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Abstract Supported ionic liquid phase (SILP) materials
are a recent concept where a film of ionic liquid (IL)
is immobilized on a solid phase, combining the advan-
tages of ILs (non volatility, high solvent capacity, etc.)
with those of heterogeneous support materials. In this
work, new SILP materials were prepared using a series
of supports with different porosity and chemical nature.
An imidazolium-based IL, 1-methyl-3-octylimidazolium
hexafluorophosphate (OmimPFg), was confined at variable
contents (5-60% w/w) in three different activated carbons
(ACs), silica (Si0;), alumina (Al;O3) and titania (TiOy).
For the first time, a systematic characterization of differ-
ent SILP systems has been carried out applying a variety
of analytical and spectroscopic techniques to provide in-
formation of interest on these materials. Elemental analy-
sis (EA), adsorption—desorption isotherms of Np at 77 K,
mercury porosimetry, termogravimetric analysis (TGA), dif-
ferential scanning calorimetry (DSC), scanning electronic
microscopy (SEM) and energy dispersive X-ray (EDX)
were conducted to explore confinement effects. The results
demonstrate that EA is a useful tool for quantifying the
amount of imidazolium-based IL incorporated on support,
independently of the nature of the solid. An excellent corre-
lation has been obtained between the percentage of elemen-
tal nitrogen and the IL loaded on the support. The combi-
nation of nitrogen adsorption—desorption isotherms at 77 K
and mercury porosimetry measurements was used to char-
acterize the pore structure of both supports and SILP mate-
rials. It was found that depending on the available pores in
the solid support, the IL tends to fill micropores firstly, then

J. Lemus - J. Palomar - M. A. Gilarranz - J.J. Rodriguez ()
Seccion de Ingenieria Quimica, Universidad Autonoma

de Madrid, Cantoblanco, 28049 Madrid, Spain

e-mail: juanjo.rodriguez@uam.es

mesopores and lately in macropores. Thermal properties of
SILP materials were studied herein by using both TGA and
DSC methods, evidencing that the stability of SILP materi-
als and the decomposition mechanism are strongly depen-
dent on the surface chemistry of the solid support. SEM and
EDX provided evidences of external surface coverage by
ILs and filling of macropores at high IL load.
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1 Introduction

ILs posses an array of properties that make them attractive
for academy and industry: extremely low vapor pressure,
high thermal and chemical stabilities, non-flammability and
high solvent capacity (Welton 1999; Wasserscheid and Wel-
ton 2008; Rogers and Seddon 2003). Moreover, the sol-
vent properties of the IL are tunable by the choice of the
cation/anion combination (Riisager et al. 2003). Because of
their unique properties the applications of ILs have been ex-
panding in various fields (Rogers and Seddon 2005). Thus,
ILs have been extensively examined as an alternative to
conventional organic solvents in reaction and separation
processes (Rogers and Seddon 2005; Han and Armstrong
2007). There are a number of advantages of ILs in separa-
tion and reaction systems, but in many cases there is a need
to immobilize them on porous materials (Wasserscheid and
Welton 2008). The supported ILs can be spread on the in-
ner surface of the porous structure, maintaining large spe-
cific surface area and mechanical properties of the support,
thus circumventing the problem of mass transport limitation
and the need for high amounts of ILs (Zhang et al. 2009a;
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Vangeli et al. 2010). The resulting material is usually re-
ferred as supported ionic liquid phase (SILP).

The SILP concept results in a very efficient use of the IL,
because of relatively short diffusion distances for the reac-
tants compared to those in conventional two-phase systems
with an IL phase. In addition, the negligible vapor pressure,
large liquid range, and thermal stability of ILs ensure that
the solvent is retained on the support in its fluid state even at
elevated temperatures; this makes SILP highly suitable for
continuous processes.

The latest developments in SILP systems can be divided
in two great blocks as catalysis (Riisager et al. 2003, 2005b,
2006a, 2006b; Virtanen et al. 2007, 2009a, 2009b; Ruta
et al. 2008) and separation processes (Zhang et al. 2009a;
Vioux et al. 2010; Sun et al. 2009; Fontanals et al. 2009;
Fang et al. 2010; Kohler et al. 2010; Werner et al. 2010;
Joni et al. 2010). In catalytic processes, a variety of reactions
have been studied where SILP proved to be more active and
selective than common systems. The final role that can be
played by an IL in a catalytic process is simply as the sol-
vent for the reaction and in this role SILP have been most
widely used. Most studies in this topic have been focused
on the screening of type reactions and the development of
new SILP materials for hydroformylations, hydrogenations,
and C—-C coupling reactions, among others, is being widely
investigated. The combination of well-defined catalyst com-
plexes, non-volatile ILs, and porous solid supports offers
many advantages over traditional catalysis in aqueous phase
or conventional organic solvents, which are clearly limited
by the volatility of the solvent. The SILP concept is con-
sidered as a significant contribution to the development of
highly selective heterogeneized homogeneous catalysts (Ri-
isager et al. 2005a). The use of SILP in separation applica-
tions has also awakened interest as alternative to traditional
separation and purification processes of SO, as hydrodesul-
furation (Zhang et al. 2009a; Kohler et al. 2010). SO, can
be absorbed in SILP materials with a high absorption ca-
pacity and selectivity (Wu et al. 2004) and numerous ILs
with SO, sorption ability have been reported (Huang et al.
2006). Likewise, CO; separation and purification processes
have also been extensively reported (Ilconich et al. 2007;
Bara et al. 2009), based on the high solubility values of
CO; in some ILs. SILP materials were prepared from a
broad range of imidazolium-based ILs at loads varying from
5 to 60% (w/w) (Zhang et al. 2009a; Kohler et al. 2010;
Ilconich et al. 2007; Bara et al. 2009).

Because of the great advantages of SILP materials and
the need of a deeper understanding of their properties as re-
action and separation media, the aim of this work was to
gather characterization methods for SILP materials, includ-
ing elemental analysis, chemical composition, porous struc-
ture, thermal stability and morphology.
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Immobilization of ILs as thin layers on porous materi-
als can be achieved simply by physisorption or by chemi-
cal binding to the support of one of the ions that compose
the IL (Virtanen et al. 2009a). In this work, six solids of
different porosity and chemical nature have been studied
as supports for SILP materials. They can be grouped into
three classes based on their pore diameter: microporous, d <
2.0 nm; mesoporous, 2.0 < d < 50 nm; and macroporous,
d > 50 nm (Zhang et al. 2009b). A diversity of support
materials were selected of different chemical nature among
those commonly used in SILP preparation, like TiO, (Chen
et al. 2007), SiO, (Zhang et al. 2009a; Vangeli et al. 2010;
Fang et al. 2010; Mehnert 2005) or AC (Virtanen et al.
2009a; Kohler et al. 2010) among others (Riisager et al.
2006b). In an earlier work, Palomar et al. (2009) showed the
possibility of following the amount of imidazolium-based
IL on AC supports by measuring the percentage of elemen-
tal nitrogen in SILP from EA and it has been herein ex-
tended to several supports and SILP systems in order to
generalize the use of this technique for direct quantifica-
tion of IL loaded on SILP materials. Structural properties
of highly porous supports and SILP materials were ana-
lyzed, using adsorption—desorption isotherms of N at 77 K
and mercury porosimetry. Both techniques give information
on the available volume of micro, meso and macropores
available and have been used in previous works showing
the difference between a fresh support and a SILP material
(Vangeli et al. 2010; Zhang et al. 2009b; Chen et al. 2007,
Shi and Deng 2005). Thus, a systematic study on the vari-
ation of the porous structure has been carried out with the
aim of better understanding how the IL is distributed onto
the supports. In addition, results on the thermal stability
of SILP materials at high temperature by means of TGA
and DSC analysis are collected herein together for the first
time. To the best of our knowledge, only thermal studies
of ILs have been so far reported (Fernandez et al. 2007,
Holbrey et al. 2002; Karna et al. 2009), but without ana-
lyzing the relationship between IL and support, except two
recent works where a thermal study of SILP materials has
been reported (Vangeli et al. 2010; Kohler et al. 2010). Some
of the works published in the literature (Zhang et al. 2009a;
Vangeli et al. 2010; Kohler et al. 2010; Muldoon 2010;
Kim et al. 2002) showed SILP applications at high tempera-
tures based on different supports. In the present work, a rep-
resentative collection of supports has been investigated. Fi-
nally, the morphology and chemical composition of the sur-
face of SILP materials have been analyzed via SEM-EDX.
To the best of our knowledge, a work gathering these tech-
niques for characterization of SILP materials has not been
so far reported.
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2 Experimental methods
2.1 Materials and reagents

All chemicals used in the experiments were analytical grade
and were used without further purifications. OmimPFg was
supplied by Iolitec in the highest purity available (purity
>99%). The adsorbents used in this study were the fol-
lowing: CAPSUPER supplied by Norit, MkU supplied by
Merck, ENA250G supplied by Timcal, SiO,, Al,O3 and
TiO, supplied by Sigma-Aldrich. Acetone (purity >99.5%)
used in SILP preparation was supplied by Panreac.

To immobilize an IL the selection of support type and im-
mobilization method are important depending on its appli-
cation (Zhang et al. 2009a). Immobilization or supporting of
ILs can be carried out in many different ways, such as simple
impregnation, grafting, polymerization sol-gel method, en-
capsulation or pore trapping, among others (Virtanen et al.
2009a). In this work, a straightforward preparation method
of SILP materials based on a direct impregnation of the
support material with OmimPFg, dissolved in acetone was
applied. To prevent hydration, IL and acetone were kept
in their original tightly closed bottles in a desiccator be-
fore use. When any chemicals were used, they were al-
ways manipulated inside a glovebox under a dry nitrogen
atmosphere. Impregnation was carried out mixing 1 ml of
OmimPFg dissolved in acetone for each 100 mg of support.
OmimPFg concentration in acetone solution was adjusted
to obtain different IL loadings on the support. To ensure a
homogeneous penetration of the IL solution into the pores,
stirring in an orbital shaker for 1.5 h was applied followed
by vacuum evacuation of acetone at 10 mbar and 333 K
over 2 h. Then, SILP materials were stored at 333 K during
24 h prior to their characterization. After vacuum evapora-
tion of acetone, the SILP contains from 5 to 60% (w/w) of IL
phase. To check the amount of IL. immobilized on the sup-
porting material, all the supports and SILP materials were
weighed before and after impregnation. The mass percent-
ages given in this work for IL load are SILP basis. All the
SILP materials prepared had the resemblance and behavior
of a powdered material. As a first approach, different com-
mercially available supports with a variety of porosities and
chemical natures were used to incorporate IL in their pore
structure. Three activated carbons (CAPSUPER, MkU and
ENA250G), SiO,, Al,O3 and TiO; were used to evaluate
the influence of the chemical surface. Table 1 summarizes
the supporting characteristics of the supports.

2.2 Characterization and instruments

The chemical nature of the supports and SILP materials was
determined by means of EA in a Perkin—Elmer analyzer
(LECO CHNS-932 model) to obtain C, H and N percent-
ages. Volatile matter was calculated by difference between

the weight of fresh support and after ten minutes in a ce-
ramic vessel at 900 °C under nitrogen atmosphere. Ash mat-
ter was calculated by difference between the weight of fresh
support and after eight hours in a ceramic vessel at 650 °C
under oxidizing atmosphere. The pHgjurry Wwas determined
measuring, until constant value, the pH of an aqueous sus-
pension of support in distilled water (1 g/10 ml).

The porous structure of supports and SILP materials was
characterized by means of nitrogen adsorption—desorption
isotherms at 77 K using a Micromeritics apparatus (Tristar II
3020 model) and mercury porosimetry using Quantachrome
apparatus (PM-3310 model). Before adsorption—desorption
experiments, samples were outgassed at 150°C under a
residual pressure lower than 1073 Pa. The BET equation
was applied to determine the BET surface area (Aggr) and
Dubinin—Radushkevich equation for micropore volume. The
external area (Ag) was obtained from the t-method. The dif-
ference between N, adsorbed volume at 0.95 of relative
pressure and the micropore volume was taken as mesopore
volume. In the mercury porosimetry measurements the esti-
mation of pore diameter from the applied pressure was based
on the Washburn equation. The surface tension of mercury
was taken as 4.8 x 10~2 N/cm and the mercury contact angle
as 141°.

Thermogravimetric analysis (TGA) of OmimPFg, sup-
ports and SILP materials was conducted on a Mettler Toledo
Instrument (TGA/SDTAS851e model) under nitrogen with a
heating rat of 10 °C/min. The accuracy of temperature and
mass measurements was 0.1 °C and 10~3 mg, respectively.
A dynamic method was used with a temperature range from
50 to 600 °C at a heating rate of 10°Cmin~! while purging
with 50 mImin~! of dry nitrogen. The mass of the sample
placed in TGA analyses were between 4 and 12 mg. In all
TGA runs, aluminum pans with a capacity of 70 ml were
used.

Differential scanning calorimetry (DSC) analyses of
OmimPFg, solid supports and SILP materials were carried
out on a Mettler Toledo instrument (DSC/821e model). The
temperature measurements were carried out with accuracy
better than 0.1 °C. DSC curves of samples were determined
ata 10°Cmin~! heating rate between 50 and 600 °C. In all
experiments, stainless steel pans with a volume of 120 ul and
a purge flow of 50 ml min~! of dry nitrogen were used. The
sample mass range used in DSC experiments was between
10 and 20 mg.

The morphology of the IL layer on the carbonaceous
support was characterized by scanning electron microscopy
(SEM) (Hitachi S-3000N model) before and after IL phase
deposition. The samples were placed in the microscope
chamber after gold metallization treatment; SEM micro-
graphs at 25000 x were taken with an accelerating voltage of
20 kV. SEM was equipped with an energy dispersive X-ray
(EDX) analyzer (INCAXx-sight model). EDX was used to
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Table 1 Characterization of the supports

Nomenclature  Source ABET  As Vinicrop. Vinesop. Vinacrop. Viotaa ~ %C %H %N %Volatile ~ %Ash  pHgjurry
CAPSUPER NORIT 1915 667 0.66 0.63 1.02 2.32 81.0 230 043 14.0 1.80 33
MkU MERCK 927 155 0.36 0.14 0.22 0.72 889 0.66 0.57 349 5.30 5.4
ENA250G TIMCAL 79 68 0.00 0.08 1.40 1.48 98.8 0.17 0.03 240 0.00 6.1
TiO, SIGMA 50 45 0.00 0.06 0.96 1.02 023 0.16 0.05 1.05 98.9 5.6
SiO; SIGMA 212 212 0.00 0.26 3.07 3.32 023 195 0.03 0.10 98.7 6.7
Al O3 SIGMA 136 136 0.00 0.21 0.12 0.33 0.10 074 0.02 5.88 98.4 8.1
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Fig. 1 Mass percentage of elemental nitrogen of SILP materials against the OmimPFg load (a) total nitrogen and (b) normalized nitrogen exclud-

ing nitrogen from the support

study the distribution of the different chemical elements of
interest in the supported IL.

3 Results and discussion
3.1 Quantification of the IL amount on SILP materials

The development of quantitative procedures for determin-
ing the amount of IL incorporated to the supports is of in-
terest not only to check SILP materials preparation, but also
to evaluate the stability in applications where IL losses can
occur. In a previous work (Palomar et al. 2009), a method
based on EA was proposed as a procedure to determine the
load of OmimPF¢ on AC, thus a linear regression was found
between the percentage of elemental nitrogen obtained by
EA and the weight percentage of IL incorporated on the sup-
port. In this work, the analytical process is extended to six
different supports, as depicted in Fig. la, where the same
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linear dependence was found for all the SILP material sup-
ports. As can be seen, the y-intercept of the lineal correla-
tions of Fig. 1a depends on the initial amount of nitrogen in
the starting support (see Table 1). Normalized nitrogen con-
tents were calculated excluding the nitrogen content of the
starting support from SILP material. A very good correla-
tion was obtained, as shown in Fig. 1b. Therefore, EA can be
considered as a quantitative tool for determining the amount
of IL supported on SILP materials and it has been used to
calculate with accuracy the contribution of IL to SILP mate-
rials in this work.

3.2 Textural properties of SILP materials

ILs in SILP materials may be distributed on both the external
and internal surface of the supports. Adsorption—desorption
isotherms of N5 at 77 K have been previously used to obtain
information about the effect of ILs on the available micro
and mesopores of the supports (Zhang et al. 2009a, 2009b).
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Fig. 2 Nitrogen adsorption—desorption isotherms at 77 K of SILP with increasing amounts of OmimPF¢ (0-60% w/w) on CAPSUPER (a) and

ENA250G (b)

Figure 2 shows the adsorption—desorption isotherms ob-
tained for two ACs of fairly different porous structure (CAP-
SUPER and ENA250G) at increasing loads of IL from O to
60% (w/w). The incorporation of IL to CAPSUPER struc-
ture leads to preferential loss of micropore volume, probably
by filling or blocking of that pore range by IL. The hysteresis
and the slope of the adsorption—desorption isotherms show
that the loss of mesopore volume becomes significant for IL
contents above 20%, suggesting a hierarchical mechanism
of pore filling during impregnation with IL. For an IL load
of 50% the SILP material does not show a significant mi-
croporosity but maintains some mesoporosity, which disap-
pears when the IL load is increased to 60%. In the case of
the SILP materials prepared from ENA250G, a maximum
IL load of 40% was achieved in order to maintain powdered
texture and avoid agglomeration. The series of SILP mate-
rials from ENA250G showed a progressive loss of poros-
ity in the whole range of pore size during impregnation, as
can be inferred from the isotherms. Although CAPSUPER
and ENA250G differ substantially in porosity, the maximum
load of IL incorporated is comparable. This result shows the
important role that macroporosity can play in the retention
of ILs.

In order to generalize the observation commented for
Fig. 2, the BET surface area of four SILP materials with in-
creasing loads of OmimPF¢ were plotted in Fig. 3, where it
can be appreciated that supports of different porosity present
BET surface affected on various ways. Thus, microporous
supports (CAPSUPER and MkU) lose surface area in a
larger extent with the incorporation of IL, while mesoporous
and macroporous materials undergo a lower loss of surface
area although they are capable of retaining similar IL loads.

1600
—— CAPSUPER
14007 — MkU
1200 1 —@— Si02
—O— ENA250G
1000
T C
on
E 800
F
< 600
400
200

% IL

Fig. 3 Variation of BET surface area of CAPSUPER, MkU, SiO, and
ENA250G at increasing OmimPFg loads (0-50% w/w)

In order to evaluate the distribution of IL onto the meso-
porous and macroporous structure, mercury porosimetry
of supports and SILP materials was carried out. Figure 4
shows the pore size distribution against pore diameter of
SILP materials prepared with two kinds of supports for
different IL loads. CAPSUPER support has a high contri-
bution of mesopore volume that is lost progressively with
increasing IL load. According to the nitrogen adsorption—
desorption isotherms, some mesoporosity remains up to
loads of 40-50%, and almost complete loss of mesoporosity
takes place at 60% IL load. On the other hand, ENA250G
shows a significant contribution of pores with diameter cen-
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obtained from mercury porosimetry
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Fig. 5 Pore size distribution at increasing amounts of OmimPFg¢ (from 0 to 50-60%) on (a) CAPSUPER and (b) ENA250G as obtained from the
combination of adsorption—desorpiton isotherms of N> at 77 K and mercury porosimetry and estimated volume occupied by the loaded IL (o)

tered around 100 nm that are gradually filled as the amount
of IL is increased, together with a loss of porosity in the
whole range of macropores. It must be remarked the dif-
ficulty of analyzing mercury porosimetry results for SILP
materials, which contain both IL and a solid support, in-
stead of simply a porous solid. However, for SILP character-
ization, both techniques nitrogen adsorption—desorption and
mercury porosimetry were found highly complementary and
can be grouped to obtain useful information about the distri-
bution of ILs in SILP material, for comparison purposes be-
tween systems implying different IL loading and solid sup-
ports. The combination of both techniques provides the im-
pregnation pattern shown for CAPSUPER and ENA250G
in Fig. 5. In the case of CAPSUPER, IL seems to fill firstly
the micropores followed then by mesopores and lately by
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macropores. On the contrary, in a support without micropore
contribution such as ENA250G the filling takes place first
in mesopores and afterward in macropores. As can be also
seen in Fig. 5, there is a reasonable agreement between the
amount of IL. volume incorporated to the SILP material, cal-
culated from the experimental molar density, and the grad-
ual loss of the pore volume available in the support, which
may suggest access of IL to a substantial proportion of the
micropore volume.

The maximum IL load achieved in SILP materials against
the total pore volume (dpore < 1000 nm) quantified by com-
bination of adsorption—desorption isotherms of N, at 77 K
and mercury porosimetry is shown in Fig. 6. The excel-
lent correlation makes possible to assume that supports with
high pore volume are preferred if a large IL loading is in-
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tended. Particularly interesting are the cases of CAPSUPER
and SiO;, which showed retention capacities of 63 and 77%
(w/w), respectively, i.e. 1.7 and 3.3 grams of IL per gram
of support. However, in certain cases lower IL loads may
be desirable if maintaining some surface area of the SILP
material is required for the specific application.

3.3 Thermal stability of SILP materials. TGA and DSC
study

The thermal stability of SILP materials is of special inter-
est for gas phase applications (Kohler et al. 2010; Wu et

3.5
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Fig. 6 Total pore volume (up to 1000 nm) as obtained from the combi-
nation of adsorption—desorption isotherms of N at 77 K and mercury
porosimetry against maximum retention capacity of different supports
at incipient wetness

al. 2004; Huang et al. 2006), where high temperatures may
be required. Even though the decomposition temperature
of pure IL is above the process temperature, the interac-
tion with the support may lead to reduced stability. As a
first approach, the thermal stability of pure IL was exam-
ined by TGA and DSC within range of 50-600 °C. Previous
works showed that common imidazolium-based ILs, such as
OmimPFg, have very high thermal decomposition tempera-
ture and that the anion decomposes before the cation (Fer-
nandez et al. 2007). The TGA curve in Fig. 7 shows that
OmimPFg started to decompose at 350 °C and it decom-
posed almost completely at 500 °C, without any char for-
mation. Figure 7 reports DSC results for OmimPF¢ showing
two exothermic peaks, which were assigned to PFg anion
at 370 °C and subsequently imidazolium cation at 400 °C,
consistently with previous TGA observations and the dif-
ference in molar mass of the counterions (Fernandez et al.
2007).

Figure 8a shows the TGA curves of the supports after
being subjected to oven drying at 105 °C for 2 hours. The
mass losses of all the supports studied were below 6% at
600 °C. Figure 8b shows the DSC curves for six supports,
where the lack of neat peaks confirms their high stability.

After separate evaluation of the thermal stability of IL
and supports, the thermal stability of SILP materials was
studied at IL loads of ca. 40% (w/w). Figure 9a depicts TGA
and DTG for AC-based SILP materials. The stability is sig-
nificantly influenced by the nature of the AC, being always
lower than of pure IL. SILP material prepared using CAP-
SUPER support started to decompose at 200 °C, whereas
those prepared with MkU started at 260 °C, however, the
DTG peak, assigned to cation, is centered for both sup-
ports around 390 °C. The SILP based on ENA250G, showed
higher thermal stability, starting to decompose at 360 °C and
presenting the DTG peak of cation at 450 °C. DSC plots also

Fig. 7 TGA (black line) and —_— - 100
DSC (gray line) curves of 8 -
OmimPFg under nitrogen
. . —DSC
atmosphere with a heating rate L 80
of 10 °C/min 6 - —TGA
c S
3 8 60 a_‘
5 4 2
2 =
= =
= L 40 2P
g 2 g
0 F 20
-2 T T T T T T
0 100 200 300 400 500 600
T[°C]
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loaded at ca. 40 wt % and (b) the corresponding DSC curves for SILP materials

show the changes in the thermal stability of IL due to the
influence of the support (Fig. 9b). In fact, DSC peaks coin-
cide with the peak minima from TGA derivation, showing
the agreement between both techniques. Moreover, whereas
both decomposition peaks of DSC (anion and cation) are
exothermic for pure IL, SILP materials present an exother-
mic peak assigned to anion and, subsequently, an endother-
mic peak allocated to cation that is endothermic. Attending
to Table 1, the chemical nature of supports surface plays a
main role in the thermal stability of SILP material. Mea-
surements of pHyjury of carbonaceous supports indicate that
the acidity of the support increases in the order ENA250 <
MKU < CAPSUPER, i.e., the same order observed for
decreasing anion decomposition temperature by TGA and

@ Springer

DSC. The higher acidity of CAPSUPER and MkU, together
with their higher surface area, seems to promote cracking of
anion thus lowering the thermal decomposition temperature.
The role of acid sites in promoting thermal decomposition
reactions is a well known fact for cracking catalysts (van
Grieken et al. 2001). As indicated above, the thermal decom-
position of cation was described by an endothermic process,
which suggests a different decomposition mechanism. This
hypothesis is supported by the formation of pyrolityc car-
bon from the decomposition of the organic part of IL (imi-
dazolium cation), which was not observed for pure IL (see
Fig. 9a).

In the cases of SILP materials not supported on AC, a re-
markable effect of the nature of the support on SILP thermal
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Fig. 10 (a) TGA curves and DGT peaks obtained under nitrogen at a heating rate of 10 °Cmin~! for OmimPFg and SILP materials not supported
on AC loaded at ca. 40 wt % and (b) the corresponding DSC curves for SILP materials

Fig. 11 SEM images (x25000) of CAPSUPER support (a) and SILP with an IL load of 40% (b) and 60% (w/w) (c)

Table 2 Temperatures (K) of DTG and DSC peaks curves assigned to
cation and anion of OmimPFe in the solid supports

Table 3 Percentages of C, O, F and P from EDX of CAPSUPER and
SILP loaded at 40 and 60% (w/w)

Teation-DTG ~ Teation-DSC  Tanion-DTG  TAnion-DSC CAPSUPER SILP 40% SILP 60%
CAPSUPER 390 396 280 362 %C 85.9 71.5 77.8
MkU 393 401 290 350 %0 13.8 12.8 11.2
ENA250G 450 452 383 407 %F 0.00 7.70 8.68
A1,03 463 458 220 198 %P 0.31 2.07 2.35
TiO, 450 447 315 303
SiO, 360 350 220 209

stability can also be observed. The mass loss allocated to an-
ion and cation appears at different temperatures depending
on the supporting material (see Fig. 10a). Silica is the most
polar support and decomposition occurs before than for the
rest (195 °C). Al,O3-based SILP decomposed at 215 °C, al-
though overlapped with the weight loss of the own Al,O3
support. Lately, TiO> decomposed clearly at 310 °C. Fig-
ure 10b shows DSC curves for SILP materials supported on
SiO,, Al,O3 and TiO,, presenting an exothermic peak as-

signed to anion and subsequently an endothermic peak as-
signed to cation. Table 2 summarizes the temperatures for
DTG and DSC peaks for the six SILP materials prepared.
The DSC peaks are in agreement with the DTG ones, show-
ing the consistency of both techniques for the evaluation of
thermal stability. Further studies of thermal stability of SILP
supported on organic and inorganic materials must be devel-
oped in the future to provide insight into the role of the sur-
face chemistry of the supports, being TGA and DSC useful
tools.
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3.4 SEM and EDX studies

Scanning electron microscopy (SEM) combined with en-
ergy dispersive X-rays (EDX) analysis were used to ex-
amine the CAPSUPER AC surface and obtain information
about its chemical composition before and after impregna-
tion with IL. Figure 11 shows a progressive smoothing of
the SILP surface with increasing IL load, particularly for
a load of 60%, which indicates filling of macropores and
some excess of IL on the surface. Table 3 provides results on
the average chemical composition of the support and SILP
materials surface, indicating a similar composition for the
SILP materials with 40 and 60% IL load. The fluorine signal
corresponding to the PFg cation indicates uniform distribu-
tion of IL on the external surface of the support for a 40%
load, even though SEM does not indicate excess of IL filling
macropores.

4 Conclusion

The concept of SILP has been examined for the sake of
learning on future potential applications in the fields of cat-
alytic and separation processes. Using supports of differ-
ent porous structures and ILs of different properties (po-
lar nature) SILP systems can be designed and prepared for
specific applications. In this work, we evaluated and pro-
posed different techniques to characterize SILP materials,
which may be applied in the future to relate their proper-
ties and behavior as reaction or separation media. Thus, EA
has been demonstrated as a useful analytical tool to accu-
rately quantify the amount of imidazolium-based IL loaded
onto the support, through the percentage of elemental nitro-
gen. On the other hand, adsorption—desorption isotherm of
N, at 77 K and mercury porosimetry have been successfully
used to describe the distribution of IL onto the support sur-
face for a variety of SILP materials. Attending to support
porosity it was found that IL fills selectively small pores,
but, when they do not exit, IL is charged on the available
pores, as it happens with macroporous SiO,. The amount of
IL can be modulated depending on the application of SILP,
but when a SILP material with a high IL load is required a
highly porous support is needed. These SILP materials have
a high IL content but they lose their pore structure. Finally,
TGA and DSC measurements were consistently applied to
evaluate the thermal stability of the SILPs. It was found that
the nature of the support can remarkably affect to the ther-
mal stability of the SILP systems, resulting the most stable
those SILP materials prepared from supports of non polar
acidic character.
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