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a b s t r a c t

New Lewis acid AlTf-UVM-7 catalysts with bimodal pore system and different Si to Al ratios were pre-
pared in a two-step synthesis in which triflic acid (Tf) was incorporated into previously synthesized
mesoporous aluminum-containing silica. The Al incorporation inside the pore walls was carried out
eywords:
imodal mesoporous structures
luminum triflate
therification reaction
ymmetrical ethers
on-ionic surfactants

through the Atrane method. The characterization of the resulted catalysts showed that the triflic acid
treatment step did not damage the texture or the structure of the catalysts. These materials were used
as green catalysts for the etherification of fatty alcohols and the conversion of ethylene glycol (EG) with
n-octanol resulting in mixtures of short ethoxylated structures with a large distribution of C8E1–C8E3
products. The process occurred with high conversions of ethylene glycol and high selectivities to ethoxy-
lated products. Recyclable experiments showed the catalysts are stable and the reuse occurred without
changes in the chemical composition.
. Introduction

For several years there has been a strong trend towards “green”
urfactants, particularly for the household sector. Due to their
avorable physico-chemical properties, non-ionic surfactants are
lso extensively used in many fields of technology and research
1–4]. Moreover, non-ionic surfactants are an integral part of the

ajority of pesticide formulations [5] and of many pharmaceuticals
6].

The mixtures of mono- and di-ethers of corresponding ethylene
lycol (EG) are currently used for the preparation of coating sol-
ents, of solvents for paints and of trapping agents for isobutylene
rom C4 fraction [7]. Applying the etherification method to obtain
uch compounds, symmetrical di-ethers can also be formed. They
re frequently used in the fine chemical industry for cosmetic prod-
cts or in the transportation industry as additive for diesel fuels
8].

Preparation of ethers is an important reaction for which a wide

ariety of procedures have been developed during the last decades.
he most commonly used protocol is Williamson ether synthesis [9]
hich requires initial transformation of alcohols into their corre-

ponding halides or tosylates followed by their displacement with

∗ Corresponding author. Tel.: +40 214100241; fax: +40 214100241.
E-mail address: vasile.parvulescu@g.unibuc.ro (V.I. Parvulescu).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.10.030
© 2009 Elsevier B.V. All rights reserved.

strongly basic alkoxides or phenoxides. Strong basic condition is
hazardous to complex molecules carrying base sensitive functional
groups. Etherification by direct condensation of alcohols has been
considered as an alternative which is conducted in the presence of
catalytic amounts of organic or inorganic protic acids [10]. Lewis
acids have been also used for direct etherification condensation
reactions [11]. In most cases, the reactions suffer from the use of
stoichiometric amounts of the Lewis acids which is due to their
decomposition by water generated in the process of etherification
reactions [11].

A common drawback of the majority procedures applied for the
preparation of these valuable compounds is the use of stoichio-
metric reagents or even conventional homogeneous acid catalysts
generating huge amounts of wastes [12]. Therefore, there is a grow-
ing need for more environmentally acceptable processes in the
chemical industry, e.g., avoiding the use of toxic and/or hazardous
substances, using solid acids catalysts instead of homogeneous
acids ones. The main procedure in the synthesis of non-ionic
surfactants, for example, involves the reaction of primary alco-
hols with ethylene oxide in the presence of a suitable catalyst [13].
Since ethylene oxide is dangerous both for the human health and

environment it is interesting to consider an alternative procedure
for their synthesis involving less toxic raw materials. The ether-
ification of glycols with fatty alcohols appears in this context as
a solution. Triflic acid (CF3SO3H—trifluoromethanesulfonic acid)
is known to be a strong acid suitable to be used as catalyst for

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:vasile.parvulescu@g.unibuc.ro
dx.doi.org/10.1016/j.cej.2009.10.030
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ynthetic applications. However, the recovery of the triflic acid from
he reaction mixture results in the formation of large amounts of
aste. Supported triflic acid is now becoming available to replace
omogeneous acid solutions in many organic catalyzed reactions
14–16].

Here we report the surfactant-assisted mesoporous synthesis of
eterogeneous Al triflate-silica catalysts, their characterization and
he ability of these materials to catalyze the synthesis of ethoxy-
ated chains similar with non-ionic surfactants structures through
he etherification of ethylene glycol with primary linear alcohols as
-octanol, in a greener manner. Moreover, the catalysts are suitable
or the production of symmetrical ethers by direct condensation of
-octanol.

. Experimental

.1. The catalysts preparation

The surfactant-assisted mesoporous heterogeneous Al triflate-
ilica catalysts (denoted as AlTf-UVM-7) were prepared in a
wo-step synthesis in which the triflic acid was incorporated into
reviously synthesized Al-containing porous silicas (Al-UVM-7
aterials). The first step of the synthesis, carried out using Atrane
ethod [17] produces Al-UVM-7. The general aspects of the pro-

edure for synthesizing UVM-7 material were recently described
18–20]. A typical procedure can be described as follows (Al-
VM-7(25) sample): a mixture of TEOS (32.4 mL, 0.145 mol) and
l(OBus)3 (1.2 mL, 0.005 mol) was slowly added to liquid TEAH3

70 mL, 0.525 mol), and heated at 150 ◦C for 10 min to give Atrane
omplexes. After cooling of the obtained solution at 90 ◦C, CTABr
urfactant (14.2 g, 0.039 mol) was added. After cooling at 60 ◦C
he new solution was mixed with water (243 mL, 13.5 mol) and
fter few seconds, a white powder appeared. The resulting sus-
ension was allowed to age at room temperature for 4 h. The final
mesostructured) powder was filtered off, washed with water and
thanol, and air-dried. In order to open the pore system, the as-
ynthesized solid was heated at 550 ◦C (ramp heating: 1◦/min)
nder static air atmosphere in an electric furnace for 7 h. In all cases,
he molar ratio of the reagents in the mother liquor was adjusted to
2 − x) Si/x Al/7 TEAH3/0.52 CTABr/180 H2O (where x = 0.033, 0.043,
.065 and 0.125). Obtained samples are denoted as Al-UVM-7(y),
here y is the Si/Al atomic ratio.

The second step corresponds to the formation of Al-triflate com-
lexes at the Al-UVM-7 surface through heating the Al-containing
esoporous silicas in methanolic solutions of triflic acid. In a repre-

entative synthesis 1 g of dried mesoporous aluminosilicate (y = 25;
l-UVM-7(25)) was suspended in a mixture of triflic acid (5 g) and
ethanol (20 mL). This mixture was stirred under reflux for 4 h

t ca. 70 ◦C. The resulting porous samples were collected by filtra-
ion, washed with methanol to eliminate any excess triflic acid, and
ir-dried. The obtained catalysts were designated AlTf-UVM-7(z),
here z is the final Si/Al atomic ratio after reaction with triflic acid.

All the synthesis reagents were analytically pure, and were used
s received from Aldrich (tetraethyl orthosilicate [TEOS], aluminum
ec-butoxide [Al(OBus)3], triethanolamine [N(CH2–CH2–OH)3,
ereinafter TEAH3], cetylltrimethylammonium bromide [CTABr],
riflic acid, and methanol).

.2. Catalysts characterization

All obtained materials were characterized using a set of

echniques as: electron probe microanalysis (EPMA), X-ray pow-
er diffraction (XRD), nitrogen adsorption–desorption isotherms
−196 ◦C), transmission electron microscopy (TEM), Fourier
ransmission infrared spectroscopy (FTIR) and 27Al MAS NMR spec-
roscopy.
g Journal 161 (2010) 363–370

Si, Al, and S elements were analyzed by electron probe micro-
analysis (EPMA) using a Philips SEM-515 instrument. X-ray powder
diffraction (XRD) data were recorded on a Seifert 3000TT �–�
diffractometer using Cu K� radiation. Patterns were collected in
steps of 0.02◦ (2�) over the angular range 1–10◦ (2�) for 25 s
per step. Transmission electron microscopy (TEM) was carried
out with a JEOL JEM-1010 instrument operating at 100 kV and
equipped with a CCD camera. Samples were gently grounded in
dodecane, and the microparticles were deposited on a holey car-
bon film supported on a Cu grid. Surface area and pore size values
were calculated from nitrogen adsorption–desorption isotherms
(−196 ◦C) recorded on a Micromeritics ASAP-2010 automated
instrument. Calcined samples were degassed for 15 h at 130 ◦C and
10−6 Torr before analysis. Surface areas were estimated accord-
ing to the BET model, and pore size dimensions were calculated
using the BJH method. FTIR spectra were collected on a Nicolet
4700 spectrometer (200 scans with a resolution of 4 cm−1) using
self-disks of 1% sample in KBr. 27Al and 29Si MAS NMR spec-
tra were recorded on a Varian Unity 300 spectrometer. The MAS
probe was tuned at 78.16 and 79.5 MHz for Al and Si nucleus,
respectively, and using a magic angle spinning speed of at least
4.0 kHz.

2.3. Catalytic tests

1-Octanol (15 mmol, 1.95 g), and Al triflate-based catalyst
(60 mg) was stirred at 150 ◦C for 2–24 h. After the reaction was
stopped, the catalyst was filtered off and the reaction product was
analyzed through GC. The products were characterized by GC–MS.

All etherification reactions were done in solvent free conditions,
using 15.0 mmol (1.95 g) of 1-octanol as etherification reagent and
60 mg of catalysts; 5.0 mmol of ethylene glycol was used in each
reaction (substrate/1-octanol molar ratio = 1/3). Tests were also
conducted using a substrate/1-octanol molar ratio of 2/1–1/3. The
reaction mixture was kept to 150 ◦C, for 1–24 h, under strong stir-
ring (1250 rpm) in a 10-mL glass vessel.

After the reaction was stopped, the catalyst was filtered off and
the reaction product was analyzed by GC chromatography (Shi-
madzu GC-2014) and characterized by GC–MS using a Thermo
Electron Corporation apparatus.

Recycling tests were carried out as well. After each reaction
ended, the catalyst was filtered off, rinsed with methanol and dried
under ambient conditions for 2 h. Each catalyst was reused in at
least four catalytic cycles. Washed catalysts were analyzed by elec-
tron probe microanalysis (EPMA) and FTIR.

3. Results and discussions

3.1. Catalysts characterization

As shown in Section 2, the catalysts were prepared in a two-step
synthesis in which the triflic acid was incorporated into previously
synthesized mesoporous Al-containing silicas (Al-UVM-7). These
structures were built by aggregating nanometric mesoporous par-
ticles defining a hierarchic textural-type additional pore system
(UVM-7-like materials, a nanometric version of the typical M41
solids). The synthesis strategy has been designed to overcome the
problems associated with the reactivity differences between Si and
Al species in solution, as well as to favor the stabilization of a
bimodal porous system. The first aspect, that frequently leads to

chemical inhomogeneous materials and even to phase segregation
phenomena, can be easily solved by using the Atrane route as a
preparative protocol [17]. This method is based on the use of Atrane
complexes (which include triethanolamine-like species as ligands)
as hydrolytic precursors.
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Table 1
Textural data for Al-UVM-7 and AlTf-UVM-7 porous materials.

Entry Catalyst SBET (m2 g−1) BJH porea (nm) Pore volumea (cm3 g−1) Wall thicknessb (nm)

1 Al-UVM-7(50) 1170 2.70 2.41 2.15
2 Al-UVM-7(32) 1162 2.68 2.07 2.17
3 Al-UVM-7(25) 1084 2.62 1.55 2.11
4 Al-UVM-7(17) 1042 2.48 1.04 2.02
5 AlTf-UVM-7(71) 1113 2.60 2.00 2.26
6 AlTf-UVM-7(52) 1199 2.58 1.99 2.36
7 AlTf-UVM-7(38) 962 2.52 1.21 2.50
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8 AlTf-UVM-7(25) 863 2.3

a Mesopore diameters and total pore volume calculated by using the BJH model o
b Pore wall defined as a0-∅BJH.

The high accessible bimodal porous (defining large meso-
acroporous voids) architecture can be achieved through a quick

ucleation process together with a highly suppressed parti-
le growth [18,21,22]. The buffered pH around 9 provided by
he TEAH3 seems to be the procedural key for obtaining the
imodal mesoporous system. The resulted catalysts are designated:
l-UVM-7(50), Al-UVM-7(32), Al-UVM-7(25), Al-UVM-7(17), the
umbers under brackets representing Si/Al ratio.

For the second synthesis step (consisting of the reaction
etween accessible Al sites and triflic acid) we have used a prepar-
tive protocol adapted from the synthesis method described for
l-triflate complexes in solution [20]. The resulted catalysts are
esignated: AlTf-UVM-7(71), AlTf-UVM-7(52), AlTf-UVM-7(38),
lTf-UVM-7(25), the numbers under brackets representing Si/Al
atio.

Textural data for all synthesized porous materials are presented
n Table 1. As this table shows, increasing the Al content (Si/Al
atio from 50 to 17, for Al-UVM-7 samples, entries 1–4) leads to
progressive decrease in the surface area, mesopore size, the total
ore volume and the pore wall. In any case, a high surface area and
orosity resulted regardless the aluminum content.

The treatment of these samples with triflic acid provokes an

dditional reduction in both the mesopore size and the total pore
olume (entries 5–8, Table 1). This decrease is basically due to
he enhanced nanoparticle packing. On the other hand, the intra-
article mesopore size also decreases with the incorporation of
riflate groups. Therefore, as the a0 parameter remains practi-

ig. 1. Low-angle XRD patterns of (A) Al-UVM-7; the inset shows a representative TEM ima
he inset shows a representative TEM image of the Al-UVM-7 materials corresponding to
1.10 2.64

adsorption branch of the isotherm.

cally unchanged with the Al and triflate content, the thickness of
the pore walls (defined as a0-∅BJH pore size) shows a clear ten-
dency to increase with the Al(OTf)n content (Table 1, entries 5–8),
which should be correlated with the relative low S/Al molar ratios
observed for Al rich samples. Moreover, the high surface area typi-
cal of UVM-7 solids is preserved after the second preparation step. A
slight SBET decrease is observed as the Al content increases (from ca.
1100–1200 m2 g−1 for low Al-containing materials to values around
860 m2 g−1). This evolution seems to be related with the gradual
intra-particle BJH mesopore size decreases and the wall thickness
increases.

The symmetry and order degree of the catalysts before and
after reaction with triflic acid were studied by XRD and TEM. XRD
provides information only on the intra-particle mesopore relative
organization (i.e., the surfactant templating pore system). Fig. 1
shows the XRD patterns corresponding to Al-UVM-7 (Fig. 1A) and
AlTf-UVM-7 (Fig. 1B) samples. Both materials display XRD patterns
in the low-angle region with at least one strong reflection at low
2� values, which is typical in mesostructured/mesoporous mate-
rials. Irrespective of the aluminum content, a similar organization
and morphology is achieved for the synthesized Al-UVM-7 samples
(Fig. 1A). The representative TEM image (inset in Fig. 1A) clearly

shows that the typical UVM-7 architecture based on the aggrega-
tion of mesoporous nanoparticles is preserved, in agreement with
adsorption–desorption of N2 isotherms measurements.

Apart from the intense peak at low 2� values (associated to the
(1 0 0) reflection if a hexagonal cell is assumed), a broad signal of

ge of the Al-UVM-7 materials corresponding to Al-UVM-7(32) and (B) AlTf-UVM-7;
Al-UVM-7(38).
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elatively low intensity that can be indexed to the overlapped (1 1 0)
nd (2 0 0) reflections of the typical hexagonal cell. The detection of
his last unresolved broad signal is typical of hexagonal disordered

esopore arrays.
The relative intensity of this signal remains practically

nchanged for samples in the molar range, and is slightly decreased
or the Al-UVM-7(17) sample. This tendency indicates that the
ncorporation of large Al amounts in the silica-based mesoporous
ramework implies a lowering of the order in the pore array. The
attice parameter value remains practically unchanged and only

small and progressive shrinkage is observed as the Al content
ncreases.

The intra-particle mesopore system in AlTf-UVM-7 catalysts
lso maintains the hexagonal disordered symmetry (Fig. 1B). A
ractically constant lattice parameter value (a0 = 4.94 ± 0.08 nm)
as measured for all samples in the chosen compositional range.

rrespective of the Al and triflate content, the preservation of the
VM-7 architecture is also confirmed by the TEM images (inset in
ig. 1B).

The TEM images completely correlated with the XRD observa-
ions. Typical morphologies – hexagonal ordered large particles and
ggregates of disordered nanoparticles – were observed both for Al-
VM-7 and AlTf-UVM-7 samples. Moreover, the TEM images allow

he establishment of a certain tendency in the variation of both the
article size and the progress of the cluster-like aggregation with
he Al and triflate content. Thus, the average particle size slightly
ecreases as the Al content increases (from ca. 45 to 29 nm). The
rogressive Al and triflate incorporation also favors the formation
f denser aggregates, reflecting a more efficient packing of the pri-
ary nanoparticles, in agreement with the textural results. Such an

volution of the mesostructure can be firstly related to the attack of
riflic acid activating the silica surface of the nanoparticles, and thus
avoring the subsequent inter-particle condensation through the
ormation of Si–O–Si bonds. Moreover, the ability of the Al atoms
o increase their coordination number favors the inter-particle con-
ectivity through (additional) Al–O–Al or Al–O–Si links.

.1.1. The chemical properties of the catalysts
Except Al-UVM-7(17) sample, the Si/Al molar ratio in the final

olid is lower than that in the mother solution (Table 2). The
ncreased Si/Al ratio, compared with the values of mother solution,
ecame even more prominent in the case of the AlTf-UVM-7 sam-
les (Table 2, entries 5–8). As we previously showed for Zr-UVM-7
aterials [20], this effect could be associated with the compara-

ively low solubility of the Al-containing species with regard to the
ure silica ones.
This tendency should decrease as the amount of well-dispersed
l sites increase. In spite of this, there is no significant preferential

ncorporation of Al or Si into the final network. This result is a con-
equence of the harmonization of the hydrolytic reaction rates of

able 2
ynthetic data for Al-UVM-7 and AlTf-UVM-7 porous materials obtained from EPMA
easurements.

Entry Catalyst Si/Al/x Si/Al/y Si/Al/z S/Al

1 Al-UVM-7(50) 60 50 – –
2 Al-UVM-7(32) 45 32 – –
3 Al-UVM-7(25) 30 25 – –
4 Al-UVM-7(17) 15 17 – –
5 AlTf-UVM-7(71) 50 – 71 0.9
6 AlTf-UVM-7(52) 32 – 52 0.9
7 AlTf-UVM-7(38) 25 – 38 0.8
8 AlTf-UVM-7(25) 17 – 25 0.6

here x is the Si/Al atomic ratio in the mother liquor, y is the Si/Al atomic ratio
n the aluminum-based samples, z is the final Si/Al atomic ratio after reaction with
riflic acid.
Fig. 2. 27Al NMR MAS spectra of Al-UVM-7 and AlTf-UVM-7 samples.

the Si and Al species when starting from Atrane precursors instead
of conventional alkoxides. EPMA analysis shows that all Al-UVM-7
samples are chemically homogeneous with a regular distribution
of aluminum and silicon atoms throughout the inorganic walls at
the micrometer level (spot area ≈ 1 �m) (Table 2). Hence, the solids
can be considered as monophase products.

The second reaction step occurs with a significant Al leaching
(30–35%) according to EPMA measurements (Table 2, entries 5–8).
The similar loss of Al atoms regardless the Si/Al ratio can be due to
the fact that an identical large amount of triflic acid (in excess) has
been used for the preparation of AlTf-UVM-7(71)–AlTf-UVM-7(25)
samples.

Representative 27Al NMR MAS spectra are displayed in Fig. 2.
All samples show, before and after the second preparative
step, similar 27Al NMR MAS spectra with an averaged ratio of
Al(Td):Al(Oh) = 60:40. Therefore, we can suppose that the included
triflate ligands must be preferably coordinated around the 40% of
octahedral Al atoms.

A bimodal attack to the catalyst surface can be attributed to
the triflic acid: (1) the typical rupture of Si–O–Si or Si–O–Al bonds
due to the apparent (in methanol) acid media, and (2) a preferred
attack to accessible Al sites to form aluminum-triflate complexes.
In fact, a certain proportion of the leached Al atoms is probably
extracted from the mesoporous materials as triflate complexes in
solution during the washing process with methanol. In the case
of the Si atoms, a significantly lower leaching is expected taking
into account the unfavorable formation of triflate complexes when
compared to Al sites. In this case, the possible low Si atom evolu-
tion must be viewed as a subsequent effect of the dealumination
process. Hence, the silica network before and after the triflic acid
treatment remains practically unchanged according to 29Si NMR
MAS spectra showed in Fig. 3: both samples display a strong sig-
nal centered at ca. −107 ppm attributed to a mixture of Q4 and
Q3 silanol groups. The low intensity and broad signal observed at
ca. −75 to −80 ppm for the AlTf-UVM-7(38) should be assigned to
unusual isolated Q1 silanol groups generated through the dealumi-
nation process. This observation would be considered as a probe on
the possible Si small leaching mechanism.

Apparently, the proportion of included triflate groups is very low
and follows an a priori unexpected tendency contrary to the amount
of Al. In fact, the maximum triflate/Al molar ratio corresponds to
0.9 (AlTf-UVM-7(71)), and progressively decreases as the Al content
increases up to values around 0.6 (Table 2, entries 5–8).

Fig. 4 gives more evidences on the formation of the Al triflate

species. FTIR spectra indicate that the UVM-7 support did not retain
even a trace of triflate. In contrast, on doped Al-silica samples, tri-
flic acid is incorporated in amounts that increase with increasing
the proportion of accessible Al atoms. The spectra of AlTf-UVM-
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ig. 3. 29Si NMR MAS spectra of Al-UVM-7(25) and AlTf-UVM-7(38) samples.

(38) and AlTf-UVM-7(25) samples show small additional bands
which are absent in the spectrum of Al-UVM-7(38) sample) at
294–1185 and 600 cm−1 that can be assigned to S O stretching
ibrations and deformation modes of SO2 moieties, respectively
23,24]. In spite of the Al leaching during the second reaction step,
his post-treatment with triflic acid does not modify the mesostruc-
ure previously described for Al-UVM-7 samples.
.1.2. The stoichiometry of the active sites
It is necessary to consider that only a certain proportion of Al

ites are located at the surface and the remaining Al atoms, inside
he pore walls, never can be accessible to the triflate ligands. Hence,

ig. 4. IR spectra of Al-UVM-7(38), AlTf-UVM-7(38) and AlTf-UVM-7(25) samples
ompared with the IR spectrum of triflic acid in aqueous solution.
g Journal 161 (2010) 363–370 367

we can assume that majority of non-accessible Al sites should
correspond to framework aluminum with tetrahedral coordina-
tion environments, and the Al sites more favorable to be attacked
by triflate ligands should be those at the surface with expanded
octahedral coordination. These last Al centers complete their coor-
dination environment with more labile OH– and H2O ligands, when
compared to the oxygen atoms of the silica framework. Therefore,
27Al NMR spectra of the samples before and after reaction with tri-
flic acid can provide useful information to estimate the proportion
of accessible Al atoms and to propose a formulation for the active
Al(OTf)n sites.

Under this reasonable hypothesis, the stoichiometry of the
active Al(OTf)n sites at the silica surface is comprised in the range
Al(OTf)2.4 to Al(OTf)1.7 for AlTf-UVM-7(71) and AlTf-UVM-7(25),
respectively. Then, the 1:2 complex (Al(OTf)2) seems to be the pre-
dominant specie for all synthesized catalysts. The decrease in the n
value as the Al amount increases could be tentatively attributed to
the progressive increase of the pore wall thickness and the subse-
quent relative increase of non-accessible Al sites.

Based on the physical–chemical characterization results, a gen-
eral picture of the prepared materials can be schematically depicted
as follows (Scheme 1).

3.2. Catalytic tests

Mesostructured AlTf-based catalysts were primarily assessed
in the etherification of 1-octanol, a reaction relevant for the syn-
thesis of emulsifiers for cosmetic applications and of additives for
diesel fuels (Scheme 2). The relatively large molecular size of the
reactant (1-octanol) and product (dioctyl ether) makes them more
readily manageable over catalytic materials within the mesoporous
range of pore size, in comparison with a more traditional acid-based
catalyst such as microporous zeolites (e.g., BEA zeolite [25]).

The reaction proceeded smoothly and produced dioctyl ether
(DOE) in the 25.0–72.0% range, after 24 h, as a function of the cat-
alyst texture. In the presence of Al-UVM-7 catalysts, the highest
yield to DOE was obtained in the presence of Al-UVM-7(50) sam-
ple (45.1%), characterized by the lowest amount of aluminum. The

presence of the Al(OTf)2 sites on the surface of AlTf-UVM-7 samples
contribute to the increase in the yield of DOE. On all AlTf-UVM-7
catalysts series, the obtained yield to DOE was higher than that
on the Al-parent samples. Again, the highest yield to DOE (71.8%)
was obtained on the sample characterized by the lowest amount

Scheme 1. The schematic representation of the active sites.

Scheme 2. Etherification of 1-octanol to dioctyl ether (DOE).
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erification of ethylene glycol (EG) with 1-octanol (O).
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Scheme 3. Possible reaction pathways in the eth

f aluminum and the higher density of strong Al(OTf)2 sites (AlTf-
VM-7(71)).

Mesostructured AlTf-UVM-7 catalysts were then tested in the
therification of ethylene glycol with 1-octanol. This acid catalyzed
eaction has been chosen as an another appropriate example due
o the high added value of the produced compounds, with typical
tructure of non-ionic surfactants. The etherification of ethylene
lycol with 1-octanol is a complex of acid catalyzed consecutive
quilibrium reactions (Scheme 3).

The relatively large molecular size of the reactants and prod-
cts makes them more readily manageable over catalytic materials
ithin the mesoporous and/or macroporous range, in comparison
ith a more traditional acid-based catalyst [26].

Throughout this text fatty alcohol ethoxylates are referred to as
mEn, with m being the number of carbon atoms in the alkyl chain
nd n being the number of oxyethylene units.

While the conversion of EG was very high (>97%) irrespective of
he Si/Al molar ratio and the density of Al(OTf)2 acid sites, this time
-octanol was transformed only in a low degree (3–35%) (Fig. 5a).
n a similar way with the condensation of 1-octanol reactions the
ighest conversion of 1-octanol was obtained in the presence of
lTf-UVM-7(71), characterized by the lowest amount of aluminum

n the structure network and the highest density of Al(OTf)2 acid
ites. The higher conversion of EG can be due to its higher dielectric
onstant (37.0, 50 ◦C) in comparison with that of 1-octanol (10.3,

0 ◦C) and to the strong competitive adsorption between these two
olecules for active sites.
The efficiency of the catalysts has been checked in recyclable

xperiments. The leaching test carried along these experiments
howed that, indeed, the mesostructured AlTf samples correspond

Fig. 5. (A) The variation of the EG and 1-octanol conversion and (B) the distribution
of the reaction products as a function of the Si/Al molar ratio (EG/O = 0.3, 150 ◦C,
24 h).
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o stable catalysts. After the separation of the mother liquor neither
he level of the glycols conversion nor the products distribu-
ion has changed for another 4 h. On the other side, chemical
nalysis carried out by EPMA, indicated no change in the cata-
yst composition. It can be thus concluded that these catalysts
re stable under the reaction conditions, and the reaction takes
lace under heterogeneous conditions. Moreover, the catalysts
howed a high activity (>90%) for at least three cycles. Unfor-
unately, after more cycles the activity slowly starts to decrease
ca. 10%) and this decrease was accompanied by a change in the
roducts distribution. This decrease in the catalyst activity and
he modification in the reaction products distribution is likely
elated to the physical blockage of the very active sites by organic
ompounds.

It is well known that ethoxylated surfactants can be tailor-made
ith high precision with regard to the average number of oxyethy-

ene units added to a specific hydrophobe, e.g., a fatty alcohol [26].
owever, the ethoxylation invariably gives a broad distribution
f chain lengths. If all hydroxyl groups, i.e., those of the starting
lcohol and the glycol ethers formed, exhibit the same reactivity, a
oisson distribution of oligomers would be obtained.

Since the starting alcohol is slightly less acidic than the ethylene
lycol, its deprotonation is disfavored, leading to a lower probabil-
ty for reaction with ethylene glycol. Hence, a considerable amount
f unethoxylated alcohol will remain in the reaction mixture, also
ith relatively long ethoxylates chain. This is sometimes a prob-

em and considerable efforts have been made to obtain a narrower
omologue distribution.

Applying the etherification of EG with 1-octanol as methodol-
gy for the synthesis of ethoxylated surfactants, the distribution of
he reaction products varies as a function of the active species in
atalytic samples (Fig. 5b). Therefore, all catalysts favor the “self”
therification of 1-octanol to DOE (di-octanol ether), followed by
he condensation of EG with 1-octanol to C8E1 product. C8E3 was
btained only in very low amounts, in the presence of AlTf-UVM-
catalysts (Fig. 5b). Again, the obtained results can be correlated
ith the strength of the acidic sites, the stronger ones favoring the

ondensation of the EG with the fatty alcohol.
The effect of the variation of the molar ratio of EG to 1-octanol

as studied from 2:1 to 1:3 mol under otherwise similar conditions,
n the presence of AlTf-UVM-7(25) catalyst (Fig. 6). The conversion
f ethylene glycol increased from 83.8 to 97.1% as the molar ratio of

G to 1-octanol decreased from 2 to 0.3. On the other hand, when
he initial 1-octanol concentration was five times higher (EG/O = 0.3
nstead 2) the conversion of 1-octanol was approximately three
imes lower (10% instead of 29%). So, when the catalyst surface is
ully covered with alcohol the reaction rate is lower than in the case

ig. 6. The influence of the EG/O molar ratio upon the activity of the AlTf-UVM-7
Si/Al = 25) catalyst (150 ◦C, 24 h).
Fig. 7. The influence of the EG/O molar ratio upon the distribution of the reaction
products in the presence of the AlTf-UVM-7 (Si/Al = 25) catalyst (150 ◦C, 24 h).

of a partially covered catalyst surface. This indicates some kind of
inhibiting effect of the reactant itself, i.e., the 1-octanol, than an
inhibition of EG.

A similar behavior was observed by Françoise and Thyrion for
the ethanol in the synthesis of ethyl tert-butyl ether catalyzed by
Amberlyst-15 [27]. They ascribed this to the occurrence of two dif-
ferent mechanisms depending on the concentration of ethanol. At
a high ethanol concentration the acid sites would become solvated,
i.e., weaker acid sites.

Peaked ethoxylates have a growing share of the market. Typi-
cal advantages of ethoxylates with peaked distribution are: (i) the
low content of free alcohol reduces smell; (ii) the low content of
free alcohol reduces “pluming” during spray-drying; (iii) the low
content of low oxyethylene homologues increases solubility; (iv)
the low content of high oxyethylene homologues reduces viscosity
[26]. Regarding the products distribution, it seems that this process
can only be used to prepare short ethoxylated structures (Fig. 7).

On the other hand, the process occurs with the formation of a
large spectrum of ethoxylated products, a mixture of C8E1–C8E3
in different ratios as a function of the Si/Al ratio and the density
of accessible acid sites. Unfortunately, this is a disadvantage of the
applied process.

4. Conclusions

The data obtained in this study demonstrates that in the
investigated AlTf-UVM-7 catalysts, triflate is associated with well-
dispersed hexacoordinated Al species. The synthesis of these
catalysts was achieved in two steps, with triflic acid incorporated
into previously synthesized mesostructured Al-containing silicas.
The characterization of the resulted catalysts showed that this step
did not damage the texture or the structure of the catalysts. These
new materials were used as green catalysts for the conversion of
ethylene glycol (EG) and n-octanol to the corresponding ethoxy-
lated chain similar with non-ionic surfactants structures. Reaction
occurs with high ethylene glycol conversions. Unfortunately, the
distribution of these ethoxylated products is too large to repre-

sent an advantage as non-ionic surfactant structures. Moreover, the
process occurs with the formation of short ethoxylated structures.
The applied catalytic systems are more suitable for the production
of symmetrical long chain ethers. With all these, the process can
constitute a base for the development of new greener synthetic
procedures in the preparation of non-ionic surfactants.
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