-15 increased the amount of Brensted acid
sites, leading to higher conversion values than the corresponding
pure silicas, but their low acid strength resulted in low selectivity to
h-GTBE with glycerol triether not being detected. In previous work,



M.D. Gonzdlez et al. / Catalysis Today 227 (2014) 171-178 177

H %Conversion
100 -
90 - 20 8
80 70
70

67

60 -
50 4 pd 41 45 40
40 0

30 4 20 22

20 A
10

43

%

43

m %Selec. MTBG %Selec. h-GTBE 100

86 85 84

65
60

35

Al-MCM-41 Al-SBA-15 MCM-41-P SBA-15-P

SBA-15-P2
Catalysts

MCM-41-5  HMS(oda)s  HMS(hda)-s  HMS(dda)-S

Fig. 8. Catalytic activity of modified MCM-41, SBA-15 and HMS for the glycerol etherification after 24 h.

we concluded that the acidity strength influences significantly the
catalytic performance, especially the selectivity to h-GTBE [15-18].

The incorporation of phosphoric groups (MCM-41-P, SBA-15-P
and SBA-15-P2) also led to moderate conversion values (40-45%)
but higher selectivity to h-GTBE was obtained (30-43%) (Fig. 8) and
tri-tert-butyl ether of glycerol was detected in low amounts (2-8%).
The higher acid strength of phosphoric groups can explain these
results. Although catalyst SBA-15-P2 had higher amount of incor-
porated phosphoric acid groups, its catalytic results were similar to
those obtained with the silicas impregnated with phosphoric acid.
This means that some phosphoric groups in SBA-15-P2 were not
accessible to the reactants.

For sulfonic acid-functionalized samples, by increasing the
amount of sulfonic groups, higher conversion was obtained. Sul-
fonic acid-functionalized MCM-41 led to higher conversion and
higher selectivity to h-GTBE than AI-MCM-41 and MCM-41-P. This
confirms the significant role of the strength of Brensted acid sites.
It is well know that the Brgnsted acid strength is influenced by
the nature of the acid group (e.g., -SO3H >-COOH), the electronic
properties of the organic backbone, the surface concentration of
the acid moieties, and the solvent used [36,37]. A direct approach
for the determination of the acid strength is the measurement of
the pKa value of the organic-inorganic material. Mauder et al. [38]
determined that sulfonic acid-functionalized SBA-15 and phospho-
nic acid-functionalized SBA-15 exhibited pKa values of about 0.6
and 1.3, respectively whereas pure silica SBA-15 showed pKa value
around 5. McKeen et al. also reported that sulfonic acid contain-
ing samples had higher proton conductivities than phosphoric acid
functionalized materials [28].

Interestingly, HMS(dda)-S exhibited total conversion and 84%
selectivity to h-GTBE (with 26% to glycerol triether) after 24h
of reaction (Fig. 7). These results are better than those obtained
with a commercial Amberlyst-15 catalyst, a macroporous strong
acid ion-exchange resin, which showed 99% of conversion and 77%
selectivity to h-GTBE (with 19% to glycerol triether) under similar
reaction conditions [16]. The differences observed in the activity
between the three sulfonated HMS could be explained by the dif-
ferent amount of incorporated sulfonic acid groups. The generation
of textural porosity in the HMS synthesized with dodecylamine
favoured the introduction of higher amounts of sulfonic groups and
their accessibility, which explains the observed results.

All sulfonated HMS catalysts maintained their sulfur content
after reaction, as determined by TGA. This confirms that there was
no leaching of the sulfonic acid groups during reaction. However,
from N, sorption data, we observed a decrease of surface area
after reaction, although this decrease was much lower for cata-
lyst HMS(dda)-S (Fig. 9). The decrease of surface area observed
after reaction can be explained by the presence of reagents and

1200
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Fig. 9. Nitrogen adsorption-desorption isotherms of HMS(dda)-S and HMS(dda)-S-
24 h (after reaction).

reaction products in the pores, as previously observed for other
microporous/mesoporous catalysts for this reaction [ 16,18]. There-
fore, the additional textural porosity of HMS(dda)-S affords greater
resistance to deactivation of the catalyst.

4. Conclusions

The incorporation of aluminium in the structure of MCM-41
and SBA-15 increased the amount of Bransted acid sites, leading to
higher conversion for glycerol etherification with isobutene than
pure silicas, but their weak acid strength resulted in low selectiv-
ity to h-GTBE. The incorporation of phosphoric groups allows us to
detect the tri-tert butyl ether of glycerol in low amounts. However,
the strength of phosphoric groups was not enough to obtain high
selectivity to di- and tri-ethers (h-GTBE). On the other hand, sample
HMS(dda)-S, which showed textural mesoporosity, exhibited total
conversion and 84% selectivity to h-GTBE (26% to triether) after 24 h
of reaction.

The degree of complementary textural porosity in mesoporous
silica HMS depends on the surfactant used during the synthesis. The
generation of textural mesoporosity reduced diffusion limitations,
and consequently increased the incorporation of sulfonic groups
into HMS and their accessibility, leading to higher catalytic activity.
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