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separation or catalytic reaction. Surface morphology and structure of adsorbents have a significant impact on
the adsorption properties. In this study, a novel acidic ionic liquid, 1-butyl-3-(triethoxysilylpropyl)imidazolium
hydrogen sulfate (i.e., [BTPIm][HSO4]), was synthesized and subsequently grafted onto the MCM-36 zeolite for
the regulation of its adsorption properties towards isobutane and 1-butene. The resultant [BTPIm][HSO4]-
immobilized MCM-36 (i.e., MCM-36-IL) was characterized by FT-IR, XPS, XRD, SEM, TG/DTG and N2

adsorption–desorption measurement. It was found that the specific surface area, micropore volume and
mesopore volume of the MCM-36 support underwent a reduction upon the immobilization of ionic liquid,
while the surface density of acid increased from 0.0014 to 0.0035 mmol·m−2. The adsorption capacity of isobu-
tane and 1-butene on theMCM-36-IL was determined by a static volumetric method. Results demonstrated that
the interaction between isobutane and MCM-36-IL was enhanced and the interaction between 1-butene and
MCM-36-IL was reduced. As a result, a tunable adsorption ratio of isobutane/1-butene onMCM-36was achieved.
With the increase in surface density of acid and the tunable adsorption ratio of isobutane and 1-butene on the
functionalizedMCM-36, the acidic ionic liquid-immobilized zeolites are beneficial to obtain an improved reaction
yield and a prolonged catalyst life in the reactions catalyzed by solid acid.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

Catalyst is very important to the chemical industry for the produc-
tion of a wide variety of products, such as heavy commodity and fine
chemicals. Acid catalyst is one of the most important areas in the catal-
ysis field. Awide range of liquid phase industrial reactions use inorganic
or mineral acids as catalysts. For example, H2SO4, HF, AlCl3 and BF3 are
usually used as catalysts for Friedel–Crafts alkylations, acylations and
sulfonylations, aromatic halogenations, nitrations, isomerizations and
oligomerizations. However, these reagents are hazardous and corrosive
in handling. They are also difficult and costly to separate and regenerate,
and thus leading to a large amount of toxic and corrosive wastes [1].
To circumvent the problems of the mineral acid catalysts, solid acid
catalysts have been widely used in many reactions owing to their
unique advantages, such as easy separation and recycle from the
reaction medium [2].

For a heterogeneous catalytic reaction, the adsorption capacity of
reactant on the catalyst active sites is a crucial factor to achieve high
reaction efficiency. Furthermore, an ideal stoichiometric adsorption
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ratio of reactants is a prerequisite to obtain good selectivity. However,
in the isoparaffin/olefin alkylation process, a preferential adsorption of
olefin over isoparaffin on the solid acid catalyst usually takes place [3].
The different adsorption capacities may lead to more side reactions,
rapid deactivation of the catalyst and a low selectivity of objective prod-
uct. Generally, the adsorption capacities of reactants on the catalyst ac-
tive sites mainly depend on the physicochemical properties and surface
features of the catalysts. For instance, polar reactants are readily
adsorbed on the solid acid catalysts due to their intrinsic surface polarity
[4,5]. On the other hand, the pore size also has been found to affect the
adsorption capacity through steric hindrances [6]. Therefore, it is of
great significance to seek for an effective way to modulate the relative
adsorption capacities of reactants on the solid acid catalysts.

In recent years, more attentions have been paid on the
functionalization of solid acid with specific surface features and micro-
structures. Shen et al. [7] modulated the hydrophobic/hydrophilic bal-
ance on SBA-15 catalyst by coupling the surface hydroxyl groups with
ethoxytrimethylsilane. This led to a higher and steady paraffin concen-
tration on the surface of catalyst, while restricting the adsorption of
olefin. Ogino et al. [8] tuned the pore structures of carbon-based acid
catalysts for the improvement of several liquid-phase reactions.
Gücüyener et al. [9] reported a selective ethane adsorption on the
metal–organic framework ZIF-7 through a gate-opening mechanism.
ustry Press. All rights reserved.
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The interactions between the adsorbate and the benzene rings in the
narrow ZIF-7 windows dominate the adsorption process. Molecules
with very similar sizes but different shapes can be discriminated by
the gate-opening effect.

Grafting ionic liquids (ILs) on the support materials is a feasible way
to regulate the surface features, microstructures, physicochemical and
adsorption properties of catalysts [10–13]. The structure of ILs has a sig-
nificant effect on the adsorption properties of the materials supported
by ionic liquid [14]. For example, ionic liquids were loaded on the
activated carbon [15] and silica gel particles [16] to adsorb SO2 in air.
Amino acid-based IL was immobilized onto activated carbons to
separate CO2 [17]. Ionic liquids were also covalently conjugated on silica
gels or Merrifield resins to remove thiophenic sulfur compounds from
fuel [12,18]. In addition, the delaminated zeolite ITQ-6 was also
functionalized by grafting 3-aminopropyl, 3-(methylamino)propyl, or
3-(phenylamino)propyl ligands for improved adsorption of CO2 [19].

Our previous work demonstrated that MCM-22 zeolite immobilized
with a dual acidic ionic liquid exhibited a significant modulation effect
on the adsorption ratio of paraffin/olefin [20]. However, the specific sur-
face area and average pore volume of MCM-22 underwent an evident
decrease thus resulting in a significant reduction of adsorptive capacity
of adsorbates. To further address this problem, MCM-36 is selected as
support instead of MCM-22 to provide a higher surface area and a
larger pore size in this study. As schematically illustrated in Scheme 1,
a novel acidic ionic liquid, 1-butyl-3-(triethoxysilylpropyl)imidazolium
hydrogen sulfate (i.e., [BTPIm][HSO4]), was synthesized and further co-
valently conjugated on the MCM-36 zeolites. The successful immobili-
zation of [BTPIm][HSO4] on the MCM-36 zeolite was confirmed by the
Fourier Transform Infrared Spectroscopy (FT-IR), X-ray Photoelectron
Spectroscopy (XPS) and Scanning Electron Microscopy (SEM), X-ray
Diffraction (XRD), Thermal Gravity Analysis-Differential Thermal
Gravity Analysis (TG–DTG) and N2 adsorption–desorption measure-
ment. The adsorption performance of [BTPIm][HSO4]-immobilizied
MCM-36 (defined as MCM-36-IL) was investigated by determining
the adsorption capacity of isobutane and 1-butene on a home-made
static adsorption equipment.

2. Experimental

2.1. Materials

The 3-chloropropyltriethoxysilane (99%) and 1-butylimidazole
(99%) were purchased from Nuotai Chem. Co. (Shanghai, China).
Hexadecyltrimethylammonium chloride (CTAC, 99%) was ob-
tained commercially from Kelong Chem. Co. (Chengdu, China).
Tetrapropylammonium hydroxide (TPAOH, 25% aqueous solution)
was purchased from Tianjin Guangfu Fine Chemical Research Institute
Fig. 1. The synthesis route of ionic liquid [BTPIm][HSO4]
(Tianjin, China). Isobutane and 1-butene were obtained from Chengdu
Haoyun Gas Co. LTD (Chengdu, China) with a purity of higher than
99.5%. Anhydrous ethanol and dichloromethane used in the synthesis
of ([BTPIm][HSO4]) were obtained by a reduced-pressure distillation
and stored over 5 Å molecular sieves.

2.2. Preparation of MCM-36

The MCM-22 precursor MCM-22(P) was synthesized according to
the procedures described elsewhere [21]. The wet cake of MCM-
22(P) (25–30% solid), hexadecyltrimethylammonium chloride and
tetrapropylammonium hydroxide (25%) mixed together with a relative
mass ratio of 1:5.64:2.44:21.47 (dried MCM-22(P): CTAC: pure TPAOH:
H2O) in a flask, then the reaction was conducted under stirring
(~500 r·min−1) at room temperature for 16 h. After filtration and
washing to neutral state by deionized water, the swollen MCM-22 pre-
cursor (it was named as MCM-22-SW) was obtained. Then MCM-22-
SW reacted with pillaring agent tetraethylorthosilicate with a relative
mass ratio of 1:10 at 363 K for 25h under nitrogen atmosphere. Afterfil-
tration and drying, the resulting solid were hydrolyzed in water with a
mass ratio of 1:10 at 313 K for 6 h, and the solution pH value was con-
trolled at about 8 by NaOH solution. After filtration, the solid was
dried at room temperature overnight and then was calcined at 823 K
for 8 h to obtain the product of Na-MCM-36. Na-MCM-36 was reacted
with excess NH4NO3 aqueous solution (1mol/L) under continuously stir-
ring at 353 K for 8 h. After filtration, drying and calcined in air atmo-
sphere at 773 K for 6 h, the product of acidic H-MCM-36 was obtained.

2.3. Synthesis of ionic liquid [BTPIm][HSO4]

As showed in Fig. 1 the synthesis of acidic ionic liquid
[BTPIm][HSO4] was performed using a similar procedure described pre-
viously [22]. Briefly, 1-butylimidazole was first reacted with an equal
molar amount of γ-chloropropyl triethoxysilane overnight at 383 K,
and then the primary product was washed with a copious amount of
diethyl ether thrice to obtain a light yellow transparent liquid (I), 1-
butyl-3-(triethoxysilylpropyl)imidazolium chloride. Subsequently, the
liquid (I) was dissolved in the anhydrous dichloromethane and an
equal molar of concentrated H2SO4 was added dropwise at room tem-
perature. The mixture was refluxed at 323 K for 12 h. At the end of re-
action, the solvent was removed by rotary evaporation, and a viscous
yellow liquid (II), 1-butyl-3-(triethoxysilylpropyl)imidazolium hydro-
gen sulfate, was finally obtained. The above experiments were all car-
ried out under nitrogen atmosphere. The resultant [BTPIm][HSO4]
ionic liquid was ascertained by the 1H NMR measurement in the
DMSO solvent. 1H NMR (400 MHz, DMSO) of [BTPIm][HSO4](δ):
0.62 (2H SiCH2), 0.95 (3H CH3), 1.21 (9H CH3), 1.38 (2H, CH3–CH2),
and the immobilization of ionic liquid on MCM-36.
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1.91 (2H CH2–CH2–CH2), 2.02 (2H CH2–CH2–CH2), 3.82 (6HOCH2), 4.38
(4H NCH2), 7.35 (1H NCH), 7.42 (1H NCH), 10.68 (1H NCHN); the char-
acteristic peaks of FT-IR (KBr, cm−1): 2965, 2867, 1560, 1459, 1165.

2.4. Covalent conjugation of [BTPIm][HSO4] on the MCM-36

The loading of ionic liquid onto the solid support could be accom-
plished by either simple impregnation or covalent conjugation [23,24].
As showed in Fig. 1, the covalent conjugation was performed by self-
assembly reaction in this study for better stability in the catalytic reac-
tion. Typically, a 2.0 g sample of [BTPIm][HSO4] ionic liquid was dis-
solved in anhydrous ethanol and then mixed with 1.0 g of dried MCM-
36 support. The mixtures were allowed to reflux at 353 K for 24 h.
After the reaction, the solid was isolated by filtration and washed with
copious amounts of ethanol thrice to remove the unreacted ionic liquid.
The resultant [BTPIm][HSO4]-immobilized MCM-36 zeolite (defined as
MCM-36-IL)was dried at 333K for 24 h prior to further characterization
and adsorption experiment. All of the above experiments were carried
out under nitrogen atmosphere.

2.5. Characterizations

FT-IR spectra of solid samples were carried out on a Fourier Trans-
form Infrared Spectroscopy (FT-IR-850, Spectrum Two L1600300,
Perkin Elmer) with the spectral range of 400–4000 cm−1. The as-
synthesized MCM-36 and MCM-36-IL were characterized by Powder
X-ray diffraction (XRD) on a Dandong DX-2700 using Cu Kα radiation.
The voltage and anode currentwas 40 kV and 30mA, respectively. Ther-
mal Gravity Analysis–Differential Thermal Gravity Analysis (TG–DTG)
(Beijing Hengjiu HTG-2) of MCM-36-IL was performed in a nitrogen
atmosphere from room temperature to about 700 °C with a rate of
10 °C·min−1. X-ray Photoelectron Spectroscopy (XPS) was recorded
on a XSAM800 spectrometer (XSAM800, Kratos, UK) with a
monochromatized Al Ka X-ray source radiation at constant dwell time
of 100 ms and a pass energy of 40 eV. The morphologies and crystal
sizes of MCM-36 and MCM-36-IL were examined by Scanning Electron
Microscopy (SEM, JSM-7500F, JEOL, Tokyo, Japan). Nitrogen adsorption
measurements were carried out at 77 K with Tristar Π 3020
(Micromeritics, USA). The amounts of the surface acid of solid samples
were measured by a method of n-butylamine titration using a similar
procedure described previously [25].

2.6. Adsorption experiments

To determine the adsorption performance of the as-synthesized
MCM-36 and MCM-36-IL, a home-made adsorption equipment was
established, as schematically shown in Fig. 2. The pressure was mea-
sured by an absolute pressure transducer (0–689.5kPa, ±0.03%,
Omega Industrial Measurements, USA). The temperature was con-
trolled by a thermostat water bath and measured by a high precision
thermometer (0–50 °C, ±0.1 °C). The effective volume of the sample
cell Vsc was 10.9 ml. The effective volume of the gas reservoir Vr (the
volume between valve 3, valve 5 and valve 7, including the gas reser-
voir and pipes) was determined as 89.8 ml with an uncertainty u(V)
of 0.1 ml.

The adsorption property of isobutane and 1-butene onMCM-36 and
MCM-36-IL were measured with a previously-established static volu-
metric method [26,27]. Typically, the sample was accurately weighed
and added into the sample cell. At a predetermined temperature, ad-
sorption system was degassed to circa 1 Pa by a vacuum pump, and
then the adsorbate gas was filled into the gas reservoir. The equilibrium
temperature and pressure of the gas reservoir were recorded to calcu-
late the moles of gas by Peng–Robinson state equation. Subsequently,
valve 5 was opened to let the gas flow into the sample cell. When the
temperature and pressure kept at a constant value for at least 60 min,
it was believed to reach adsorption equilibrium, and the equilibrium
temperature and pressure were recorded. When Helium gas was used
as adsorbate gas, the adsorption capacity of He on the sample was
neglected. After filling the sample, the effective volume of the gas
phase in Vsc was denoted as Vss. On the basis of the variation of pressure
and the volume of gas reservoir, Vss was calculated by the following
formula:

V ss ¼ V r vHe−rss−vHe−rð Þ
vHe−r

ð1Þ

When isobutane or 1-butene was used as adsorbate, adsorption
capacity of the sample was calculated by the Eq. (2):

ni ¼
V r

vr im
−

V r þ V ss

vrss;im
i ¼ 1 ð2Þ

Finally, valve 5was closed and the supplementary gaswasfilled into
the gas reservoir by opening valve 2 and valve 3. Themass of the supple-
mentary gaswas calculated by the increment of pressure. Repeating the
above procedures, the adsorption capacity at an increased equilibrium
pressure was obtained by the following Eq. (3):

ni ¼ ni−1 þ V r

vr;im
þ V ss

vrss;i−1m
−

V r þ V ss

vrss;im
i ¼ 2;3;4;… ð3Þ

3. Results and Discussion

3.1. Characterization of the [BTPIm][HSO4]-immobilized MCM-36

3.1.1. FT-IR spectra
Fig. 3 shows the respective FT-IR spectra of MCM-36, MCM-36-IL

and [BTPIm][HSO4] in awavelength range of 4000–400 cm−1. Somedif-
ferences of the FT-IR spectra between the MCM-36 and MCM-36-IL are
distinguished. The successful immobilization of [BTPIm][HSO4] can be
deduced from the appearance of two additional characteristic peaks at
1560 and 1459 cm−1 on the FT-IR spectra of MMC-36-IL, which are at-
tributable to the stretching vibration of C–N and C–C on the imidazole
ring [20,28]. The C–H bending stretching and deformation vibrations
of the imidazole ring are also observed in the range of 2800–3200 and
1385 cm−1 [20]. Moreover, the specific peak at 1237 cm−1, assigned
to the S_O stretching vibration [22], is also observed in the FT-IR
spectra of MCM-36-IL and [BTPIm][HSO4]. These above results are well
consistent with the fact that [BTPIm][HSO4] has been successfully
immobilized on the surface of MCM-36 support, and that the surface
chemical compositions of the MCM-36 support are significantly
changed after immobilization of ILs.

3.1.2. XPS spectra
Surface chemical compositions of the as-synthesized MCM-36 and

MCM-36-IL were further determined by the XPS measurement. Fig. 4
shows the wide scan, C 1s and S 2s core-level XPS spectra for the
MCM-36 and MCM-36-IL samples. The appearance of three additional
signals with binding energies (BEs) at 163, 233 and 400 eV, attributable
to the S 2p, S 2s andN1s species respectively, in thewide scan XPS spec-
tra of the MCM-36-IL as compared to that of the MCM-36 sample indi-
cates the successful immobilization of [BTPIm][HSO4] ionic liquid on
the MCM-36 (Fig. 4(a)). The core-level C 1s peak of the MCM-36-IL can
be curve-fitted into four peak components with BEs at 283.1, 284.6,
285.7, and 287.6 eV, associated with the C–Si, C–C, C–N+ and C–O–Si
species, respectively [29]. The area ratio of peak components of [C–
N+]:[C–Si]:[C–O–Si] is approximately 2:1:1, comparable to the theoreti-
cal values of 2:1:3 for the [BTPIm][HSO4] molecular structure. The pre-
dominated core-level S 2s spectrum further confirms the presence of
sulfonate groups (SO4

2−) on the MCM-36-IL surfaces (Fig. 4(c)). These



Fig. 2. Schematic diagram of the experimental apparatus.

Fig. 3. The FT-IR spectra of ionic liquid [BTPIm][HSO4] (a), MCM-36-IL (b) and MCM-36 (c).

Fig. 4. XPS spectra of MCM-36 and MCM-36-IL (a), decon
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above XPS spectra further confirm the covalent conjugation of
[BTPIm][HSO4] ionic liquids on the MCM-36 support.
3.1.3. XRD pattern and SEM images
To determine the change in the crystalline structures of MCM-36

before and after the [BTPIm][HSO4] immobilization, XRD patterns
were recorded for theMCM-36 andMCM-36-IL samples, and the results
are shown in Fig. 5. Obviously, no change can be observed for the
locations of XRD peaks of MCM-36 and MCM-36-IL samples, indicating
that the immobilization of [BTPIm][HSO4] ionic liquid has no effect on
the crystalline structure of MCM-36.

The change in surface morphology before and after the immobiliza-
tion of [BTPIm][HSO4] ionic liquid was characterized by SEM imaging.
Fig. 6 shows the SEM images of the MCM-36 and MCM-36-IL samples,
respectively. The MCM-36 shows a comparatively loose surface
(Fig. 6a), while the surface of the MCM-36-IL (Fig. 6b) appears to be
slightly flat and smooth. [BTPIm][HSO4] ionic liquid is covalently bond-
ed on the MCM-36 through Si–O–Si and the channels of the MCM-36
are covered with amonolayer of ionic liquid, thus leading to the change
in surface morphology of the MCM-36 support.
volution C 1s (b) and S 2s (c) spectra of MCM-36-IL



Fig. 5. XRD patterns of MCM-36 and MCM-36-IL.

Fig. 7. TG–DTG analysis of MCM-36 and MCM-36-IL.
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3.1.4. TG–DTG analysis of the MCM-36-IL
The loading amount of [BTPIm][HSO4] ionic liquid on theMCM-36-IL

and the thermostability of MCM-36 andMCM-36-IL were characterized
by TG–DTG analysis. The results are shown in Fig. 7. Two mass loss
stages can be observed in the TG curve of MCM-36-IL. The first one ap-
pears in a temperature range from 0 °C to 150 °C with a mass loss of
about 5%, comparable to that of the MCM-36 sample with a mass loss
of about 4%, which is mainly associated with the loss of physically
adsorbedmoisture. The other mass loss stage in the temperature region
from 220 °C to 550 °C for theMCM-36-IL is mainly attributed to the loss
of [BTPIm][HSO4] ionic liquid loaded onto the MCM-36. The observed
11.7%mass loss from the TG curve represents the amount of ionic liquid
loaded on the MCM-36-IL. This result is consistent with the calculated
loading amount of the immobilized ionic liquids, which is about
12.5 wt%, from the mass difference before and after immobilization.
Taken together, the TG–DTG curve suggests that the [BTPIm][HSO4]
ionic liquid immobilized on the MCM-36 is stable below about 220 °C.
3.1.5. Nitrogen adsorption–desorption measurement
Specific surface area and pore volume are important properties of

catalysts. To determine the change in the specific surface area and the
pore size of the MCM-36 after the immobilization of ionic liquid, the
Fig. 6. SEM images of MCM-36
isothermal adsorption–desorption of nitrogen was recorded, and the
isotherm curve is shown in Fig. 8. A H3 type hysteresis loop was
observed in a P/P0 range of 0.4 to 1.0, indicating that a capillary conden-
sation phenomenon had taken place. This result also suggests that
mesoporous pores are formed in MCM-36 skeleton structure according
to IUPAC classification [30]. The calculated specific surface areas SBET,
micropore volume Vmicro and mesopore volume Vmeso are listed in
Table 1. The specific surface area of the MCM-36 undergoes an evident
decrease from 672.3 to 248.6 m2·g−1 owing to the immobilization of
[BPTIm][HSO4] ionic liquids. However, the specific surface area of the
MCM-36-IL is larger than that of MCM-22-IL as reported by Jin [20].
The decrease in the specific surface area is consistent with the fact
that a monolayer of the ionic liquids has been successfully immobilized
on the surface of MCM-36. On the other hand, the immobilization of a
monolayer ionic liquids results in a noticeable decrease in the pore
volume, together with the Vmicro value decreasing from 0.057 to
0.013 cm3·g−1 and the Vmeso value from 0.367 to 0.214 cm3·g−1

(Table 1). In fact, the ionic liquids can cause the block of a small fraction
of the pores, and thus leading to the aggregation of adjacent plate-like
particles as can be observed from SEM images.

3.1.6. Determination of the surface acidity
Since acidity of a solid acid catalyst is one of the most important

features in heterogeneous catalysis process, the acidity of the
[BTPIm][HSO4]-immobilized MCM-36 zeolite was determined by a
well-established n-butylamine titration method [25]. The surface
(a) and MCM-36-IL (b).



Table 1
BET analysis results of MCM-36 and MCM-36-IL

SBET /m2·g−1 Vmicro /cm3·g−1 Vmeso /cm3·g−1

MCM-36 672.3 0.057 0.367
MCM-36-IL 248.6 0.0130 0.214

Fig. 8. N2 adsorption–desorption analysis of MCM-36 and MCM-36-IL. Fig. 9. Adsorption I/O ratio and adsorption capacities of isobutane/1-butene on MCM-36
and MCM-36-IL at 293.15 K. Adsorption capacities of isobutane (■) and 1-butene (●)
on MCM-36-IL, adsorption capacities of isobutane (♦) and 1-butene (★) on MCM-36, I/O
ratio on MCM-36-IL ( ) and MCM-36 ( ).

Fig. 10. Adsorption I/O ratio and adsorption capacities of isobutane/1-butene on MCM-36
and MCM-36-IL at 298.15 K. Adsorption capacities of isobutane (■) and 1-butene (●) on
MCM-36-IL, adsorption capacities of isobutane (◆) and 1-butene (★) onMCM-36, I/O ratio
on MCM-36-IL ( ) and MCM-36 ( ).
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density of acid on the MCM-36-IL is circa 0.0035 mmol·m−2, much
higher than that on the MCM-36 at circa 0.0014 mmol·m−2. The as-
synthesized [BTPIm][HSO4] ionic liquid is an acidic ionic liquid due to
the presence of anionic [HSO4] moieties. The terminated [HSO4] groups
are readily dissociated to provide proton H+. Therefore, the increase in
the surface acidity on the MCM-36 can be accomplished by surface
functionalization with acidic ionic liquids.

3.2. Adsorption behaviors of isobutane/1-butene onMCM-36 andMCM-36-IL

The microstructures of MCM-36 have a significant effect on their
adsorption capacity due to different pore sizes and diffusion channels
for adsorbates [31]. The Sip isotherm was commonly used to simulate
the adsorption property of a porous zeolite, and the expression is
shown as follows Eq. (4) [32,33]:

q ¼ qsat
kp

1
n

1þ kp
1
n

ð4Þ

Figs. 9–11 show the adsorption isotherms of isobutane and 1-butene
on the MCM-36 and MCM-36-IL at the adsorption temperature of
293.15, 298.15 and 303.15 K, respectively. The corresponding
isoparaffin/olefin (I/O) ratios on MCM-36 and MCM-36-IL at different
temperatures are calculated, and are also shown in Figs. 9–11. The fitted
parameters of Sip isotherm are summarized in Table 2. Obviously, Sip
model shows a good fitting to the adsorption isotherms of isobutane/
1-butene on MCM-36 and MCM-36-IL with a high correlation coeffi-
cient R2 of 0.994. In Sip model, the parameter n is used to represent
system heterogeneity. As shown in Table 2, the parameter n is larger
than unity, indicating a heterogeneous surface of the MCM-36 and
MCM-36-IL samples.

The adsorption capacities of isobutane and 1-butene on theMCM-36
andMCM-36-IL all increase with increasing equilibriumpressure, while
undergoing a decrease with the equilibrium temperature. These results
are in good agreement with the general adsorption behavior of most
adsorbents. As a consequence, the adsorption I/O ratios gradually in-
crease with increasing operation pressure, while they undergo a de-
crease with increasing adsorption temperature. These above results
suggest that a high adsorption I/O ratio can be regulated by increas-
ing pressure or decreasing temperature for the MCM-36 and MCM-
36-IL samples, whereas, the adsorption capacities of isobutane and
1-butene on the MCM-36-IL are much lower than those of the corre-
sponding MCM-36. These results are ascribed to the decrease of
specific surface area and mean pore volume upon the grafting of
[BTPIm][HSO4] ionic liquid on the MCM-36 support. The decrease
in specific surface area essentially results in the decrease in adsorp-
tion sites, while the smaller pore sizes cause the increase in diffusion
resistance of adsorbate gases. Thus, the immobilization of an ionic
liquid monolayer is virtually unbeneficial to the adsorption capacity
of the MCM-36 support.

However, the grafting of acid [BTPIm][HSO4] ionic liquid is beneficial
to increase the adsorption I/O ratio on the MCM-36 support. The



Table 2
The isoparaffin/olefin ratios (I/O) and fitted parameters of Sip isotherm model

Items Fitted parameters Temperature/K

293.15 298.15 303.15

MCM-36
I/O 0.766–0.862 0.783–0.814 0.760–0.825
i-C4H10 qsat/mmol·g−1 4.48 6.46 7.68

b/kPa−1/n 0.025 0.021 0.015
n 1.31 1.57 1.54
R2 0.994 0.995 0.994

1-C4H8 qsat/mmol·g−1 4.5 5.58 4.13
b/kPa-1/n 0.029 0.023 0.019
n 1.23 1.34 1.11
R2 0.997 0.997 0.991

MCM-36-IL
I/O 0.803–0.873 0.800–0.858 0.748–0.831
i-C4H10 qsat/mmol·g−1 2.25 2.80 3.17

b/kPa−1/n 0.033 0.023 0.027
n 1.38 1.35 1.55
R2 0.999 0.999 0.999

1-C4H8 qsat/mmol·g−1 2.86 2.81 3.45
b/kPa−1/n 0.043 0.027 0.037
n 1.45 1.27 1.60
R2 0.998 0.999 0.999

Fig. 11. Adsorption I/O ratio and adsorption capacities of isobutane/1-butene onMCM-36
and MCM-36-IL at 303.15 K. Adsorption capacities of isobutane (■) and 1-butene (●) on
MCM-36-IL, adsorption capacities of isobutane (◆) and 1-butene (★) on MCM-36, I/O
ratio on MCM-36-IL ( ) and MCM-36 ( ).

Fig. 12. The isosteric heat of adsorption of isobutane and 1-butene onMCM-36 andMCM-
36-IL. (a): The QST of isobutane on MCM-36 and MCM-36-IL; (b): The QST of 1-buene on
MCM-36 and MCM-36-IL.
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surface-grafted ionic liquidsmonolayer can cause changes in themicro-
structure, surface features andwettability of theMCM-36, especially for
surface hydrophobicity, which is adjusted due to interactions between
surface hydroxyl groups on the MCM-36 and acidic ionic liquids, as
well as the presence of non-polar butyl groups of [BTPIm][HSO4]. The
increase in surface hydrophobicity can substantially enhance the inter-
action between isobutane and adsorbent, but repel the 1-butene ad-
sorption. On the contrary, the polar HSO4

− groups have a negative
effect on the surface hydrophobicity. Thus, only slight increase in the
I/O adsorption ratio was observed. In fact, the presence of abundant
HSO4

− groups provides enough acidity and acid amount for the solid
acid catalysts, Therefore, the grafting of [BTPIm][HSO4] on the MCM-
36 zeolite can not only substantially enhance the surface acidity and
acid amount, but also regulate the I/O adsorption ratio for a slight in-
crease in non-polar isobutane. These are all key factors to intensify the
reaction catalyzed by solid acid catalyst.
3.3. Adsorption thermodynamics

The isosteric heat of adsorption QST and its variation provides useful
information about the strength of adsorbate–adsorbent interaction and
surface characteristics. It can be calculated according to the following
equations [34,35]:

ΔH
R

¼ ∂ lnp
∂ 1=Tð Þ

� �
q

ð5Þ

QST ¼ ΔHj j ð6Þ

TheQST values of isobutane or 1-butene onMCM-36 andMCM-36-IL
at different adsorption amount are shown in Fig. 12. The Q ST values of
isobutane on the MCM-36 shows a slight increase with increasing
adsorption quantity (Fig. 12(a)). The results are agreed with the results
of Nabil Lamia [36]. The affinity of isobutane on MCM-36 is gradually
enhanced with the accumulation of the adsorbed isobutane molecules.
However, the QST values of isobutane on MCM-36-IL decrease with in-
creasing adsorption amount. In general, a stronger interaction between
adsorption site and adsorbate brings a larger Q ST value and the adsor-
bate is preferentially adsorbed on the more active adsorption sites.
With the increasing adsorption quantity, the strong adsorption sites
are occupied by adsorbate gradually and the interactions between the
adsorbent and adsorbate decrease gradually. So the Q ST values of
isobutane on MCM-36-IL decrease slightly with increasing adsorption
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quantity. According to the variation tendency, we can speculate that the
QST values of isobutane onMCM-36-IL are higher than the QST values of
isobutane on MCM-36 at the range of adsorption quantity of isobutane
less than 1.0 mmol·g−1. These results indicate that the interaction be-
tween isobutane and the adsorbent is enhanced by the immobilization
of ionic liquid, which brings a larger QST value.

The Q ST values of 1-butene on the MCM-36 and MCM-36-IL both
decrease with increasing adsorption amount (Fig. 12(b)). It is easy to
understand this tendency by the preferential adsorption of the strong
adsorption sites. The Q ST values of 1-butene on the MCM-36-IL are
smaller than that on the MCM-36 indicating that the interaction be-
tween adsorbent and 1-butene becomes weak after the immobilization
of ionic liquid.

Taken together, the immobilization of [BTPIm][HSO4] ionic liquid on
theMCM-36 support has aneffect on the interaction between adsorbent
and adsorbates. The interaction between the MCM-36 and isobutane is
substantially enhanced by the immobilized ionic liquid [BTPIm][HSO4],
while the interaction between the MCM-36 and 1-butene is reduced.
Consequently, the adsorption properties of isobutane and 1-butene on
the MCM-36, as well as the adsorption I/O ratio, can be regulated by
the grafting of ionic liquids for the enhancement of the solid acid-
catalyzed reaction.

4. Conclusions

Anovel acidic ionic liquid, 1-butyl-3-(triethoxysilylpropyl)imidazolium
hydrogen sulfate (i.e. [BTPIm][HSO4], was synthesized and subsequent-
ly immobilized on the MCM-36 zeolite via self-assembly reaction. Suc-
cess in the [BTPIm][HSO4] synthesis and subsequent functionalization
of MCM-36 were ascertained by the FTIR, XPS, TGA, XRD and BET mea-
surements. The immobilization of [BTPIm][HSO4] ionic liquids resulted
in a decrease in specific surface area and the pore volume, while it
led to an increase in surface acidity and surface acid amount. The ad-
sorption experimental results revealed that the interaction between
MCM-36 and isobutane was substantially enhanced by the ionic liquid
immobilization, while the interaction between 1-butene and the ionic
liquid-immobilized MCM-36 was weakened. The noticeable increase
in the I/O adsorption ratio suggested that the adsorption properties of
isobutane and 1-butene on the MCM-36 could be regulated by grafting
ionic liquid. In awhole, the improvement in the I/O adsorption ratio and
surface acid amount has a positive effect on the catalyst life and reaction
yield for the acid catalytic reactions, such as the alkylation process,
acylation and isomerization.

Nomenclature
ΔH The differential enthalpy of adsorption, J·mol−1

k The coefficient of Sip isotherm model
m The mass of catalyst, g
n The solid heterogeneity parameter (N1)
ni The adsorption capacity of adsorbate on adsorbent, mmol·g−1

p The adsorption equilibrium pressure, Pa
QST The isosteric heat of adsorption, J·mol−1

q The adsorption capacity of adsorbate on adsorbent, mol·g−1

qsat The saturation adsorption capacity of adsorbate on adsorbent,
mol·g−1

T The equilibrium temperature, K
Vr The effective volume of the gas reservoir (=89.8 ml), ml
Vsc The effective volume of the sample cell (=10.9 ml), ml
Vss The effective volume of gas phase in the sample cell after

filling sample, ml
vHe−r The molar volume of He calculated by PR equation according

to the initial equilibrium pressure and temperature in gas
reservoir, ml·mmol−1

vHe−rss The molar volume of He calculated by PR equation according
to the equilibrium pressure and temperature in gas reservoir
and sample cell, ml·mmol−1
vr,i The molar volume of isobutane or 1-butene calculated by PR
equation according to the equilibrium pressure and tempera-
ture in gas reservoir, ml·mmol−1

vrss,i The molar volume of isobutane or 1-butene calculated by PR
equation according to the equilibrium pressure and tempera-
ture in gas reservoir and sample cell, ml·mmol−1
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